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Aim The Kir 6.1 KATP channel is believed to play an important role in ventricular repolarization as determined from both
functional and genetic studies of the potassium inwardly-rectifying channel, subfamily J, member 8 (KCNJ8)-S422L mis-
sense mutation in patients with J-wave syndromes. Although Kir6.1 is also present in atrial tissue, it is unknown
whether this channel modulates atrial repolarization and hence whether the S422L mutation portends a greater
risk of atrial arrhythmias. This study sought to examine whether there was an increased frequency of the KCNJ8-
S422L mutation among patients with atrial fibrillation (AF) and early repolarization (ER) as a possible novel suscep-
tibility gene for AF.

Methods
and results

A total of 325 lone AF probands were identified from the Vanderbilt AF Registry, a collection of clinical data and
DNA from consented, consecutively enrolled participants. The coding regions of KCNJ8 were sequenced, and the
patient’s presenting electrocardiogram (ECG) was reviewed by two independent physicians for ER abnormalities.
The KCNJ8-S422L mutation was identified in two AF probands while no other candidate gene variants were identified
in these cases. Twenty-two (7%) patients were found to have ER on the ECG, including the two probands carrying
the S422L variant. In one small AF kindred, the S422L variant co-segregated with AF and ER.

Conclusions The KCNJ8-S422L variant is associated with both increased AF susceptibility and ER indicating a role for Kir 6.1 KATP

channel in both ventricular and atrial repolarization.
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Introduction
The electrocardiographic (electrocardiogram, ECG) finding of
early repolarization (ER) is common in the general population
with a prevalence of 1–2%, and was previously thought to be
benign.1 However, ER has recently been associated with an
increased risk of ventricular fibrillation and sudden cardiac
death,2 and it has been suggested that it represents one facet of
a larger group of ‘J-wave syndromes’, a spectrum of ER-associated
condition, including Brugada syndrome.3

From previous reports, S422L a missense mutation in the gene
encoding the cardiac KATP channel Kir6.1 potassium inwardly-recti-
fying channel, subfamily J, member 8 (KCNJ8), has been identified as
a candidate variant for J-wave syndromes.4,5 In the first case report,

a 14-year-old female presented with multiple occurrences of VF
and the isolated clinical finding of ER on her ECG.4 In a subsequent
case report, two individuals from a J-wave cohort were identified
to carry the S422L variants after screening, one with ER on the
ECG and the second with spontaneous Brugada Type 1 ECG
pattern.5 Screening among a second cohort of Brugada and ER
probands and their family members identified five additional indivi-
duals carrying the S442L variant, further supporting this variant as a
disease-causing variant.6

The Kir6.1 channel facilitates a non-voltage-gated inwardly
rectifying potassium current, leading to a shortening of the
action potential (AP) duration under conditions of metabolic
stress.7 The S422L variant leads to a gain-of-function of the
Kir61.1 channel, increasing IKATP in heterologous expression with
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Simian fibroblast cells (COS-1) and human embryonal kidney cells
(TSA201).5,6 Shortening of the AP duration is an important com-
ponent of atrial fibrillation (AF) initiation and mutations in ion
channels leading to a shortened AP have been previously described
in lone AF.8 –10 Kir6.1 is present in both atrial and ventricular myo-
cytes, and although a ventricular phenotype has been described
with J-wave syndromes, the effect of this variant in atrial myocytes
is unknown. Of note, Barajas-Martinez et al. reported symptomatic
AF among three of the five carriers of S422L, hinting at an atrial
phenotype. In this study we sought to determine whether there
was an increased frequency of the KCNJ8-S422L mutation among
patients with AF and ER and determine if KCNJ8 may be a novel
susceptibility gene for AF.

Methods

Study population
Over an 8 year period, 2095 patients were enrolled in the Vanderbilt
AF Registry, and were recruited from Vanderbilt Arrhythmia Clinics,
the emergency room and inpatient services.11 Individuals ≥18 years
of age and with documented AF on ECG, rhythm strips or Holter
monitor and who were diagnosed during routine physical examination,
were included in the study. At enrollment a detailed medical history,
drug and family history was obtained on all patients. Whenever appro-
priate, first- and second-degree relatives were contacted directly to
obtain medical records and documentation of AF. The study protocol
and written informed consents were approved by the Vanderbilt Uni-
versity Institutional Review Board.

Control population
Controls were selected from the Vanderbilt Cardiac Surgery Registry,
a registry of consecutive patients undergoing cardiac surgery.12 Con-
trols were selected among those who did not develop AF in the post-
operative period from cardiac surgery. The study protocol and written
informed consents were approved by the Vanderbilt University Institu-
tional Review Board.

Definition
In order to better characterize the course of AF, recruited subjects
were clinically classified using a consistently applied set of definitions.
AF was defined as presence of irregular fibrillatory waves and the pres-
ence of an irregular ventricular response in patients with intact atrio-
ventricular conduction. Lone AF was defined as AF occurring in
individuals’ ≤65 years of age in the absence of cardiovascular
disease, diabetes mellitus, hypertension, morbid obesity, obstructive
sleep apnea, or thyroid dysfunction, which was determined by clinical
examination, ECG, echocardiography, body-mass index measurements,
and thyroid function tests.

Paroxysmal AF was defined as recurrent AF (≥2 episodes) that ter-
minates spontaneously within 7 days. Persistent AF was defined as AF
that was present for ≥7 days or required pharmacologic treatments or
electric cardioversion. Atrial fibrillation that failed cardioversion or was
allowed to continue was defined as permanent.

Familial AF was defined as the presence of one or more first- or
second-degree family members, age .18 years, and affected with AF
as documented by ECG, rhythm strips or Holter monitor. Permission
to talk to the family members was allowed by the proband and a more
detailed pedigree was generated by history and review of the relatives’
medical records.

Genetic screening
Whole blood was collected for genomic DNA extraction and analysis
from all subjects. We resequenced the 5′UTR, 3′UTR, coding regions,
and splice sites of high priority candidate ion channel genes [KCNJ8,
KCNQ1 (potassium voltage-gated channel, KQT-like subfamily,
member 1), KCNE1–5 (potassium voltage-gated channel, Isk-related
family, member 1-4 and member 1-like), KCNJ2 (potassium inward-
ly-rectifying channel, subfamily J, member 2), KCNA5 (potassium
voltage-gated channel, shaker-related subfamily, member 5), SCN5A
(sodium channel, voltage-gated, type V, alpha subunit), SCN1B
(sodium channel, voltage-gated, type I, beta subunit), SCN2B
(sodium channel, voltage-gated, type II, beta subunit), CACNA1C
(calcium channel, voltage-dependent, L type, alpha 1C subunit), and
CACNA2D2 (calcium channel, voltage-dependent, alpha 2/delta
subunit 2) as well as non-ion channel candidates including gap junction
protein, alpha 5 and natriuretic peptide precursor A (that encodes
atrial natriuretic peptide, ANP). Non-synonymous variants in sodium
and potassium channels have been identified in �10% of the sub-
jects.13 These co-segregate in extended kindreds (where they are avail-
able) and those studied to date show abnormal electrophysiology in
vitro.14,15

Among 325 lone AF probands, 311 underwent genotying. Fourteen
probands were excluded due to inadequate DNA sample volume. The
coding and splice junctions of KCNJ8 were amplified by polymerase
chain reaction (PCR) using primers designed to obtain fragments of
appropriate size. The PCR-amplified DNA fragments were analysed
using the Revealw Discovery System (based on temperature gradient
capillary electrophoresis) to identify aberrant conformers, which
were then directly sequenced by Sanger sequencing (ABI 3730xl
DNA Analyzer, Vanderbilt DNA Sequencing Facility). Additionally,
391 controls were sequenced for the KCNJ8-S422L variant with
Applied Biosystem’s TaqMan. Thirty-eight case samples and 23
control samples failed genotyping due to poor DNA quality.

Results

Cohort demographics
The average age of diagnosis of AF was 41.5 years and the cohort
was predominantly male (73%) and of European descent (95%). A
total of 133 (40%) patients were found to have a family history of
AF and 22 (7%) were found to have ER on their ECG.

Prevalence of KCNJ8 variants in lone
atrial fibrillation cohort
The non-synonymous variant S422L was identified in two pro-
bands resulting in a minor allele frequency of 0.37% (Figure 1).
The variant was absent in all 368 controls. Furthermore, both of
the S422L carriers were found to have ER on the ECG. No add-
itional variants in KCNJ8 were identified among the probands.

Family phenotype evaluation among
S422L carriers
Proband AF558 presented with symptomatic, early onset AF at
the age of 17 underwent direct current cardioversion to
restore sinus rhythm. The proband underwent a standard elec-
trophysiology study to evaluate for supraventricular arrhythmias
as a possible trigger for AF. In both the resting state and with iso-
proterenol, the conduction intervals and refractory periods were
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within normal range. The atrial effective refractory period (ERP)
was 190 ms when pacing at 800 ms (normal: 150–360 ms) and
the ventricular ERP was 240 ms when pacing at 550 ms on iso-
proterenol (normal: 170–290 ms). Atrial fibrillation was induced
during the study with atrial extrastimuli, but there was no evi-
dence of a substrate for additional supraventricular arrhythmias.
A standard ventricular pacing protocol with incremental and
extrastimulus testing was performed and no ventricular arrhyth-
mias were induced.

Electrocardiograms performed both while in AF and sinus
rhythm showed ER in the right precordial and lateral leads with
maximal elevation in lead V4 measuring 0.2 mV (Figure 2). Over
5 years of follow-up the patient had no further episodes of AF.
A family history for the AF558 kindred is significant for a paternal
grandfather having ‘a chronic arrhythmia’; however no ECG was
available for evaluation (Figure 3). The patient’s father gave no
history of symptomatic arrhythmias; however, his ECG showed
ER in the lateral leads of 0.1 mV and he was found to be heterozy-
gous for the KCNJ8-S422L missense mutation. The proband’s
mother gave a history of palpitations but her work up, including
a holter monitor, was inconclusive and she denies any further
episodes. She was screened for the KCNJ8-S422L mutation and
was found to be wild-type.

Proband AF1084 presented with recurrent symptomatic AF,
experiencing yearly episodes since his mid-20s all requiring
direct current cardioversion. A family history for AF1084 is sig-
nificant for the proband’s mother having a history of supraventri-
cular arrhythmias and three maternal uncles who have a history
of AF and two of them underwent AF ablations; however, no
ECGs were available to document these episodes (Figure 2).

The DNA samples from family members were not available for
analyses.

Discussion
The KCNJ8-S422L variant was identified in two lone AF probands,
one showed evidence of ER on ECG. For these affected probands,
we believe the S422L variant to be the atrial phenotype of a chan-
nelopathy previously associated with ER syndrome. As KCNJ8 is
expressed in both atria and ventricles the findings of an AF pheno-
type in individuals carrying the mutation is perhaps not completely
surprising. A large proportion of the mutations that have been
identified in cases of familial AF have been identified in ion
channel genes.16,17 Additionally, for many channelopathies, includ-
ing Brugada syndrome and the Long QT syndrome, the prevalence
of AF is greater than in the general population and can imply a
worse prognosis.18

Originally identified from cDNA isolated from rat pancreatic
cells, KCNJ8 encodes for the Kir6.1 subunit of the KATP inward rec-
tifying potassium.19 The in vitro studies with Xenopus oocytes or
COS-1 cells indicate sulphonylurea receptor (SUR) co-expression
essential for ATP sensitivity.20 The KATP channel is responsive to the
metabolic state of the cell by tying potassium influx to cellular ATP
stores.21 Metabolic stress, measured by a change in the ATP/ADP
ratio is believed to activate the channels, thereby shortening the
AP duration. A previous study in which KCNJ8-S422L with
SUR2A was co-expressed in COS-1 cells found a 60% increase
in the potassium current when compared with wild-type; this is
consistent with a gain-of-function mechanism.5 Additional studies
in TSA201 cells found an almost two-fold increase in potassium
current and the mechanism for this is thought to be due to incom-
plete closing of the channel as a result of ATP insensitivity.6 Further
support for the KACH channel in AF generation comes from the
identification of the SUR2A T1547I missense mutation in a
patient with adrenergic AF.22 Co-expression of SUR2A with
Kir6.2 in Xenopus oocytes was found to result in reduced
ADP-dependent channel opening and hence reduced potassium
current. Although the effect on repolarization with this mutation
would most likely be opposite to that for the KCNJ8-S422L muta-
tion, it highlights the association of mutations within the Kir6.x–
SUR complex and AF, albeit by differing electrophysiological
effects.

Shortening of the atrial AP duration is a common mechanism
leading to propagation of AF.23 Additionally, in cases of familial AF
with known mutations in ion channel genes, KCNQ1, KCNE2, and
KCNJ2, shortening of the AP duration has been identified as the
pathogenic mechanism. The Kir6.1 subunit is present in both atrial
and ventricular tissues, a mutation that results in a change of function
of this channel would be expected to lead to arrhythmia susceptibil-
ity in not just ventricular tissue, but also the atrial tissue. Although
not previously associated with AF, it is possible that in both patients,
the KCNJ8-S422L missense mutation contributed not only to ECG
findings of ER, but also to his early presentation of AF.

Additionally, our findings contribute to the association of S422L
and ER syndrome as diagnosed from the pathogenomic finding on
ECG. Prior reports did not include linkage information; however
within our cohort, we were able to acquire data from a first

Figure 1 Proband DNA sequence chromatogram from Exon
3b of KCNJ8 with the heterozygous substitution of wild-type
allele C-.T at position 1265 resulting in missense mutation
S422L.
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degree relative with ER on the baseline ECG who was also found
to be mutation positive. Taken together with the in vitro studies,
this further supports KCNJ8 as an important determinant of repo-
larization in ventricular tissue.5

Conclusion
The KCNJ8-S422L mutation has been shown to shorten repolariza-
tion in ventricular tissue, yet with the identification of this mutation
among patients with lone AF it is possible that expression of this mu-
tation in the atrium could also shorten repolarization to increase AF
susceptibility. Further evidence for KCNJ8 as a candidate gene for ER
syndrome was provided by the finding of ER on the ECG of a
mutation-positive proband and a mutation-positive first-degree rela-
tive. More study is needed to elucidate the relationship between the
KCNJ8 variant S422L and its effect in the atrial myocyte.
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Is it safe to monitor oesophageal temperature during AF ablation?
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A 71-year-old man with paroxysmal atrial fibrillation underwent pulmonary vein
isolation (PVI). Luminal oesophageal temperature (LET) was monitored through-
out the procedure using a probe with three thermocouples (Figure panel A).
Luminal oesophageal temperature remained below 398C except for a 40 s
episode of 40.38C. An oesophageal endoscopy carried out on the day after the
PVI disclosed ulceration. Patient was discharged from the hospital in the fifth post-
operative day in sinus rhythm. Echoendoscopy undertaken 8 days after ablation
found persistent ulceration 35 cm below the incisors. Figure panel B shows an
axial ultrasound demonstrating the anatomical relationship of the oesophagus,
the LA, the PV, and aorta. Figure panel C shows an endoscopic view of the oe-
sophagus lumen with a posterior ulceration (arrow). The anatomic relationship
with mediastinal structures are the same as shown in Figure panel B. Figure panel
D is an ultrasound image from the oesophageal probe showing the ulcer
(arrow) adjacent to the anterolateral wall of the aorta and not the LA. The
ulcer did not reach the muscular layer. We hypothesize that
radiofrequency-inductive heating of the stainless-steel thermocouple of the oe-
sophageal probe, acting as an antenna, caused the ulceration. Stainless steel heats up seven times more easily than the human skin
and transfers heat by two orders of magnitude greater than that the endothelium is able to disperse it. The location and size of
the lesion is consistent with the shape and size of the olive-shaped thermocouple. Oesophageal probes with stainless-steel sensors
may be protective against anterior oesophageal lesions but may increase the risk of posterior ulceration.
The full-length version of this report can be viewed at: http://www.escardio.org/communities/EHRA/publications/ep-case-reports/
Documents/oesophageal-temperature-AF-ablation.pdf.
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