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The KCNJ8-S422L variant previously associated with
J-wave syndromes is found at an increased frequency

in Ashkenazi Jews

Krishna R Veeramah!, Tatiana M Karafet!, Daniel Wolf!, Ricardo A Samson? and Michael F Hammer*:!

J-wave syndromes have been associated with increased risk of ventricular fibrillation and sudden cardiac death. Previous
studies have identified the KCNJ8-S422L variant in heterozygous form in individuals with J-wave syndromes. Its absence in
over 1500 controls, coupled with in vitro analysis, have led to the conclusion that S422L is pathogenic. We previously
performed whole-genome sequencing in a family quartet of Ashkenazi Jewish decent with no history of J-wave syndrome.
Re-examination of these data reveals that both parents are heterozygous for the S422L variant, while the 12-year old son
carries two copies — thus representing the first reported case of a S422L homozygote. In order to examine whether the S422L
mutation might segregate at appreciable frequencies in specific populations, we genotyped the variant in a panel consisting of
722 individuals from 22 European, Middle Eastern non-Jewish, Ashkenazi Jewish, and non-Ashkenazi Jewish populations. We
found that the S422L allele was at a significantly higher frequency in Ashkenazi Jews (~4%) compared with other populations
in our survey, which have frequencies <0.25%. We also performed ECGs in both male members of the family quartet. The
homozygous boy demonstrated no clinically significant ECG abnormalities, while the heterozygous father presented with a subtle
J-wave point elevation. Our results suggest that either (a) previous studies implicating S422L as pathogenic for J-wave
syndromes failed to appropriately account for European population structure and the variant is likely benign, or (b) Ashkenazi
Jews may be at significantly increased risk of J-wave syndromes and ultimately sudden cardiac death.
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INTRODUCTION
The elevation in the QRS-ST junction of an electrocardiogram (ECG)
that signifies early repolarization (ER) is commonly referred to as a
J-wave or Osborn wave. While once thought to be a benign
abnormality found in healthy young men and athletes, individuals
with J-waves have now been shown in a number of studies to be at
increased risk of idiopathic ventricular fibrillation (VF) and sudden
cardiac death."> Depending on the spatial localization and magnitude
of the J-wave, individuals may be placed into a series of J-wave
syndromes such as one of three early repolarization syndromes (ERS)
and Brugada syndrome (BRS).> A number of genes have now been
associated with J-wave syndromes, with the vast majority being genes
that encode for ion channels such as SCN5A and CACNAIC.*
Three separate studies have now implicated the gene KCNJ8
in individuals with J-wave syndromes.>” Remarkably, they
all reported finding a single mutation at position c¢.C1265T
(chr 12:g.21918667, rs72554071) that leads to a serine to leucine
substitution at amino acid 422 (p.S422L). Among two cohorts of
predominantly recent European ancestry with J-wave syndromes
(N=305), the S422L mutation was found in six patients — all in
heterozygous form (four with BRS, two with ERS) (2%). In contrast,
the S422L variant was absent in 815 controls (again of predominantly
European ancestry).%” KCNJ8 encodes the ATP-sensitive inwardly
rectifying potassium channel Kir6.1® that is expressed at high levels in

cardiomyocytes.”"!! In vitro functional analysis of the S422L variant
suggests it causes an increased Karp current compared with the wild-
type Kir6.1 channel, possibly because of incomplete channel closing.
These results have implicated S422L, through a gain-of-function
action, as pathogenic in J-wave syndromes and the KCNJ8 gene as a
susceptibility factor for VE®7 More recently, the S4221 mutation was
also found in two cases from a cohort of 311 individuals with atrial
fibrillation (AF) (both patients also had evidence of ER) and was
again absent amongst 368 controls.!?

In this study, we report the first case of a homozygous S422L
variant, which we found through whole-genome sequencing (WGS) a
family quartet of Ashkenazi Jewish background. We go on to
demonstrate that the S422L is at substantially higher frequencies in
Ashkenazi Jews in general, which has important ramifications for the
mutation’s status as a pathogenic variant for J-wave syndromes.

METHODS

Subjects

We examined WGS data generated by Complete Genomics Inc from a quartet
previously described in Veeramah et al,'> where the initial proband presented
with a severe epileptic encephalopathy (EE) and sudden unexplained death in
epilepsy (SUDEP). There was no family history of cardiac abnormalities.
Informed consent was obtained from the family quartet, and the study
was approved by the University of Arizona institutional review board. The
12-year-old second-born male sibling did not show evidence of epilepsy nor
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any major cognitive or motor deficits. An ECG was performed on the male
sibling in 2011 and on the father in 2012. Standard 12-lead ECGs were
obtained in the resting, supine position. Recordings were performed using
standard voltage at a paper speed of 25mm/s using commercially available
equipment (Marquette Electronics, Milwaukee, WI, USA; Cardiac Sciences
Corporation, Bothell, WA, USA). Additional ECG recordings were obtained
with the V1 and V2 leads placed more superiorly at the second intercostal
space.!* Repeat ECGs were performed in 2013 on the male sibling, including
one following a Valsalva maneuver.

In addition, we examined 722 samples from 22 populations (Table 1) for the
presence of the S422L allele. All samples were anonymous, unrelated and gave
appropriate informed consent.

S$422L genotyping

The presence of the S422L (rs72554071) variant in the quartet was confirmed
by Sanger sequencing (Supplementary Figure 1). Additional genotyping of the
larger sample was assessed using an allele-specific PCR protocol. The following
primers were used to amplify the 302-base pair allele-specific band and the
442-bp control band: KCNJ8-U: 5'-TTGAGAGAAACGAGCATACC-3', KCNJ

Table 1 Genotype counts and allele frequencies for the S422L
variant in European, Middle Eastern, Jewish non-Ashkenazi and
Ashkenazi Jewish populations

KCNJ8 genotype
Country N cc CT T T allele frequency (%)
Europe
France 66 66 0 0 0.00
Germany 10 10 0 0 0.00
Netherland 68 68 0 0 0.00
Poland 27 27 0 0 0.00
Romania 27 27 0 0 0.00
Russia 24 22 0 0 0.00
Ukraine 40 40 0 0 0.00
Total 262 262 0 0 0.00
Middle East
Iran 42 42 0 0 0.00
Turkey 8 8 0 0 0.00
Total 50 50 0 0 0.00
Jewish non-Ashkenazi
Iran 20 20 0 0 0.00
Iraq 26 26 0 0 0.00
Turkey 25 25 0 0 0.00
Italy (Rome) 48 45 3 0 3.13
Total 119 116 3 0 1.26
Ashkenazi Jewish
France 35 29 6 0 8.57
Germany 9 8 1 0 5.56
Hungary 8 8 0 0 0.00
Netherlands 16 15 1 0 3.13
Poland 70 67 3 0 2.14
Romania 19 19 0 0 0.00
Russia 8 8 0 0 0.00
Ukraine 25 22 3 0 6.00
USA 101 92 9 0 4.46
Total 291 268 23 0 3.95
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8-AL: 5'-CAGAAGGAAATCAAAACACATT-3', KCNJ8-L: 5'-CCTCCAAAAGA
GTGAACTGTC-3'. Five nanogram of genomic DNA was amplified in 15 pl
final volume containing 0.2 mM of each dNTP, 1 um, 0.6 M, 1.4 um of KCNJ8-
U, KCNJ8-L and KCNJ8-AL primers, respectively, 0.5U of Taq DNA
polymerase (Invitrogen), 1.5mM MgCl2, 75mM KCl, and 10mM Tris-HCI
(pH 8.3). The cycling conditions were 94 °C for 3 min, followed by 35 cycles at
94 °C for 30, 59 °C for 305, 72 °C for 45s, with final extension step at 72 °C
for 3min The genotypes were checked by running PCR products on a 2%
agarose gel in TBE buffer (Supplementary Figure 2). All samples showing an
allele-specific band (ie, potentially heterozygote for the S422L allele) were
verified by sequencing.

Statistical analysis

Whole-genome sequencing variant analysis was performed as previously
described in Veeramah et al.' Briefly, after read mapping and local de novo
assembly, a nucleotide position is determined based on a previously calibrated
minimum confidence score (20dB for homozygotes and 40dB for
heterozygotes). Variant call quality was also increased using a hidden
Markov model that uses Mendelian inheritance rules.!®> Annotation was
performed using ANNOVAR'® based on Hgl9, and custom tools were used
to extract particular inheritance patterns within the quartet (eg, potentially
recessive variants). Mutational impact was assessed using Polyphen 2.17
Identity-By-Descent (IBD) Pi_Hat was estimated using PLINK.!® All other
statistical analysis was performed using the ‘R’ statistical package.

RESULTS

Identification of a homozygous S422L individual

We previously performed WGS on a family quartet and identified a
pathogenic mutation in the gene SCNSA in a patient with severe EE
who passed away from SUDEP. Further examination of the WGS
revealed that both parents and the female proband were heterozygotes
for the KCNJ8-S422L variant, while the healthy 12-year-old younger
male sibling was a homozygote for this variant. These genotypes were
successfully validated using an allele-specific assay, direct Sanger
sequences, and whole-exome sequencing (WES) using two different
capture technologies (Agilent and Illumina). No other variants from
the human reference genome (Hg19) were found in the exons or
splice sites of KCNJ8 amongst the family.

Both parents were of self-identified Ashkenazi Jewish origin, but
otherwise unrelated, with an estimated pairwise IBD Pi_Hat value of
0.023 compared with an average of 0.025 for any two random
Ashkenazi Jews chosen from Behar et al.l®

S$422L population screening
Given the presence of S422L in a family of Ashkenazi Jewish ethnicity,
including the first ever identification of a homozygous individual, we
genotyped the variant in a panel of individuals from Ashkenazi
Jewish, other Jewish, European and Middle Eastern populations
(Table 1). S422L was absent in almost all populations except
Ashkenazi Jews with 23 out of 291 (7.9%) heterozygous individuals,
no homozygous individuals and an overall allele frequency of 4.0%.
The only exception to this was the presence of 3 S422L heterozygotes
amongst 48 Roman Jews. Further subdivision of Ashkenazi Jews by
geographic location demonstrated that the S422L allele was present
across Europe, with the first and second highest allele frequencies
found in France (8.6%) and the Ukraine (6.0%) respectively, while
also being prevalent in Ashkenazi Jews from the USA (4.5%).
Interestingly, the first study to identify the mutation was conducted
in France and the authors failed to identify any S422L alleles in 764
additional controls.”

The allele frequency in Ashkenazi Jews was significantly higher than
that of other non-Jewish populations examined here (P<0.037 to
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<<0.05, as assessed using a Fisher’s Exact Test), as well as in was subtle fractionation of the terminal QRS in leads II, III
previously examined controls (P<<0.001). The variant was also and avE A 12-lead ECG of the homozygous individual timed at
identified in heterozygous form in 16/3510 European Americans 0748 hours (with V1 and V2 leads in the standard position) showed a
and 1/1869 African American individuals (allele frequency =0.23%  normal sinus rhythm at a rate of 81 bpm (Figure 2b). Baseline artifact
and 0.03%, respectively), for whom WES was performed by the secondary to motion was apparent in the first four beats of the
Exome Sequencing Project (ESP).2° The project consists of individuals  recording. The PR, QRS and QTc intervals were normal (140, 82 and
from multiple sets of cohorts that may include individuals with heart, 409 ms, respectively). Once again, no definite abnormalities of the
lung and blood disorders, though the exact composition of the data ~ ST-T wave segments were noted. Subtle fractionation of the terminal
set was not available to us. Again the frequency in Ashkenazi Jews was QRS in leads II, IIl and aVF was again seen. In comparison with the

significantly higher (P<<0.001) than the ESP data sets. previous ECG (with leads V1, V2 at the left and right second intercostal
spaces), there was a suspicion of early repolarization in the V1 and V2.
ECG results A repeat ECG timed at 0754 hours was obtained following a

ECGs were performed on the $422L homozygous male sibling and his Valsalva maneuver in order to slow the heart rate and potentially

father. An initial ECG on the homozygous individual (Figure 1a) unmask further repolarization abnormalities (Figure 2¢). This showed
demonstrated normal sinus rhythm at a rate of 111 beats per minute ~ Sinus arrhythmia at an overall rate of 62bpm. The PR, QRS and QTc
(bpm) with a normal PR interval of 142 ms, a normal QRS duration of intervals were normal (120, 84 and 389 ms, respectively). Compared
74ms and a QT interval of 307 ms (QTc =406, by Bazett’s formula). with the baseline ECG, subtle fractionation of the terminal QRS in
There were no definite abnormalities of the ST-T wave segments. leads II, IIl and aVF was again apparent but not different from
There was a slight fractionation of the terminal QRS in lead II. baseline. Of note, there was a very slight (<1mm) J-point elevation
A set of three ECGs were then repeated on this individual at a  seen in V1 and V2. However, overall there was no evidence of clinically
later date. A 12-lead ECG timed at 0747 hours (with V1 and V2  significant abnormalities for this S422L homozygous individual.
leads placed at the left and right second intercostal spaces, respec- The ECG of the father (Figure 1b) demonstrated a low right atrial
tively) showed normal sinus rhythm at a rate of 73bpm (Figure 2a).  rhythm, rate 64bpm with a normal PR interval 0f 158 ms, normal
The PR interval was normal, measuring 146 ms, the QRS duration QRS duration of 82ms and normal QT interval of 358 ms
was normal at 76 ms, as was the QT interval of 376 ms (QTc=401). (QTc=2375). On careful inspection, there was subtle early repolariza-
There were no definite abnormalities of the ST-T wave segments. There  tion with ~ 1-2 mm J-point elevation in leads V2 and V3. There were

= wv _ JLTmPN]mT\/

Figure 1 Initial ECG of (a) S422L homozygous sibling and (b) heterozygous father respectively. Twelve-lead ECGs obtained with precordial leads in the
standard position. Notch filter set at 60 Hz.
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Figure 2 Repeat ECGs for the S422L homozygous sibling. (a) Twelve-lead ECG with V1 and V2 leads placed at the left and right second intercostal spaces,
respectively. (b) 12-lead ECG with V1 and V2 leads in the standard position. (c) 12-lead ECG obtained following Valsalva maneuver.

no differences between the standard ECG and those with leads V1 and
V2 placed superiorly at the second intercostal space.

DISCUSSION

Given the finding of a significantly increased KCNJ8-S422L frequency
in Ashkenazi Jews, it will be important to establish whether or not
previous results reporting the frequency distribution of the S422L
mutation that are the basis for the suggestion that it is a risk variant
for J-wave syndromes (and ultimately sudden cardiac death) are
simply an artifact of cryptic population stratification. Population
genetic studies have demonstrated that it is important to take into
account Ashkenazi Jewish genetic ancestry for disease association
studies involving European populations.?! That no S422L mutations
have been identified thus far in control populations may represent a
lack of representation of individuals of Ashkenazi Jewish descent
compared with the J-wave and AF cohorts, with the current
description of control cohorts not going beyond ‘European
Caucasian’® It is noteworthy that Polyphen 2 analysis results in a

benign score of 0.013 for the S422L variant with multiple alignments
showing amino-acid differences in non-human species such as
hedgehog, lizard, and zebrafish.

On the other hand, in vitro analysis has presented compelling
evidence that the mutation does affect channel function.®” Thus, an
alternative explanation to cryptic population structure would be that
the S422L mutation is pathogenic and that therefore Ashkenazi Jews
may have increased risk of J-wave syndromes. Though no data are
currently available that would allow us to assess this hypothesis, an
increased risk is certainly not unlikely given the generally higher rates
of certain diseases in this population because of historical founder
effects.?? While Barajas-Martinez et al’ have suggested that S422L
is a hotspot for mutation, no case of a de novo S422L mutation
has actually been explicitly observed, and simple proliferation of the
risk allele from Ashkenazi Jews to other populations through gene
flow would likely be able to explain the current distribution.
Interestingly, the presence of the allele in Roman Jews, one of the
longest surviving Jewish communities in Europe, but not Middle
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Eastern Jews suggests an origin of the S422L allele sometime in
Europe ~2000 years ago.

The results from our quartet, while useful, do not currently help
distinguish between pathogenicity and non-pathogenicity of S422L.
The male sibling is the first reported example of a homozygous S422L
mutation and thus may be expected to demonstrate a severe J-wave
phenotype if the mutation is gain-of-function causal; yet a suite of
ECGs showed no obvious abnormalities. However, low penetrance
and epistatic interactions may be acting and it is important to
appreciate the effect, given his age, that puberty and testosterone are
likely to play in J-wave syndromes.”? Furthermore, the heterozygous
father demonstrates a slight but inconclusive J-point abnormality.
Therefore, it would be of interest to explore the J-wave phenotype in
the extended family of this quartet as well as additional samples of
Ashkenazim, both with and without J-wave phenotypes, in the future.
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