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Fig. 2. Positiond cloning of the Jff mutation. A: distribution of haplotypes observed among 22 df-homozygous Fr progeny carrying  recombitant clromosome between

D1 Rar ]33 and D Rt 245, White boxes. homozygote for the WTC liele. Grey boxes. heterozy gote. Black boxes. homozsgote for the ACTullele. /8 dft was genetically mapped
to 0.8-cM region between D/ Kvo¥ and DIAghI0. The dft showed no recombination with D/ Wox9 in 480 informative meioses. The dfh Tocus was physically localized 10
the - 1-Mb region detined with £ Kye¥ and DI Mghl0. Within the Jf& locus. 4 genes bave been mapped. In the WTC-offk rats. a genomic sequence contuining Kengl exon 7
was defeted. The 5 and 3 -breakpoinrs of the deleted sequence we indicated by arrowheads. (' expression of Kengl assessed by Northern blot analysis. PolytA) RNAs from
the bearts of WTC und WTC-//K rats are hybridized with a probe contuining exons 9-14 of vat Keng/. A sualler Kengl munseript due 1o the loss of exon 7 was observed in
WTC-df. Hybridizion signals of -actin on the sume blot are shown at homon. Molecular weight markers are indicated to the left in kilobuases. 1 genomic sequences around
thie breakpoints of the @fk deletion. A 2.040-bp sequence containing the Kengl exon 7 was deleted in the WTC-J& genome. £ molecular diugnosis of the dft deletion. With use
of the primers iKeng -5 and rReng1-42. 2 2.735-bp POR product was obtained from the WTC genome. while o 693-bp fragment wus obiained from the WTC-J& genome.
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auditory organ function, we measured ABR in WTC-dfk and
WTC rats. In WTC rats. ABR composed of [, L [i[, IV, and V
peaks was observed with intensity of over 100 dB (Fig. 15).
The WTC rats showed an average hearing threshold of 683 =
2.58 dB. whereas all WTC-dsk rats exhibited no ABR up to the
maximum level (> 133 dB) of acoustic stimulation (Fig. 18),
indicating that WTC-dfk ruts were completely deaf.

Identification of the dfk mutation. The pooled SSLP analysis
showed a linkage relationship between D/Rar429 and the Jdfk
locus. A genetic linkage study of 240 WTC-dfk rats using 19
additional markers on Chr { narrowed down dfk to a 0.8-cM
interval between DIKyvo9 and DIMgh10 (Fig. 2. A and B). The
dft gene showed no recombination with D/Wox9 in 480
informative mejoses. Within the dfk locus. four genes, Cd8/
(CD 81 antigen). Keng/ (potassium voltage-gated channel,
subfamily Q. member 1), Mrgrg (Mas-refated G-protein cou-
pled receptor member G), and Dher7 (7-dehydrocholesterol
reductase). have been mapped, and these genes were thought to
be candidutes for dfk.

Because human KCNQT mutation is associated with deaf-
ness (22). and Kengl-deficient mice showed similar behavioral

WTC

Fig. 3. Histologieal features of the inner ear
of WTC and WTC-djk vats. A and B: epon-
embedded sections of the cochlea stainest with
toluidine bive. Note that collapsed Reissner’s
membrane. atrophied stria vascularis, loss of
huir cells. and marked reduction of neurons in
the <piral ganglion are ohserved in the 34-wk-
old WTC-Jdf& st € and 10 details of the
saccule maculy. Note that the membranous
lubyrinth is collapsed onto the macula and
compresses the statoconia. statoconial mem-
brane. and huir cells in the 34-wk-old WTC-
dfk vat. £ wnd £ details of the ampullury crest.
Note that the membranous labyrinth is col-
lupsed onto the culupa. A small cavity is
preseut between the membrane and the culupa
(indicated by an asterisk). and vacvoles are
seen in the murgingl region of the ampullary
crest (ndicated by wrows) in the 34-wk-old
WTC-df rats. DC. dark cell: HC. hair cell.
LM, membranous labyrinth. RM, Reissner’s
membrane. SG. spiral gunglion. SV, stria
vascularis.

phenotypes 1o those of WTC-dfk rats (5), Kengl was consid-
ered to be the strongest candidate. Northern blot analyses
showed that Keng 1 ranseript of the WTC-dfk was smaller than
that of WTC (Fig. 2C). Sequencing analyses of the entire
coding region and all of the exon-intron boundaries of Kengl
revealed that the entire exon 7 and its flanking sequences were
lacking in the WTC-dfk rats. The deletion was 2,040 bp in
length and flanked with TG dinucleotide tandem repeats (Fig.
2/3). No nucleotide alternations were observed in the coding
sequences of either the Cd81, Mrgrg, or Dher7 genes between
WTC and WTC-dfk rats,

To verify and diagnose the deletion at the molecular level,
we designed the PCR primers rKeng1-31 (5°-ACCTGTCAT-
GGCTCCCTAGA-3) and rKengl—42 (5"-AGGCTGTCCT-
CAGCAAGAAG-3"), which are located outside of the 5'- and
3'-breakpoints, respectively (Fig. 28). These primers yielded a
693-bp PCR product from WTC-dfk und a 2.735-bp PCR
product from the wild-type WTC (Fig. 2E).

Histopathology of the inner ear. To identify the histopatho-
logical alterations responsible for the deafness and imbalance
observed in WTC-dfk rats. we examined the inner ear struc-

WTC-drk
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Tuble 1. Comparison of ECG parameters in
WTC and WTC-dfk rars

Parimeter WITCe WITC-drk
HR. bpm 319.4 1309

RR. my 189.0 109

PQ. ms 423228

QRS. ms 1538219 139225
QT. ms G3.7x13.7 $6.8 5 13,7
QTe. ms 4641001 63.8: 927

All duta are presented as means = SD. Data sets were obtained from adult
U218 Wk WTC o = 6y and WTC-dfk (n = 6) rats und were compiled using
Student’s 7-test. HRL heart rate: bpm. beats/min: QTe, rate-corrected QT
vidues, ¥ < 0,05 ve. WTC, 4P <2 0.01 ve. WTCL

tures. In the cochlea of the 34-wk-old WTC-dfk rats. the
Reissner’s membrane was collapsed and the volume of the
cochlear duct was markedly reduced. The stria vascularis was
severely atrophied. The inner and outer hair cells in the Corti
were degenerated, and swelling of supporting cells was ob-
served. The number of neurons in the spiral ganglion was
markedly reduced (Fig. 38). In the macula statica of the utricle.
the membranous labyrinth was collapsed onto the macula. The
statoconia. the statoconial membrane, and the hair cells were
compressed by the collupsed membranous labyrinth. and the
endolymphatic space was not observed. The bair cells and
supporting cells were severely disarrayed (Fig. 3D). In the
ampullary crest of the semicircular ducts, the membranous
labyrinth was also collapsed and the endolymphatic space was
dramatically reduced. The collapsed membranous labyrinth
compressed the sensory hair cells and the KCNQI-expressing
dark cells. Vacuoles were observed in the hair cells located in
the marginal region of the ampullury crest (Fig. 3F).
Prolonged QTc interval in WTC-dfk rats. To evaluate Kengl
function in the rat heart. we examined the ECGs in WTC and
WTC-dfk rats. Twenty consecutive beats were measured in
individual resting animals to obtain the mean values, because
ECGs in conscions animals were likely to be contaminated by
muscle artifact and noise. The QT interval was measured from

WTC
PG QRS
i IV e
¥
B
QT
0 100 200 300
(ms)

Table 2. Acidiry of stomach contents in WI'C and WI'C-dfk rats

Parameter WIC WHCdrk

Gustric volume. ml
pH
Acidity. meg/l

8427 18.6 h ND

All duta are presented as meuns 2 SD. Data sets were obtained from WTC
Gt = Syand WTC-dfk o0 = 5y rats at 1T wk of age und were compiled using
Stuclent™s -test. NDLnot detected. T2 -2 0.01 v, WTC.

the beginning of the QRS complex to the end of T wave,
defined as the point where the T wave merges with the
isoelectric line. as described previously (3). The WTC-dfk rats
demonstrated significant increases in QT and QTc intervals,
although there were no signiticant differences in other param-
cters such as HR, RR. PQ, and QRS (Table 1}. The most
striking change in WTC-dfk rats occurred in the formy of the T
wave {Fig. 4). The peak of the T wave was prolonged, and the
T-wave arca was increased compared with that of WTC rats.

Gastric ubnormalities in WTC-dfk rats. To evaluate Kengl
function in the rat stomach, we examined gastric functions of
the WTC-dfk rats. The volume of the secretion products in the
pylorus-ligated stomuch collected during the 4-h experimental
period was not diffevent between WTC-dfk and WTC rats.
However, the pH of the stomach fluids was elevated to almost
neutral (pH = 7.24 = 0.2) in the WTC-dfk rats. whereas the
WTC stomach retained strong acidity (pH = 147 = 0.1). The
acidity of the stomach contents could not be detected in the
WTC-dfk rats, while the acidity of the WTC stomach was
84.2 = 18.6 meg/l (Table 2). These findings indicated that acid
production was impaired in the WTC-dfk rats.

The most prominent pathological feature in the stomach of
34-wk-old WTC-dfk rats was the appearance of hypertrophic
gastric glands i the mucosa of the stomach body (Fig. 5. B and
C). Such lesions were scattered in the mucosa, and their
cytoplasm was deeply stained with cosin, Additionally, dilata-
tion of the fundic glands and fibrosis in the lamina propria were
observed in the stomach body of WTC-dfk rats, Fibrosis was

WTC-drk

~ PQ QRS

QT

(] ¥ 1
0 100 200 300
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Fig. 4. Representative surtuce electrocardiogram (ECGH trace recorded in vivo in WTC and WTC-dfk rats. Representative ECG tuces obtained from adult (12-18

wky WTC n

6y und WTC-dik 2 = 63 rars. Each parapieter (PQ. QRS. QT is indicated. Note that the QT interval wus prolonged in WTC-djk compared with

the wild-type coicogenic control WTC rat. Depicted tracings were selected as representative of the particular phenotype.
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Fig. 5. Histoputhological features of the stomach
ot WTC und WTC-dfk rats. Mucosa of the stomach
body of @ 34-wh-old WTC rat (4) and WTC-dfk rat
(). Note that hypertrophic cosinophilic cells. wat-
tered in the mucosa, are found in the WTC-df rat.
Fibrosis was distributed in the lamina propria. es-
peciuily In the bottom part of the mucosa. € Higher
magnificution of the bypertrophic  cosinophilic
cells,

promiinent at the bottom part of the mucosa (Fig. 38). No
pathological alteration was observed in the pylorus of the
WTC-dfk rats.

Hypertension in WTC-dfk rats. To examine the physiologi-
cal phenotypic characteristics of the WTC-dfk rats, we col-
lected phenotypic data about blood pressure, biochemical
blood test values, hematology, and nrology. The most striking
finding was hypertension in the WTC-dfk rats. They showed
significant increases in the systolic blood pressure (SBP) com-
pared with WTC (165.8 = 22 vs. 1258 = 144 mmHg, P =
0.0001). The bload pressure level of WTC-dfk rats was highly
placed on the ranking list of the SBP of 98 rat inbred strains of
the Rut Phenome Project of the NBRP in Jupan (http:/
www.anim.med.kyoto-u.ac.jp/nbr) (18). The SBP of WTC-
dfk rats was greater than the mean vajue plus one standard
deviation of the SBP of the 98 rat strains (1427 = (9.4
mmHg), while that of WTC rats was within the mean value
plus one standard deviation.

PISCUSSION

We have described here the molecular busis and phenotypes
of a novel mutation of the vat Kengl gene, WTC-dfk rats had
an intragenic deletion that included whole exon 7 of the Keng!
gene. The rut Kengl ¢cDNA encodes a 669-amino acid polypep-
tide with six membrane-spanning segments and a pore-associ-
ated domuin (13). Kengl exon 7 is tIT bp in length and

WTC-difk

encodes a 37-umino acid peptide that forms a pore-associated
domain and part of the sixth transmembrane domain. There-
fore. the dfk deletion allele was thought to result in a smaller
protein that lacked the pore. which plays important roles in
generating K© current.

We found several intriguing phenotypes of the WTC-dfk rat.
First, these rats showed circular movements., imbalance, and
complete deafness. Histological analyses demonstrated the
marked reduction of the endolymph of the inner ear and the
collapse of sensory hair cells. These findings implied that
endolymph reduction followed by hair cell collapses resulted in
inner ear defects in the WTC-dfk rats. Kengl-deficient mice
also show circular movements, imbalance. deafness, and inner
ear pathologies that are very similar to those observed in the
WTC-dfk rats (3. 16). The phenotypic similarities and deduced
functions of the mutated KCNQ1 of the WTC-dfk rat suggested
that WTC-dfk rats would be deficient for KCNQI protein.

Second, the WTC-dfk rats manifested prolonged QT interval
and abnormal T-wave form in the ECG. indicating that the
ventricular repolarization was prolonged in the WTC-dfk rats.
The ventricular repolarization derives from transient outward
K™ currents (/) and delayved, outwardly rectifyving K™ cur-
rents (Jx) (21 In the rat myocytes, two transient outward K-
currents, fioy and o (1, 36). and five distinet delayed rectifier
currents. Jip fcan 71 Ixaows and Le, have been identified (1. 3,
20y, However, [y, current generated from KCNQH/KCONIEL
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complex is not a prominent repolarizing current in adult rats or
in mice. Theretore, the cardiac phenotype scen in the WTC-dfk
rats would not be a direct effect of KCNQI deficiency but
would be induced by extacardiac stimuli such as autonomic
nerve and hormonal factors (32, 35). This idea is supported by
the data on the cardiac phenotypes of the Keng I-deficient mice.
They displayed abnormal T-wave form and prolongation of the
QT interval when measured in vivo. but not in isolated hearts
(5). In addition, nicotine challenge of the isolated heart and
acute stress due to saline injection in vivo revealed that
sympathetic stimulation induced a long-QT phenotype in
Kengl-deficient mice (28).

Third. we found achlorhydria in the WTC-dfk rats. Because
pastric H™ is secreted by the H™/K 7 -ATPase with coupling to
the uptake of the fuminal K™ (23, 37). it is possible that the
mutated KCNQI polypeptide fails to transport K° into the
gastric lumen. H;sto]ogmdl findings of the WTC-dfk stomach
were hypertrophy of the gastric glands and fibrosis in the
lamina propria. Because the administration of proton pump
inhibitor sometimes induces hypertrophic gastric glands in the
rat. these pathological changes are thought to have been pro-
duced as a direct effect of the elevation of pH in the stomach
(4). Kengl-deficient mice also show achlorhydria and in-
creased weight of the stomach resulting from mucous neck cell
hyperplasia (8, 16).

It is likely that the lower body weight found in the WTC-dfk
rats is related to their hyperactivity associated with the inner
ear defects. Additionally, the loss of Kengl functions in the
stomach, the intestine. or the pancreas might give another
possible explanation. Gastric H™ is required to converse pep-
sinogen to pepsin, the protease largely responsible for initiating
the digestion of proteins in the stomach. KCNQ1 expressed in
the epithelium of the small intestine and colon is believed to
regulate K© transport into the lumen (235). Luminal K7 s
required for transepithelial C17 secretion. which regulates the
osmolality of the intestinal or colonic mucus. In the insulin-
secreting cells, the KCNQI channels might play a role in
regulation of the insulin secretion (29). Thm investigating the
digestive capability and insulin secretion levels in the WTC-dfk
rats would be helpful for detenmining the cause of the fower
body weight.

Lastly, the WTC-dfk rats displayed hypertension. This is the
first evidence that Keng I might be involved in the regulation of
blood pressure in the rat. Hypertension is provoked by a variety
of etiologies. We have not vet determined which factor(s)
induces hypertension in the WTC-dfk rats, but it seems likely
that it is due to a defect in reabsorption in the proximal tubule
of the kidney. [n the mouse kidney. KCNQI colocalizes with
KCNEI in the brush border of the mid to late proximal
convoluted tubule as well as in the proximal straight tubule
(30). It is thought that the KCNQI/KCNEL complex would
make K* flux to the lumen. which is essential to counteract
membrane depolarization due to electrogenic Nu' -coupled
transport (30). Considering the important role of reabsorption
in the regulation of blood pressure, it is possible that there
might be some defeci(s) in the kidney proximal wbule of the
WTC-dfk rats.

WTC-dfk rats offer u sophisticated genetic system for studies
of the physiological functions of KCNQI. because this strain
has a strict control strain. WTC. The two struins are cojsogenic
and have an identical genetic background except for the dfk

Physiol Genomics s NOL 24 -
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deletion. Thus phenotypic differences found between them
would only result from the dfk mutation, which would imply
the invalvement of the Keng ! in such phenotypes. This genetic
system was obtained simply by a spontaneous mutation arising
in an inbred strain. In the gene knockout mouse, one cannot
exclude effects of genes closely linked to the targeted gene on
their phenotypes, even after producing congenic strains (26).
Kengl has been shown to be associated with several diseases
such as Jong QT. deafness. achlorhydria, and hypertension. To
develop more effective treatmients for these disorders, WTC-
dfk could offer u powerful new tool as a Kengl-related disease
model. Furthermore, because KCNQT is expressed in various
epithelial tissues, including lung. colon, small intestine, and
thymus (7. 33), the functions of KCNQU in these tissues could
be clarified using the coisogenic system of WTC-dfk and WTC.
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Andersen-Tawil syndrome (ATS) is a rare inherited disorder characterized by periodic
paralysis, mild dysmorphic features, and QT or QU prolongation with ventricular
arrhythmias in electrocardiograms (ECGs). Mutations of KCNJ2, encoding the human
inward rectifying potassinm channel Kir 2.1, have been identified in patients with ATS.
We aimed to clarify the genotype-phenotype correlations in ATS patients. We screened 23
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clinically diagnosed ATS patients from 13 unrelated Japanese families. Ten different
forms of KCNJ2 mutations were identified in the 23 ATS patients included in this study.
Their ECGs showed normal QT¢ intervals and abnormal U waves with QUc prolongation
and a variety of ventricular arrhythmias. Especially, bidirectional ventricular tachycardia
(VT) was observed in 13 of 23 patients (57%). Periodic paralysis was seen in 13 of 23
carriers (57%), dysmorphic features in 17 (74%), and seizures during infancy in 4 (17%).
Functional assays for the two novel XCNJ2 mutations (c. 260G>A (p. R67Q) and ¢
436G>A (p. G146S)) displayed no functional inward rectifying currents in a heterologous
expression system and showed strong dominant negative efiects when co-expressed with
wild-type KCNJ2 channels (91% and 84% reduction at —50 mV respectively compared to
wild-type alone). Immunocytochemistry and confocal imaging revealed normal trafficking
for mutant channels. In our study, all of the clinically diagnosed ATS patients had KCNJ2
mutations and showed a high penetrance with regard to the typical cardiac phenotypes:
predominant U wave and ventricular arrhythmias, fypically bidirectional VT. © 2007
Wiley-Liss, Inc.

KEY WORDS: Andersen-Tawil syndrome; long QT syndrome; tachyarthythmia; KCNJ2; ion channelopathy; potassium
channels; bidirectional ventricular tachycardia; QU prolongation; periodic paralysis; dysmorphic features

INTRODUCTION

Andersen-Tawil syndrome (ATS, MIM# 170390) is a rare autosomal dominant disorder characterized by
classical triad: (1) ventricular tachyarrythmias associated with QT prolongation in electrocardiograms (ECGs), (2)
periodic paralysis, and (3) dysmorphic features (Andersen, et al., 1971; Canun, et al., 1999; Sansone, et al., 1997,
Tawil, et al., 1994). Plaster et al. revealed that mutations in KCNJ2 (MIM# 600681) caused the syndrome in the
majority of clinically diagnosed ATS families (Plaster, et al., 2001). KCNJ2 encodes a pore-forming subunit of
inwardly rectifying potassium channels (Kir 2.1), a critical contributor for the Ix; current, which maintains normal
resting membrane potentials and regulates the final phase of action potential repolarization in various types of cells
(Kubo, et al., 1993; Raab-Graham, et al., 1994). To date, more than 30 KCNJ2 mutations were identified and
reported to be responsible for ATS (A, et al., 2002; Bendahhou, et al., 2005; Davies, et al., 2005; Donaldson, et
al., 2003; Hosaka, et al., 2003; Plaster, et al., 2001; Tristani-Firouzi, et al., 2002; Zhang, et al., 2005). Most
mutations in KCNJ2 showed loss-of-function and dominant negative suppression effects (Tristani-Firouzi, et al.,
2002), and a mutation, p.S136F, has been shown fo suppress the native Ig; in neonatal rat cardiomyocytes (Lange,
et al., 2003).

In confrast to the relatively homogenous change in functional outcome as a result of the mutations, ATS
patients displayed a wide range of penetrance and severity of clinical phenotypes (Plaster, et al., 2001). This
perplexity makes it difficult for physicians to properly diagnose the syndrome. Indeed, some cases have been
diagnosed and treated as long QT syndrome (LQTS) and others as periodic paralysis. Tristani-Firouzi et al.
performed extensive genetic and phenotypic analyses of ATS patients from 17 families and suggested that ATS
might be classified as a new subtype of LQTS (referred to as KCNJ2-associated LQTS (LQT7)) (Tristani-Firouzi,
et al., 2002). Recently, Zhang et al. reviewed the ECGs of 96 ATS patients with KCNJ2 mutations and revealed
the median QTc interval in ATS patients to be within the normal range (Zhang, et al., 2005). They concluded that
KCNJ2-associated ATS is not a subtype of LQTS and recommended to have them annotated as ATS1. In a study
on guinea pig hearts transfected with a dominant negative KCNJ2 mutant, Miake et al. demonstrated that
suppression of Ig; decelerated the action potential repolarization, prolonged the action potential duration, and
depolarized the resting membrane potential. They also observed that the suppression of Iy, caused QTc
prolongation on surface ECGs.

In order to clarify the genotype-phenotype comelations in Japanese ATS patients, we carried out a complete
screening of KCNJZ in 23 ATS patients and investigated their clinical manifestations.
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METHODS

Study Subjects

Twenty-three clinically diagnosed Japanese ATS patients (from 13 unrelated families) were enrolled in this
study from 12 institutes in Japan. Individuals were diagnosed as being affected with ATS if 2 or 3 of the following
criteria were present: (1) episodes of muscle weakness, (2) cardiac involvement, and/or (3) dysmorphology as
previously described (Donaldson, et al., 2003; Tristani-Firouzi, et al., 2002). The presence of periodic paralysis
was based on standard criteria (McManis, et al., 1986). Cardiac involvement was determined by the presence of
ventricular arrhythmias (frequent premature ventricular contractions (PVCs), bigeminy, ventricular tachycardia
(VT)), prolongation of the corrected QT interval (QTc) and/or a prominent U wave. Subjects were classified as
having QT prolongation if the QTc exceeded 440 milliseconds (ms) for males and 460 ms for females, in
accordance with standard criteria (Keating, et al., 1991). The QT interval was defined from the onset of QRS to
the end of the T wave. The U wave was defined as an early diastolic deflection after the end of the T wave. The
QU interval was defined from the onset of QRS to the end of the U wave. QT and QU intervals were corrected
according to Bazzett’s formula (Bazzett, 1920; Zhang, et al., 2005). The end of the T or U wave was the point at
which a tangent drawn to the steepest portion of the terminal part of the T or U wave crossed the isoelectric line
(Yan and Antzelevitch, 1998). Because a prominent U wave is fused to the next PQ segment in some cases, we
defined the isoelectric line as a segment connecting two points preceding consecutive QRS complexes. Abnormal
U waves were judged by the following criteria: (a) wave amplitude > 0.2 mV (Lepeschkin, 1972) or (b) amplitude
larger than preceding T wave (Lepeschkin, 1969).

Dysmorphology was defined by the presence of 2 or more of the following: (a) low-set ears, (b) hypertelorism
(wide-set eyes), (¢) small mandible, (d) clinodactyly (permanent lateral or medial curve of a finger or toe), and (e)
syndactyly (persistent webbing between fingers or toes) (Tristani-Firouzi, et al., 2002).

In order to elucidate the genetic differences between ATS and LQTS, we also screened KCNJ2 mutations in 74
LQTS probands from 74 unrelated families. They displayed no clinical signs compatible with ATS except for
cardiac manifestations.

DNA Isolation and Mutation Analysis

The protocol for genetic analysis was approved by the Institutional Ethics Committee and was performed under
its guidelines. All patients provided an informed consent before the genetic analysis was carried out. Genomic
DNA was isolated from leukoeyte nuclei using a DNA extraction kit, QlAamp DNA Blood midi kit, (QIAGEN
GmbH, Hilden, Germany). Genetic screening for KCNJ2 was performed by polymerase chain reaction/single-
strand conformation polymorphism (PCR-SSCP) analysis (Yoshida, et al., 1999) or denaturing high-performance
liquid chromatography (DHPLC) using WAVE System Model 3500 (Transgenomic, Omaha, NE, USA) (Ning, et
al., 2003). Abnormal conformers were amplified via PCR, and sequencing was performed on an ABI PRISM3100
DNA sequencer (Applied Biosystems, Wellesley, MA, USA). The ¢cDNA sequence numbering was based upon
GenBank reference sequence NM_000891.2 for KCNJ2 and NM._000218.2 for KCNQ! (the first adenosine in the
initiator ATG was designed as +1).

In Vitro Mutagenesis

With regard to the novel KCNJ2 mutations, site-directed mutagenesis was employed to construct mutants as
described previously (Hosaka, et al., 2003). Briefly, human KCNJ2 ¢cDNA was subcloned into the pCMS-EGFP
plasmid (Clontech, Palo Alto, CA, USA). We engineered KCNJ2 mutants using a site-directed mutagenesis kit,
QuickChange I XL (Stratagene, La Jolla, CA, USA). The presence of mutations was confirmed by sequencing.

Electrophysiological Experiments and Data Analysis

To assess the functional modulation of KCNJ2 channels, we employed a heterologous expression system with
COS7 cells (Kubota, et al., 2000). Briefly, the cells were transiently transfected by the Lipofect AMINE method as
directed in the manufacture’s instructions (Invitrogen, Carlsbad, CA, USA), using a 1.0 pg/35 mm dish of pCMS-
EGFP/KCNJ2 (wild type (WT) and/or mutant). For electrophysiological experiments, GFP-positive cells were
selected 24 to 72 hours after transfection. Current measurement was conducted by the conventional whole-cell
configuration of patch-clamp techniques at 37°C, using an Axopatch 200A patch clamp amplifier and a Digidata
1322A digitizer (Axon Instruments, Foster City, CA, USA). pClamp software (version 9.0, Axon Instruments)
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was used to generate voltage pulse protocols and for data acquisition. Currents were evoked by 150 ms square
pulses applied in 10 mV increments to potentials ranging from —140 mV to +30 mV from a holding potential of —
80 mV. Pipettes were filled with a solution containing (in mM): K-aspartate 60, KCI 65, KH,PO, 1, MgCl, 2,
EDTA 3, K,ATP 3 and HEPES 5 adjusted to pH 7.4 using KOH, and had a resistance of 3.0 to 5.0 M{2. The bath
solution contained (in mM): NaCl 140, KCl 5.4, MgCl, 0.5, CaCl, 1.8, NaH,PO, 0.33, glucose 5.5, and HEPES 5
(pH 7.4 with NaOH) (Yoshida, et al., 1999). All the data are shown as mean + SEM. Where appropriate,
Student’s unpaired #-test was used; a value of P <0.05 was considered statistically significant.

Immunocytochemistry

The hemaggulutinin (HA) epitope (YPYDVPDVA) was introduced into the pCMS-EGFP/KCNJ2 (WT and
mutants) between Ala-115 and Ser-116 (extracellular lesion between TM1 and TM2) as previously described
(Ballester, et al., 2006). COS7 cells were transfected with 1.0 pg of plasmid DNA in 35 mm glass-bottom dishes.
Forty-eight hours later, the cells were washed twice with phosphate buffered saline (PBS), followed by incubation
with a mouse anti-HA primary antibody (1:500) (Covance Research Products, Inc., Berkeley, CA, USA) for 30
minutes at 37°C. The cells were then washed twice with PBS and incubated with an anti-mouse antibody
conjugated to the Alexa 594 fluorophor (1:500) (Molecular Probes, Eugene, OR, USA) as a secondary antibody for
30 minutes at 37°C. Finally, cells were washed with and immersed in PBS, and confocal imagings were obtained
with a Zeiss LSM 510 (Carl Zeiss Gmbl, Jena, Germany).

RESULTS

KCNJ2 Mutation Analysis

Figure 1 and Table 1 show the mutations and clinical findings of 23 ATS patients (9 males/14 females; mean
23.0 + 3.1 years old). There were 13 probands from 13 unrelated families. We found 10 different heterozygous
KCNJ2 mutations (two were novel) in the 23 ATS patients examined in this study: ¢.199C>T (p.R6TW)
(Andelfinger, et al, 2002); ¢200G>A (p.R67Q); c¢.430G>A (p.G144S) (Kobori, et al., 2004); c.436G>A
(p.G1468), ¢.574A>G (p.TI192A) (AL, et al, 2002); c.644G>A (p.G215D) (Hosaka, et al., 2003); c¢.652C>T
(p-R218W) (Plaster, et al.,, 2001); ¢.653G>A (p.R218Q) (Tristani-Firouzi, et al., 2002); ¢.899G>T (p.G300V)
(Tristani-Firouzi, et al., 2002); and ¢.926C>T (p.T309]) (Bendahhou, et al., 2005). R67Q and G1468 were novel
mutations. Arginine at codon 67 is implicated in binding membrane-associated phoshatidylinositol 4,5-
bisphosphate (PIP;), and has been reported to be a hot spot for ATS mutations (Donaldson, et al., 2003; Zhang, et
al., 2005), but the substitution of arginine with glutamine (R67Q) is a novel mutation. G1468 is also a novel
mutation located at an essential region known as the K* channel signature sequence that serves as a principal ion
selective filter (Doyle, et al., 1998). Therefore, both R67Q and G1468 are supposed to cause substantial effects to
KCNJ2 channels.

In 8 kindred (K-024, K-037, K-178, K-180, K240, K-323, KJ-01, and KJ-02, Table 1) the mutations were
inherited from parents. In contrast, they were de nove in 3 probands of 3 kindred (K-179, K-201, and K-324) and
were undetermined in 2 kindred (N-01 and KJ-03) because detailed family information was not available. These
KCNJ2 variants were not present in 100 normal controls (200 alleles). Analysis for other known LQTS-
responsible genes (RCNQI, KCNH2, SCN5A, KCNE1, and KCNE2) revealed that K-024 proband and her son were
also heterozygous for a KCNQI mutation (¢.1022C>T (p.A341V))(Kobori, et al., 2004).

In 74 LQTS patients, we found one novel KCNJ2 variant (c.1051C>T (p.P3518)) in a 74-year-old female who
had suffered from syncope and received a pacemaker implantation. In addition, genetic analysis had revealed that
she was a carrier of ¢.1927G>A (p.G6438) (KCNQI). This variant (P351S-KCNJ2) could not be identified in 100
healthy controls.

The cDNA sequence numbering was based upon GenBank reference sequence NM_000891.2 for KCNJ2 and
NM_000218.2 for KCNQ1 (the first adenosine in the initiator ATG was designed as +1).
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Figure 1. Topology of the Kir 2.1 channel. Scheme showing the
topology of the Kir 2.1 channel and the location of 10 KCNJ2
mutations (filled circles) found in 23 ATS and 1 (open circle) in a
LQTS patient. Asterisks indicate novel mutations.

General Clinical Findings
Table 1 summarizes ECG findings and two other major phenotypes in 23 ATS patients. Seven of the 23
mutation carriers (30 %) showed the full clinical triad, and 16 (70 %) had two of the three phenotypes.

Cardiac Manifestations (Table 1 and Fig, 2)

In 2 cases (G1468S: a proband, and T3091: a proband), it was difficult to measure the RR interval and recognize
the U wave because of very frequent premature contractions and sustained ventricular bigeminy. Two G1448
patients had A341V-KCNQI mutation. We therefore excluded these 4 cases from ECG parameter analyses. In the
remaining 19 cases, the mean QTc¢ interval was 406 + 10 ms, and only 3 (16%) had a QTc > 460 ms. Based on
the criteria described in Methods, 16 patients (84%) showed abnormal U waves (Fig. 2A-C and Table 1). Their
serum K concentrations were within normal range. There were no other factors influencing the U wave formation
such as bradycardia or drugs.

Ventricular tachyarthythmias were observed in 15 patients (65%; 12 of 13 probands and 3 of 10 family
members): monomorphic VT in 2 (9%), polymorphic VT in 4 (17%), bidirectional VT in 13 (5§7%) (Fig. 2D), and
ventricular fibrillation (VF) in one (4%).

B blockers (propranolol, atenolol, metoprolol, or carvedilol) were prescribed for 7 individuals, calcium channel
blocker (verapamil) for 5 and sodium charmel blockers (one is flecainide, the others are mexiletine) for 3. These
drugs appeared to prevent cardiac events effectively in each case.

Periodic Paralysis

Periodic paralysis was observed in 13 patients (57%). In some of them, muscle weakness was triggered by
elevated fever, exercise, and menstruation. Biopsy of skeletal muscle demonstrated tubular aggregates in 2
probands (A, et al., 2002; Hosaka, et al., 2003). Carbonic anhydrase inhibitors prevented or reduced the attack in
4, however, they were not effective in 2 cases.
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Table 1 Characteristics of KCNJ2 Mutation Carriers

No of  Mutation n KCRI? N Cardiac Manfestatons

Kircirad Age  Sex HR Te e Toamphtude U ampltude  Tp-Up et ventricutar  Paralysis Dysmorphology  Symptom Seimure Therapy

cDMA Protein shpmy (ms s LS} (miy [O0a) Mo} Srehythiia
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Table 1. Characteristics of KCNJ2 mutation carriers. *: proband. : compound heterozygous KCNQI(c.1022C>T (p.A341V)) mutation carrier. 1. U/T means the ratio of U
amplitude compared to T amplitude. ! Because this patient had frequent extra ventricular systoles, heart rate was recorded as 126 bpm. NA: nonavailable information. As
for ventricular arrhythmias, a: PVC, b: bigeminy, c: couplet, d: bidirectional VT, e: monomorphic VT, £ polymorphic VT, g: VF. SD: sudden cardiac death. As for
treatments, K indicates potassium supplement, and ICD: implantable cardioverter defibrillator. The ¢DNA sequence numbering was based upon GenBank reference
sequence NM_000891.2 for KCNJ2, NM_000218.2 for KCNQ! (the first adenosine in the initiator ATG was designed as +1).
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Dysmorphology
Dysmorphology was observed in 17 patients (74%). Mandibular micrognathia (small mandible) was most

frequently observed (11; 48%). Short stature was found in 8 (35%); clinoedactyly in 6 (26%); hypertelorism in 6
(26%); low-set ears in 5 (22%); broad forehead in 4 (17%); and scoliosis in 1 (4%).

Other Manifestations in ATS Patients

Interestingly, 4 patients (17%) had episodes of afebrile seizures during infancy. Because Kir 2.1 channels are
known to be distributed in various types of cells—including major parts of the brain (Raab-Graham, et al., 1994)—
seizures as an episodic electrical phenotype of the central nervous system could be a clinical sign of ATS. Mild
thyroid dysfunction was observed in one case.

Figure 2. Representative ECG traces of KCNJ2 mutation carriers. A: Normal QTe (360 ms) and abnormal U
wave (U amplitude 0.30 mV) (X-323, R67Q). B: Normal QTc (373 ms) and abnormal U wave (U amplitude
0.30 mV and U amplitude > T amplitude) (KIJ-01, R67W). C: QTc prolongation (460 ms) and abnormal U wave
(U amplitude 0.30 mV) (K-024, Carrier of compound mutation A341V-KCNQI and G144S-KCNJ2). D:
bidirectional ventricular tachycardia in a Holter recording (K-179, G1468).



8 Harunaetal

Electrophysiological Functional Assays

R67Q and G1468-KCNJ2 Channels

We performed biophysical assays for the two novel KCNJ2 mutations using the whole-cell patch clamp method
in COS7 cells.

COS7 cells transfected with WT-KCNJ2 cDNA (1 pg/dish: Fig. 3A-a) displayed K* currents with a strong
inward rectification, which are typical of Iy, as previously described (Kubo, et al., 1993; Raab-Graham, et al.,
1994). However, neither of the mutants—R67Q nor G146S—displayed measurable currents when transfected
alone (Fig. 3A-b.c).

To simulate the allelic heterozygosity, WT and each mutant-KCNJ2 were co-transfected at an equimolar ratio
(0.5 ug/dish, respectively, Fig. 3A-d,e). Panel B of Figure 3 shows current-voltage relations. The currents co-
expressed of WT with either mutant-KCNJ2 showed the inward rectification. As summarized in bar graphs of
Figure 3C, current densities for co-expression of WT-KCNJ2 with R67Q (white bar) or G1468 (gray bar) were —
123 = 32 pA/pF and ~157 + 23 pA/pF at —140 mV, and -9 + 6 pA/pF and —15 * 5 pA/pF at 50 mV, respectively.
They were significantly smaller than those displayed by WT (362 % 48 pA/pF at -140 mV and 94 % 16 pA/pF at —
50 mV, indicated by closed bars). Both mutants showed a larger suppression at =50 mV, which is more
physiological membrane potential.

y
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Figure 3. Both R67Q-KCNJ2 and G146S-KCNJ2 exert dominant negative effects on wild type function. A:
Representative Kir 2.1 currents expressed in COS7 cells: (a) wild type (WT) ¢cDNA 1 pg, (b) R67Q 1 pg, (c) G1468 1 pg,
(d) co-transfection with WT 0.5 pg and R67Q 0.5 pg and (e) co-transfection with WT 0.5 pg and G146S 0.5 pg. Holding
potential was set at ~80 mV. Square pulses of 150 ms duration were applied to the potentials between ~140 mV and +30
mV with a 10 mV increment. Time scale is given in the middle of graph. B: Plots for current-voltage relationships
obtained by multiple experiments of the same protocol as shown in A. Current densities were calculated by dividing with
cell capacitance. C: Bar graphs showing mean current densities in WT (black bars), co-transfection with WT and R67Q
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(white bars) and co-transfection with WT and G146S (gray bars); left panel: those at ~140 mV and right panel: those at —
50 mV. Vertical bars indicate SEM.

P3518-KCNJ2 Channel

We found one novel KCNJ2-variant (P3518) among 74 LQTS probands (1.4%). Functional assays revealed that
the mutant channel displayed inwardly rectifying currents of similar size (Fig. 4A). In a heterozygous condition
(Fig. 4B), the current densities of WT and WT/P351S were —362 + 48 pA/pF and —350 + 38 pA/pF at -140 mV,
and 90 + 15 pA/pF and 94 £ 20 pA/pF at -50 mV, respectively. Student t-tests revealed these changes in current
were not significant. These findings suggested that the P3518-KCNJ2 was a non-pathological variant associated
with the LQT1 patient who lacked extra-cardiac signs of ATS.
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Figure 4. The Kir 2.1 variant in LQTS displays inwardly rectifying
currents, which are indistinguishable from that of the WT. A:
Representative Kir 2.1 currents expressed in COST7 cells: (a) WT
cDNA 1 pg, (b) P351S 1 pg. Pulse protocols were the same in Fig. 3.
B: Bar graphs showing averaged current densities induced by WT
(black) and co-transfection of WI/P 3518 (white) at test of (a) ~140
mV and (b) -50 mV (n=8 respectively).

Immunocytochemistry of Mutant Channels (R67Q and G146S)

In order to investigate whether the R67Q and G1468 mutations affect KCNJ2 trafficking, immunocytochemistry
and confocal imaging of mutant channels was performed. An HA tag was introduced into an extraceliular loop
lesion of KCN.J2 in the pCMS-EGFP vector which carried GFP as a reporter gene. The HA-tagging procedure
itself did not affect the functional expression of inwardly rectifying Ik, currents (data not shown).

Figure 5 illustrates typical results of confocal imaging. COS7 cells were transfected with HA-KCNJ2, HA-
R67Q, HA-G1468 and KCNJ2 (without HA tag)(Fig 5, upper panel). All of HA-tagged KCNJ2 (HA-KCNJ2, HA-
R67Q and HA-G1468) exhibited red fluorescence at the plasma membrane (Fig 5, middle panel), indicating that
both R67Q and G146S were trafficking-competent mutants..
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HA-KCNJ2 HA-R67Q HA-G1486S KCNJ2
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Merge

Figure 5. Cellular localization of WT and mutant Kir 2.1 channels. In figure, HA-KCNJ2 indicates HA-
tagged WT-KCNJ2 (positive control), KCNJ2, WT-KCNJ2 without HA tagging (negative control), and
HA-R67Q and HA-G1468; HA-tagged mutant KCNJ2, Upper panel shows green fluorescence of GFP,
middle panel, red fluorescence of secondary anti-HA antibody, bottom panel; merge of green
fluorescence, red fluorescence, and transmission.

DISCUSSION

ATS is a rare inherited disorder characterized by periodic paralysis, mild dysmorphic features, and QT or QU
prolongation with ventricular arthythmias in ECGs. Mutations of XCNJ2 have been identified in patients with
ATS (ATS1). However, about 20-30% of clinically diagnosed ATS patients do not have the KCNJ2 mutation
(Plaster, et al., 2001; Tristani-Firouzi, et al., 2002; Zhang, et al., 2005), suggesting genetic heterogeneity. In the
present study, we screened 23 clinically diagnosed ATS patients and identified 10 variations of KCNJ2 mutations
(including 2 novels, R67Q and G1468). Every genotyped patient had one of these 10 mutations. Therefore, all
were ATS1 patients. As in our study, a recent genetic survey conducted in the UK (Davies, et al.,, 2005)
demonstrated that all 11 probands from 11 unrelated ATS families were KCNJ2-positive (100% ATS1). Our
findings, along with that of the UK, seem to contradict the prevalence rate mentioned above, however, ATS is a
rare disorder and we should await future studies.

With regard to the cardiac manifestation of ATS, the mean QTc interval was within normal range (406 + 10
ms), and only 3 of 19 cases (16%) showed prolonged QT intervals. In contrast, abnormal U waves were present in
the majority (80%), thereby causing a markedly prolonged QUc interval (715 + 12 ms). Although ATS had been
suggested as a subtype of LQTS (LQT7), Zhang et al. showed the median QTc¢ interval was within the normal
range in 96 KCNJ2-positive ATS patients and suggested that the QTc prolongation reported in earlier studies was
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due to the inclusion of U waves in the QT measurement. Our study supported their conclusion, and KCNJ2-
positive ATS should be classified as ATS] but not LQT7. In most patients, QTc intervals were within normal
range, and the QTc prolongation was observed in only 3 pure ATS patients and 2 ATS patients with compound
KCNQI mutation (K-024) (Data of these two compound mutation patients were not included in the analysis of
ECG parameters as described above). In our study, if cardiac manifestations were defined as abnormal U waves
and/or ventricular arrhythmias, the penetration of cardiac manifestations was up to 96% (22 of 23).

The clinical severity of ventricular arrhythmias was reported to be milder in ATS than other subtypes of LQTS
(Plaster, et al., 2001); however, 2 unrelated patients in our cohort experienced aborted sudden death (Hosaka, et
al., 2003; Kobori, et al., 2004). Aborted sudden deaths have also been reported in the past (Junker, et al., 2002). It
is much too early to conclude that arrhythmias in ATS are, for the most part, benign. Further studies are required
to determine long-term prognosis, risk stratification for life threatening cardiac phenotypes, and for effective
treatment.

Afebrile seizures were noted during infancy in 4 of 23 ATS patients (17%). This episodic electrical disorder
related to the central nervous system was previously reported in one ATS patient having tonic clonic seizures
associated with vomiting (Canun, et al., 1999). In our patients with a history of seizures, there were no identified
fundamental conditions, including elevated fever, electrolyte abnormality, and/or organic central nervous system
disorders. As for a possible mechanism underlying the seizures, Neusch and coworkers (Neusch, et al., 2003)
demonstrated that reduced K* conductance induced by Kir mutants would disturb the clearance of external K by
glial cells during neuronal activities. Therefore, the impaired spatial K™ buffering induced stronger and prolonged
depolarization of glial cells and neurons in response to activity-dependent K" release, which may generate the
seizures. Furthermore, the Kir current density has been noted to be reduced in temporal lobe epilepsy (Bordey and
Sontheimer, 1998; Schroder, et al., 2000). It remains, however, unknown why these patients experienced the
seizures only during infancy.

Subsequent functional assays for novel KCNJ2 mutations (R67Q and G1468) revealed that they were non-
functional and trafficking-competent mutations. In a heterozygous condition, they both caused strong dominant
negative suppression effects (91% and 84% reduction at —50 mV respectively) (Fig. 3). These biophysical
properties may be compatible with pathological roles in expression of ATS phenotypes as well as other mutations
previously reported (Lange, et al., 2003).

In conclusion, Japanese ATS patients were exclusively associated with KCNJ2 mutations (100% ATSI) and
presented a high penetrance of cardiac manifestations (36%). ATS! is a disorder distinct from LQTS. The disease
entity is more characterized by a normal QTc interval, abnormal U waves and ventricular arrhythmias, typically
bidirectional VT.
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Abstract

Mutations in KCNQ1, the gene encoding the delayed rectifier K* channel in cardiac muscle, cause long QT syndrome (L.QTS). We studied 3
fumilies with LOQTS. in whom a guanine to adenine change in the last base of exon 7 (¢.1032G > A), previously reported as a common splice-site
mutation, was identified. We performed quantitative measurements of exon-skipping KCNQI mRNAs caused by this mutation using real-time
reverse transcription polymerase chain reaction. Compared with normal individuals who have minor fractions of splicing variants (A7-8: 0.1%,
AS: 6.9%, of total KONQI transcripts), the affected individuals showed remarkable increases of exon-skipping mRNAs (A7: 23.5%. A7-8:
16.8%. A8: 4.5%). Current recordings from Xenopus laevis oocytes heterologously expressing channels of wild-type (WT) or exon-skipping
KONQI (A7. A7 8. or A8) revealed that none of the mutants produced any measurable currents, and moreover they displayed mutant-specific
depree of dominant-negative effects on WT currents. when co-expressed with WT. Confocal microscopy analysis showed that fluorescent protein-
tagued WT was predominantly expressed on the plasma membrane, whereas the mutants showed intracellular distribution. When WT was co-
expressed with mutants. the majority of WT co-localized with the mutants in the intracellular space. Finally, we provide evidence showing direct
protein - protein interactions between WT and the mutants, by using fluorescence resonance energy transfer. Thus. the mutants may exert their
dominamt-negative effects by trapping WT intracellularly and thereby interfering its translocation to the plasma membrane. In conclusion. our data
provide a mechanistic basis for the pathogenesis of LOTS caused by a splicing mutation in KCNQL.
¢ 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Long QT syndrome (LQTS) is characterized by prolongation
of the cardiac action potential, syncopal attacks. torsades de
pointes arrhythmias. and sudden cardiac death [T 3]. The slow
component of delayed rectifier K™ current (Igs) in the heart
modulates repolarization of cardiac action potential. The /g,
channel is formed by the co-assembly of KCNOQI «-subunits and
KONE! p-subunits [4.5]. Mutations in the KUNQI cause the
most frequent form of inherited LQTS [6]. We studied 3 families
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with LQTS, in whom a guanine to adenine change in the last base
of exon 7 (c.1032G > A) of KUNQI was identified. Among our
entire group of KCNQI -related LQTS patients, the frequency of
this mutation was remarkably high (we found this mutation in 3
out of 22 families with KONQ1 mutations, among a total of 185
families with LQTS), in agreement with the previous report that
this is a mutation “hot-spot”™ [7]. Mutations at this spot
(c.1032G>A or ¢.1032G>C), which do not alter the coded
alanine (A344A), have been considered to act as splice
mutations in KCNQ1, by altering the intron 7 donor splice-site
consensus sequence {8.9]. Murray et al. [ 7] demonstrated the
presence of exon-skipping transeripts (with loss of exon 8 (A8)
or of exon 7-8 (A7-8)) in peripheral blood leukocytes of
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