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affected individuals, using reverse transcription polymerase
chain reaction (RT-PCR). Given the high frequency of this
mutation among LQTS patients, clucidating the detailed
molecular mechanisms by which this mutation affects the
phenotypes of LQTS is of critical importance.

Pre-mRNA processing is an important aspect of gene
expression and consists of the precise recognition of exons
and removal of introns in such a way that the exons are joined o
form mature mRNAs with intact wanslational reading frames
(10.11]. Disruption of normal splicing as a result of genetic
mutation can lead to the generation of abnommal proteins or the
degradation of aberrant transcripts through nonsense-mediated
decay, and thus to the pathogencsis of a variety of human
diseases | 12].

The present study was therefore designed 1o understand the
molecular basis of the pathogenesis of LQTS caused by this
relatively common splicing mutation in the KUNQ!1 gene. We
carried out quantitative analysis of exon-skipping transcripts of
the KCNQI gene using real-time RT-PCR and examined how
those quantitative changes may contribute o the pathogenesis
using a variety of biochemical and biophysical approaches:
voltage-clamp current recordings, confocal microscopy. and
{luorescence resonance energy transfer (FRET) analysis.

2. Materials and methods
2.1. Genomic DNA isolation and mutation analvsis

Mutation analysis was carried out as previously described
[13] with our minor modifications. Genomic DNA was prepared
from peripheral bleod leukocytes using QlAamp DNA Blood
Midi Kits (Qiagen: Valencia, CA). 16 exons of the KONQI gene
were amplified by PCR using intronic primer sequences. Genetic
screening was performed for KCNQI by denaturing high-
performance liquid chromatography (DHPLC) using a WAVE
System Model 3500 (Transgenomic: Omaha, NE). Abnormal
conformers were amplified by PCR and sequencing was
performed on an ABI PRISM3100 DNA sequencer (Applied
Biosvstems: Foster City, CA). We also carried out a complete
screening for other LQTS-causing genes: KCNH2, SCUNSA,
KONEL, and KONJZ.

2.2. RNA extraction and real-time RI-PCR

Total RNA was extracted from leukocytes of fresh blood
using QlAamp RNA Blood Mini Kits (Qiagen). Subsequently,
DNase-treated total RNA was reverse-transcribed by use of the
SuperSeriptIl FirstStrand Synthesis System (Invitrogen: Carls-
bad, CA) and was used as a template for subsequent PCR
reactions. We used the exon 3-F forward primer (5'-GGGCATC-
CGCTTCCTGCAGA-3") and the exon 10-R reverse primer (5'-
CCATTGTCTTITGTCCAGCTTGAAC-3') to amplify KONQ1
¢DNA from exons 5 through 10.

Measurements of normal and mutant mRNA levels were
performed by real-time RT-PCR by use of an ABI PRISM
7900HT Sequence Detection System (Applied Biosystems). The
reaction mixture contained SYBR Green PCR Master Mix
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(Applied Biosystems), ¢cDNA template. and PCR primers. In
order to selectively amplify these splicing variants, PCR primers
were designed so that they spanned the adjacent exons: Exon 6.8-
F: 3-CTGTGGTGGGGGGTG-GGGATT-3', Exon 6.9-F: 5'-
TGTGOGTGGGGGOTG-ACCGCAT-3', Exon 7.9-F: 5-CTTT-
GOGCTCCCAGCG-ACCG-3 (all the hyphens inside the primer
sequence indicate the boundaries of exons). In all cases, the
dissociation curves showed that there was no significant
contribution of relatively short by-products o the measured
fluorescence intensities.

All the samples were tested in duplicate. A standard curve for
each primer pair was obtained using serial dilutions of a
recombinant plasmid containing ¢DNA. The threshold cycle
(C1) was subsequently determined. Relaive mRNA [evels of
splice mutants were calculated based on the Ct values and
normalized by the GAPDH level of each sample. The amounts
of mutant ¢cDNA were expressed as a percentage of the total
KONQI mRNA. for which exons 9 through 10 were amplified
with the exon 9-F forward primer (§5'-CGCATGGAGGTGC-
TATGCT-3') and the exon 10-R reverse primer.

2.3, Qocyte isolation und clectroplyvsiology

Xenopus lacvis oocytes were prepared and current recordings
were carried out as described previously {14]). Each KCNQI
cRNA (10 ng) alone or wild-type (WT) cRNA (10 ng) plus
mutant-cRNA (10 ng) was injected into Xenopus oocytes. All
the current recordings in the present study were performed in
the presence of KONE] f-subunits (I ng). Background Ik,
current was recorded in oocvies injected with KCNEL alone.

An axoclamp-2B amplifier {Axon Instruments, Union City,
CA) was used to record currents at 25 °C in oocytes 4-5 days
aftler ¢cRNA injection, using standard two-clectrode voltage-
clamp techniques. To decrease the interference from endogenous
CI7 current, we used a low-Cl™ bath solution (mM): NaOH 96,
KOH 2, CaCl, 2, MgCl,y 1, MeS 101, HEPES 5 {pH titrated to
7.6 with methanesulfonic acid). Currents were sampled at
10 kHz and filtered at 2 kHz. Voluage steps were applied with 3-s
pulses in 10 mV increments from a holding potential of - 80 mV
to voltages from — 70 to + 60 mV. and then to ~ 30 mV, where tail
currents were tecorded. Current amplitudes were measured at
1.5-s after the initiation of 3-s pulse applied to a +30 mV test
potential, followed by the subtraction of background Ik, current
(49.5 nA).

2.4, Cell preparation and confocul imuging

For confocal microscopy experiments. green fluorescent
protein (GEFP)-tagged KONQ1 was constructed using EGFP-N1
vector (Clontech: Mountain View, CA). COS7 cells were plated
on 35-mm glass-botiom culture dishes and maintained for 12-
24 h in Dulbecco’s modified Eagle’s medium containing 20%
FBS. Lipofection was performed with Lipofectamine reagent
(Invitrogen). 48 h after wansfection, COS7 cells were incubated
for 24 h with 100 pM cycloheximide. The localization of GFP-
tagged proteins was detected using a Zeiss laser-scanning
confocal microscope (Zeiss LSM310 META) with a 63x1.40
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numerical aperture oil-immersion objective. GFP was excited
using a 488-nm line of an argon laser and signals were collected
through a 300 330 band-pass filter.

25 FRET

FRET imaging has been proven to be a powerful tool for
detecting protein- protein interactions in living cells [13]. We
used a FRET experiment protocol with acceptor photobleaching
and spectral ummixing {16} with minor modifications. We
constructed cvan or yellow fluorescent protein (CFP, YFP)-
tagged KONQT using ECFP-C1 or EYFP-C1 vector (Clontech),
respectively. FRET was measured by acceptor photobleaching,
where an increase in CFP signal (dequenching) during
incremental photobleaching of YFP can be observed. Samples
were excited with a 438-nm line of an argon laser, and confocal
images were obtained before and afier acceptor photobleaching
(a S14-nm line of an argon laser was used to photobleach YFP),
by using a 458- to 514-nm dichroic beamsplitter, and the META
detector was set between 473 and 538 nm. The two temporally
averaged 3D fmage sets (x, v and spectrum) were linearly
unmixed, resulting in four 2D fluorescence data sets (the donor/
acceptor beforesafler photobleaching). Finally, subtracting the
unmixed donor emission before the photobleaching from that
after photobleaching resulted in the net FRET distribution.
FRET efficiency (I5) was calculated as:
gl

Ina

where Ipa 1s the CFP-normalized fluorescence mtensity before
and J; is the CFP-normalized fluorescence intensity after
photobleaching of the acceptor (YFP).

2.6. Statistical analvsis

Quantitative data are presented as the mean—=SEM. Multiple
comparisons among groups were carricd out by one-way
ANQVA with Bonferroni’s least significant difference as the
post hoc test. A level of p<0.05 was aceepted as statistically
significant.

3. Results
3.1, Mutaiion analysis

Pedigrees and the clinical features for the 3 LOQTS families
(Family K176, K214 and K155) examined in this study are
shown in Supplementary Figure. The 3 families were unrelated.
DNA samples from 8§ members of the families (11-6, 111-2, I1I-3,
IV-1,1V-2 in Family K176, 111-1 in Familvy K214, and I-1. II-1 in
Family K155) were subjected to a mutation screening of the
KONQT gene. An abnormal migration pattern was identified by

DHPLC analysis (Fig. 1. left panel: note the comparable height of

the left and right peaks) in KONQI exon 7 of the 6 affected
individuals (11-6, -2, HI-3 in Family K176, {lI-1 in Family
K214, and 1-1. 11-1 in Family K133). The remaining 2 individuals
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Fig. 1. Mutation analysis. Lefl panel: DHPLC revealed abnonmal migration
patterns in the alfected individuals. Right panel: Awtomated DNA sequencing
clectropherogram demonstrates ¢ H032G > A mutation.

(IV-1.1V-2 in K176) showed normal patterns, as indicated by the
greater height of the right peak (Fig. 1, Jeft panel). DNA sequen-
cing identified a heterozygous guanine to adenine change in
KCNQI at nucleotide 1032 (¢.1032G> A) (Fig. 1, right panel),
which is the last base of exon 7. Among our entire group of
KONQ1-related LQTS patients, the frequency of this mutation
was remarkably high (we found this mutation in 3 out of 22
families with KCNQ1 mutations, among a total of 185 families
with LQTS). We ruled out the presence of mutations in other
LQTS-~causing genes (KOUNH2, SCNSA, KUNEL, and KCNI2).

2. Identification of exon-skipping KCNQI mRNAs using
RI-PCR

To directly show the presence of exon-skipping transcripts, a
total RNA sample from the proband of Family K176 was
subjected to RT-PCR (Fig. 2a}, using primers spanning exons 3
through 10. RNA samples were available only from the family.
In contrast with the single WT band identificd in normal
individuals, the affected individual had shorter bands as well as
the normal-sized WT. The direct sequencing of these short-sized
transeripts revealed the existence of three kinds of exon-
skipping mRNAs (A7 -8:399 bp, A7: 495 bp, A8: 510 bp, WT:
606 bp). The previous report identified A8 and A7-8 mRNAs
(referred as A7 and A6 7 in this report) | 7], but we additionally
identified A7 mRNA in this study. Fig. 2b shows a schematic
structure of KONQI channel subunit. Similar to other voltage-
gated K~ channel o-subunits, the KCNQ!U protein has six
transmembrane domains (S1-86), a voltage sensor (84) and a
pore helix selectivity filter segment (P-loop) that connects 85
and S6. Exon 7 spans from part of the P-loop to part of the S6
region. Exon 8 constitutes the rest of S6 and part of the
intracellular C-terminal domain.

3. Quantificution of exovin-skipping KCNQIT mRNAs using
reul-time RT-PCR

We cartied out quantitative analvsis of short-sized mutant

mRNAs in 3 affected members of Family K176, using real-time
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Fig. 2. dentification of exon-skipping mRNAs using RI-PCR. () RT-PCR from
tymphoeytes of a control and a mutation carrier. Nucleotide sequence of sach of
the exon-skipping mRNAs is also shown. (b} Scheme of the transmembrane
topology of the cardiac KONQT channel iliustrating the location of the mutation
(red asterisk) and that of exons 7 {green) and § (bluc). The cardiac KCNQ!
channel e-subunit consists of 6 ransmembrane-spanning segments (S1 through
S6), and 85 and S6 are connected by the P-loop.

RT-PCR. In order to selectively amplify these splicing variants,
PCR primers were designed so that they spanned the adjoining
exons (Fig. 3a). Fig. 3b shows a representative amplification
plot of A7--8 for controls (n=4), mutation carriers (1=3) and
no template control, indicating the increases of the A7-8
mRNA in mutation carriers. Compared with normal individuals
who had minor fractions of splicing variants (WT: 93.0=0.7%.
A7 00=0.0%, A7 8 0.1=0.0%, A8 6.9=0.7%, of total
KONQIT transcripts: #1=4), the affected individuals showed
significant increases of exon-skipping mRNAs (WT: 532~
0.9%, A7: 235=1.7%. A7 & 16.8=0.9%. A8: 4.5+0.7%:
n=3) (Fig. 3¢).
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3.4, Biophysical characteristics of exon-skipping KCNQ1
proteins

Electrophysiological properties of mutant KONQI proteins
were characterized in Y. luevis oocytes injected with ¢cRNA of
WT or mutants (A7, A7 8, A8) (Fig. 4). In the Xenopus
oveytes injected with WT, depolarizing pulses evoked time-

a

exon 6 exon 10
s=====n

exon7 exon8 exon®
oD T e

<WT>

exon 9-F exon 10-R

<AT>

e

exen 8.8-F

e <AT7-8>

DY

exon 6.8-F
<AB>

anter ¥ ®

b A7-8 Amplification Plot

mRNA exprassion (%)

Fig. 3. Real-ime RI-PCR analysis. (1) Scheme of the real-time POR primers
used to quantify the splicing mutants. A common reverse primer, exon 10-R
located in exon 10. was wed, Specific amplification of cach splice mutant was
performed with specific forward primers spanning the adjacent exons: exon
6.8-F primer for A7 mRNA. exon 6.9-F primer for A7- 8 mRNA. and exon
7.9-F primer for A8 mRNA. (b) Representative anplification plot of A7 8 in
real-time PCR analysis. indicating the increases of the A7-8 mRNA in
mutation carriers. (¢) Percentages of WT and mutant maRNAs, The amounts of
mutant mRNA were expressed as a percentage of the total KONQU mRNA.
Data are the mean = SEM. Contols: 4 nermal healihy indis iduals. Muiation
carriers: 3 members of Family K176
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Fig. 4. Elecuophysiological analysis. (a) Representative current traces recorded from two-clectrode voltage-clamp of AL luevis oocytes heterologously expressing
channels of WT or exon-skipping KONQI. Currents were recorded at various membrane potentials from - 7010 160 mV for 3 s in 10 mV increments from a holding
potential of =80 mV. W 10 ng of WT ¢RNA was injected. W+ mutant {cither A7, A7-8 or A8) 10 ng of WT plus 10 ng of mutant cRNA. All the current
recordings in the present study were performed in the presence of KONE! 3-subunits (1 ng). Backgromnd /i current was recorded in ooeytes injected with KCNE]
alone. {b) Pooled data of currents. Current amplitudes were measured at 1.3 s after the initiation of 3-s pulse applied to a +30 mV test potential. Background /i«
current (49.5 nAY was subtracted. 7= 8 for W & for W1 A7, 8 for W+ A7 & and 1 for WTFAS #p<0.01 vs. W (¢) Representative curvent traces recorded
from oocytes simulating the proportions of mRNA of control individuals and mutation carriers. A 1tal of [0 ng of ¢eRNA was injected with the relative ratios of WT
and mutant KONQ! inferred from the data obtained in the real-time RT-PCR experiment. (d) Pooled data of currents. 7126 for control. and 6 for mutation carriers.

#0401 v control.

dependent outward currents, indicating typical /x, channel
properties (Fig. 4a, upper left panel). Background Iy, current
obtained in oocytes injected with KONE!L alone was small
(49.5 nA) (Fig. 4a, lower left panel). The Xenopus oocytes
injected with A7, A7 8, or A8 alone displayed no time-
dependent currents (data not shown), indicating that these
mutants are non-functional.

To assess the functional interaction between WT and mutant
channels, we co-expressed WT ¢cRNA (10 ng) plus cither one of
the mutant cRNA (10 ng). The activated current amplitude of
WT was 2.01=0.15 pA (n=11) (Figs. 4a, b). The current
amplitudes with WT plus mutant KCNQI were recorded, and
some of them were significantly smaller than those of WT (WT +
A7:1.22=0.12 pA, n=8,p<0.01: WT+A7-8: 1.82=0.10 uA,
n=8, p=034: WT+ A8 1.29=0.16 pA, n=11, p=0.01) (Figs.
4a, b). These data clearly show that each exon-skipping KCNQ!1
protein had the mutant-specific level of dominant-negative effect
on WT channels.

In order to simulate the electrophysiological properties of
cardiac cells of the affected patients. we injected the ¢RNAs
(total 10 ng) with the relative ratios of WT and mutant KONQ!
inferred from the data obtained in the real-time RT-PCR
experiment, Cells with the ¢RNA ratios of the patients showed
pronounced reduction in currents compared with those with the
ratios of normal individuals: 1.55+0.22 uA (n=6) for control,
0.67=0.08 uA (n=6) for mutation carriers (»<0.01) (Figs. 4c,
d). This profound suppression of /i, current may underlie the
pathophysiology of these patients.

3.5, Subcellulur localization of exon-skipping KCNQI proteins

To further explore the molecular basis of the dominant-
negative effects of exon-skipping KCNQ1 proteins, we exa-
mined the subcellular tocalization using GFP-tagged KONQIL
heterologously expressed in COS7 cells (Fig. 3), WT-GIP
(Fig. 5a) appeared 10 be expressed on the plasma membrane

gene. § Mol Cell Cardiol (2007), doi:10.1016:].vimee. 2006.12.015

Please cite this article as: Tsuji K. et al, Mechanistic basis for the pathogenesis of long QT syndrome associated with a common splicing mutation in KCNQI




6 K. Tsuji er al. - Journal of Molecidar and Cellular Candiofogy xx (2007} xxv-xvx

A7-GFP

WT-GFP

A7-8-GFP
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a b a b

Fig. 5. Confocal microscopy analysis. (@) Overlay of transmitted bright-{ield
image (gray) and GEP fluorescence image {green). (b Line profile of pixel
intensities (black: bright field: green: GFP) from the a-b Hne drawn in panel a.
Vertical dashed lines represent the position of the plasma membrane. These
results were representative ones obtained from at least three independent
experiments.

(upper lefl); overlay with bright-field image (gray scale)
showed green fluorcscence along the plasma membrane. In the
line profiles (Fig. 3b), the first major deflection in the black
lines (bright-field) was defined as the plasma membrane (as
indicated by the dashed vertical lines). WT-GFP had a peak at
the level of the plasma membrane. In contrast, all of the
mutants were retained in the cytoplasmic compartment, and

GFP peaks appeared inside the cell, but not on the level of the
plasma membrane (Fig. 3). These data clearly indicate that
mutant KCNQ1U proteins were unable to translocate to the
plasma membrane.

3.6. Direct interaction between WT und exon-skipping KCNQI
proteins

The dominant-negative effeets of the mutants suggest that
they may suppress the trafficking of the WT channel (o the
plasma membrane. We examined this possibility by employing
the co-expression of WT-YFP and A7-CFP (Fig. 6a). WT, which
was predominantly expressed on the plasma membrane when
expressed alone (data not shown, but see Fig. Sa), was retained in
the intracellular compartment with remarkably reduced plasima
membrane expression in the presence of A7. Furthermore, WT-
YFP co-localized with A7-CFP, as shown in the merged image
(Fig. 6a, upper three panels).

We then performed the FRET experiment with the acceptor

bleaching method to detect the direct interaction between WT
and mutant KCNQ1 subunits. The increase in CFP fluorescence
intensity after YFP bleaching (Fig. 6a, lower panels) indicates
that A7 physically interacted with the WT subunit in an
intracellular compartment and prevented it from translocating
into the plasma membrane.
Fig. 6b shows the summarized data regarding FRET
efficiency. As for negative controls, we employed WT-CFP
alone (sccond-to-the-right bar) and CFP plus YFP (the right-
most bar). The FRET efficiency between WT and all the mutants
was significantly larger than that of the negative controls
(*2<0.05 vs. WT-CFP, “p<<0.05 vs. CFP plus YEP). Hence, all
of the mutants showed the mutant-specific degree of direct
interaction with the WT subunit.

4. Discussion

We performed biochemistry. electrophysiology, and cellular
imaging studies to examine the behavior of WT and mutant
channel subunits created by the relatively common KCNQ1
splicing mutation and provided deeper mechanistic insights into
the pathogenesis of LOTS caused by this mutation.

4.1. Generation of exon-skipping KCNQJ mRNAs

In ecukaryotic cells, removal of introns from pre-mRNAS by
pre-mRNA splicing is an essential process for gene expression
[10,17]. Splicing 1s a tightly-regulated part of RNA processing,
and its abnormality caused by somatic mutations can result in
the production of abnormal proteins and cause a variety of
human diseases [12]. Here, we studied 3 LQTS families, in
whom a G to A change in the last base of exon 7 (¢.1032G> A)
was identified. This mutation was previously reported to alter
the donor splice-site of intron 7, resulting in the production of
exon-skipping transcripts, but not to alter the coded alanine
{A344A) [7 9). since it involves the characteristic consensus
sequence of the splicing donor site, AG/GUAAGU. G at this
position is reportedly present in 78% of exons of various genes,
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a
WT-YFP + A7-CFP

FRET efficiency (%)

WT-  A7- A7-8- AS-
CFP CFP CFP CFP

-2 - WT-YFP

CFP+YFP
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Fig. 6. FRET analysis. a) WI-YFP and A7-CFP were co-expressed in COS7
cells, WI-YFP is pseudocolored in red (left panely and A7-CFP is
pseudocolored in green (niddie panely. The merged image in the right panel
shows co-localization of A7-CFP and WT-YFP. Scale bar: 10 jpm. (b)
Pseudocolor images of A7-CFP before (CFP pre-bleach) and afier (CFP post-
bleach) YFP photobleaching. (¢) Sumimarized data of FRET efficiency. ¥p+0.03
vs. WICEP, “p=0.05 vs. CFP4 YFP,

and its mutations are responsible for several human diseases,
such as Ehlers Danlos syndrome, Tay-Sachs disease. acute
intermittent porphyria, and p-thalassemia [18 21].

Using RT-PCR, we initially confirmed the presence of
several short-sized exon-skipping mRNAs (A7, A7-8. and
A8) as well as the normal-sized one in peripheral blood
fymphocytes from the affected individuals (Fig. 2a). The
presence of A7 8 and A8 mRNAs was previously reported in
patients with this mutation [7]. but we newly identified a
functionally important mutant, A7 mRNA_ in the present study.
We quantitatively showed significant increases of exon-
skipping mRNAs (A7 and A7-8) in the affected individuals
compared with normal individuals, who have minor fractions
of splicing variants (mostly A8), using real-uime RT-PCR (Fig.
3¢). Interestingly, the mutation at the intron 7 donor splice-site

not only affected the binding between exons 7 and 8 but also had
significant effects on the binding of exons remote from the
mutation: exons 8 and 9, and exons 6 and 9. This observation is
noteworthy, considering the fact that splicing mutations are
rarely associated with multiple exon skipping [22,23]. Wijk et al.
{24} reported a similar case demonstrating the presence of A5
and AS-6 caused by an intron 5 donor splice-site mutation in the
PKLR gene in a patient with pyruvate kinase deficiency. The
splice-site recognition of exons may therefore depend on the
neighboring exons or introns: the presence of exonic (or
intronic) splicing enhancers or silencers in the vicinity of the
donor splice-site and acceptor splice-site motifs [25,26] may be
involved in our aberrant KUNQI1 splicing, but further studies are
necded to prove this hypothesis.

4.2, Functional characterization of exon-skipping KCNQ/
proteins

In the following set of experiments, we aimed to determine
the functional characteristics of exon-skipping mutant proteins
and to examine their interaction with WT proteins, using
electrophysiological and cellular imaging techniques. Current
recordings in Xenopus oocytes heterologously expressing
channels composed of WT or splicing mutant (A7, A7-8 and
A8) proteins showed that none of the mutant channels produced
measurable currents, and morcover all the muant proteins
displayed the mutant-specific level of dominant-negative effects
on WT currents, when co-expressed with WT (Figs. 4a, b).

Confocal microscopy analvses showed that the mutant
proteins were retained in an inwacellular compartment (pre-
sumably, endoplasmic reticulum) and were unable to translocate
to the plasma membrane (Fig. 5). Moreover, when WT was co-
expressed with mutant proteins, the majority of WT co-localized
with the mutants and remained in the intracellular compartment,
indicating that the mutants may interfere with the normal
trafficking of WT proteins (Fig. 6a). Using FRET analysis, we
showed that this occurs because of direct protein-protein
interaction betwegen mutant and WT subunits (Fig. 6b).
Therefore, the mutants may exert their dominant-negative effect
by trapping WT intracellularly and preventing it from trans-
{ocating to the plasma membrane. A recent report demonstrated
that several KONQI mutations cause trafficking errors and the
mutant proteins are unable to translocate to the plasma
membrane, and some mutations act in a dominant-negative
fashion and have the ability to suppress the trafficking of the
WT subunit [27,28].

4.3, Genonpe-phenotype relationship

cRNAs were introduced in Xenopus oocytes in amounts
mimicking the proportions of various wanscripts of KONQI
observed in affected individuals. Ratios simulating those in
affected individuals resulted in a pronounced reduction in the
whole-cell potassium current, compared with ratios simulating
those in normal individuals (Figs. 4c. d). This observation
implies that a similar reduction might occur in the potassium
current in cardiac myocytes of the mutant carriers. which may
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contribute to the pathogenesis of LQTS. However. it should be
noted that the quantitation of mRNA was performed in
leukocytes, and it may not accurately reflect the mRNA rado
in the heart. Recently, we reported the identification of a Kengl
mutant rat. which carried an inwagenic deletion in exon 7 of the
Kengl gene [29]. This mutant rat showed deafiess due to the
marked reduction of endolymph and prolonged QT interval in
the ECG, further supporting our hypothesis that the deletion of
exon 7 could lead to the phenotypes of LQTS. As far as we
could determine, the proportions of mutant mRNAs were
comparable in all the affected individuals, despite the fact that
the QT interval and disease phenotvpe varied considerably (K-
176 1I-6: QTe 525 ms, history of syncope, WT: 53.5%., A7:
23.4%., AT 8 17.7%, A8: 5.4%. K-176 111-2: QTc 404 ms,
asymptomatic, WT: 56.6%. A7: 20.6%, A7-8: 17.7%, A8
SA%. K-176 11I-3: QTc 448 ms, history of syncope, WT:
55.4%, A7: 26.5%, A7 8 15.0%, A8 15.0%). This suggests
the presence of other modifying factors, which may be genetic
or acquired, but the details are unknown.

4.4, Conclusions

We obtained data suggesting the mechanistic basis of the
pathogenesis of LQTS caused by a common splicing mutation
in KONQI1. The functonal abnormalities of mutant channels
observed here may have critical mmpact on the cellular
excitability, and thus contribute to the pathogenesis of LQTS.
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BACKGROUND Long QT syndromes (LQTS) are inherited diseases
involving mutations to genes encoding a number of cardiac ion
channels and a membrane adaptor protein. The MinK protein is a
cardiac K-channel accessory subunit encoded by the KCNET gene,
mutations of which are associated with the LQT5 form of LQTS.

OBJECTIVE The purpose of this study was to search for the KCNET
mutations and clarify the function of those mutations.

METHODS We conducted a genetic screen of KCNET mutations in
151 Japanese LQTS patients using the denaturing high-perfor-
mance liquid chromatography-WAVE system and direct sequenc-
ing. In two LQTS patients, we identified two KCNEI missense
mutations, located in the MinK N- and C-terminal domains. The
functional effects of these mutations were examined by heterol-
ogous coexpression with KCNQ1 and KCNA2.

RESULTS One mutation, which was identified in a 67-year-old
woman, A8V, was novel. Her electrocardiogram (ECG) revealed

marked bradycardia and QT interval prolongation. Another muta-
tion, R98W, was identified in a 19-year-old woman. She experi-
enced syncope followed by palpitation in exercise. At rest, her ECG
showed bradycardia with mild QT prolongation, which became
more prominent during exercise. In electrophysiological analyses,
R98W produced reduced I, currents with a positive shift in the
half activation voltages. In addition, when the A8V mutation was
coexpressed with KCNH2, this reduced current magnitude, which is
suggestive of a modifier effect by the ABV KCNET mutation on I,.

CONCLUSION KCNEI mutations may be associated with mild LATS
phenotypes, and KCNET gene screening is of clinical importance
for asymptomatic and mild LQTS patients.

KEYWORDS Long QT syndrome; KCNEI; Ton channels; Molecular
screening; Electrophysiology

(Heart Rhythm 2007;xx:xxx) © 2007 Heart Rhythm Society. All
rights reserved.

Introduction

Long QT syndromes (LQTS) are characterized by a pro-
longed QT interval in the electrocardiogram (ECG) and a
high risk of sudden cardiac death due 10 a characteristic
ventricular tachycardia known as torsades de pointes. The
syndromes are hereditary based on gene mutations encoding
multiple cardiac ion channels and a membrane adaptor pro-
rein.! In 1996, positional cloning methods established
KCNQI as the chromosome 11-linked LQT! gene.2 Sub-
sequently, MinK. a potassium channel regulatory subunit
encoded by the KCNE! gene.™* was shown to coassemble
with KCNQ! 1o produce the slowly activating delayed-
rectifier K current. I,.>® Because of these relationships.
MinK was thought 10 be another candidate for LQTS. At the
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end of 1997, two groups first identitied clinically significant
KCNE! mutations in LQTS patients.”® Schulze-Bahr and
coworkers’ reported a KCNE [ compound heterozygous mu-
tation. which induced the Jervell and Lange-Nielsen syn-
drome (JLNS). The mutations were T71 and D76N, which
were located in the N terminus and C terminus of the MinK
protein. respectively. Splawski and coworkers® also re-
ported two families of the Romano-Ward syndrome and
identified two C-terminal KCNE/ mutations. S74L. and
D76N. In tunctional analyses. D76N caused a decreased Iy,
current with a strong dominant-negative effect. On the other
hand, S74L also decreased Iy, bul displayed no donunant-
negative effect. Further investigation contirined the KCNE/
gene as the fifth LQTS locus (LQT5).”

To date. 16 LQT5-related KCNE] mutations have been
reported. but this number and the incidence of mutations are
very small compared with the principal LOQTS mutations
(LQT1-3). The functional consequences of KCNE] muta-
tions in reducing I, vary considerably between mutations.
Furthermore, the gene-specitic phenotype has not been well
investigated in LQTS. Here we report two KCNE/ muta-
tions identified in two Japanese LQTS patients from unre-

doi: 10T 6/ hrthm, 2006.11.004
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lated families. which are located in the N terminus and C
terminus. Although these patients had no mutations in
LQTS-related genes other than KCNE/ and relatively mild
LQTS phenotypes, the responze of QT intervals to heart
rates was quite different: QT prolongation became promi-
nent in bradycardia with the N-terminal mutation {A8V) and
in tachycardia with the C-terminal mutation (R98W). These
heart rate dependencies were compatible with the symptoms
of reducing I, ~rapidly activating delayed-rectiier K™ cus-
rent—-and Iy . respectively. Since MinK is also able to coas-
semble with the HERG protein {encoded by KCNH2) and
affect the Iy, current.’’™'2 we examined the functional in-
fluence of these two mutations on both KCN@/- and
KCNH2-encoded channels. using a heterologous expression
system. In this report. we first displayed novel phenotypes
of LQTS that would be caused by reduced I

Methods
Subjects

The cohort of patients studied was comprised of 151 con-
secutive LQTS probands showing prolongation in the QT
interval (QTc = 460 ms): they were referred to our labora-
tory for genetic evaluation from all over Japan. The patients
had both familial and acquired LQTS. All subjects gave
their written informed consent in accordance with guide-
lines approved by the appropriate institutional review
boards. Each underwent detailed clinical and cardiovascular
examinations and was then characterized phenotypically on
the basis of the QT interval in lead V., corrected for heart
rate (QTc) according to Bazett’s formula, and the presence
of cardiac symptoms. Schwartz’s scores'™ of all probands
were greater than 3 points.

Genotyping

Genomic DNA was isolated from venous blood by use of the
QlIAamp DNA blood midikit (Qiagen. Hilden, Germany). Es-
tablished primer settings were employed to amplify the entire
coding regions of the known LQTS genes (KCNQI.'™'?
KCNH2." SCN5A.'® KCNEL'* and KCNE2'"). with the ex-
ception of ANKB'® from genomic DNA. The denaturing
high-performance liquid chromatography (DHPLC: WAVE
system Model 3500, Transgenomic, Omaha. NE) technique
was performed as described elsewhere.'” Polymerase chain
reaction (PCR) products were denatured at 95°C for 5 min-
utes and then analyzed in DHPLC. The PCR fragments
presenting abnormal signals in DHPLC analysis were sub-
sequently sequenced by the dideoxynucleotide chain termi-
nation method with fluorescent dideoxynucleotides on an
ABI 3100 genetic analyzer {PE Applied Biosystems).

Site-directed mutagenesis and expression

Complementary DNAs (¢DNAs) for human KCNQ/ (Gen-
Bank AFO00571) and KCNE/ (GenBank M26685) were
kindly provided by Dr. 1. Barhanin (Institut de Pharmacolo-
gie Moléculaire et Cellulaire. CNRS. France). The ¢cDNAs
were subeloned into pIRES2-EGEFP (for KCNQ/) and
pIRES-CDS (for both wild-type {WT] and mutated KCNET)

vectors. respectively. The ¢DNAs for human KCNH2 (Gen-
Bank AF363636) were kindly gifted by Dr. M. Sanguineui
(University of Utah. Salt Lake City. UT). The ¢DNA was
subcloned into the pCEP4/CMV vector. MinK mutations
were constructed using a Quick Change 11 XL Site-Directed
Mutagenesis Kit according to the manufacturer’s instruc-
tions (Stratagene. La Jolla. CA). Nucleotide sequence anal-
ysis was performed on each variant construct before the
expression study. COS7 cells were transiently transfected
using 1 pg of pIRES-CDS/KCNET (WT or mutants) and
I pg of pIRES2-EGFP/KCNQ/ per 35 mm dish, using
fugene6 according to the manufacturer’s instructions
(Roche Diagnostics, Basel, Switzerland). CHO cells were
cotransfected using | pg of pIRES-CDS/KCNE! (WT or
mutants), | pg of pCEPA/CMV/KCNH2 vector, and 0.5 pg
of pEGFP-NI/CMV veclor to detect the cells with KCNH2
expression. COS7 or CHO cells that are successtully trans-
fected with KCNQ/ or KCNH2 and KCNEI! ¢cDNAs were
selected by green fluorescence and decoration with anti-
CD3 antibody-coated beads (Dynabeads CD8: Dynal Bio-
tech, Oslo, Norway).

Electrophysiological experiments

and data analysis

Whole-cell patch-clamp recordings were made with pipettes
filled with (in mM) KCI 130, KOH 20. Mg-ATP 5, Na-GTP
0.1, EGTA 5. and HEPES 10 (pH 7.2 with KOH). with a
resistance of 2.0 to 4.0 M{). The external superfusate con-
tained (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). Data were filtered at 2 kHz.

Experiments on KCNQ/T were performed at 37°C using
an Axopatch 200A patch-clamp amplifier (Axon Instru-
ments, Foster City. CA) 4872 bowrs after transfection.
PClamp software (version 9.0, Axon Instruments) was used
to generate voltage pulse protocols and for data acquisition.
Currents were elicited by depolarizing pulses {rom a hold-
ing potential of =70 mV 1o test potentials between — 50 and
+100 mV (with a 10-mV step increment). followed by
repolarization to —30 mV to monitor tail current amplitude.
Current densities (pA/pF) were calculated for each cell
studied by normalizing peak tail current amplitude to cell
capacitance. Activation curves were derived from tail cur-
rents at —30 mV after stepping to test polentials ranging
from —50 to +100 mV.

Whole-cell patch-clamp recordings with KCNH2 were
performed at 37°C using an EPC-8 patch-clamp amplitier
(HEKA. Lambrecht, Germany) 48-72 hours atter transfec-
tion. Data acquisition was performed using PatchMaster
acquisition software (HEKA). Cwrents were elicited by
depolarizing pulses from a holding potential of —80 mV to
test potentials between —40 and +350 mV (with a 10-mV
step increment). followed by repolarization to =60 mV to
monitor tail curfent amplitude. Current densities (pA/pF)
were caleulated for each cell studied by normalizing peak
tail current amplitude to cell capacitance. Activation curves
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were derived from tail currents at —60 mV after stepping to
test potentials ranging from —40 to +30 mV.

Current voltage refations were fitted with a Boltzmann's
function:

Tewr = 1AL expliVin = V. )41} (1)

where V|, stands for the potential at which the activation is
halt maximal, V,, is the test potential. and & 1s the slope
factor.

Time constants describing current time courses were
obtained by data with single or double exponential functions
shown below (equation 2 for single exponential and equa-
tion 3 for double exponential):

o)~ A + Bexp(~ t/7) (2)
ey = A + Bexp(~ t/ 1) 1 Cexpl - 1/7..) (3

where I{f) means the current amplitude at time «. A, B. and
C are constants, and 7 refers o the activation/deactivation
time constants obtained.

Numerical data are presented as mean * standard error
of the mean. Student’s r-test was used to compare data
between different groups for electrophysiological measure-
ments. P <03 was considered statistically significant.

Results

Mutation analysis

In 151 LQTS patients from unrelated families. we found
two major elution pattems (Figures 1A{a) and 1A(b).)

|
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Figure 1

and two abnormal patterns (Figures 1A(c) and 1A(d)) in
DHPLC analyses for KCNE/. Subsequent DNA sequencing
revealed that the wave patterns shown in Figures 1A{a)
and 1A(b) were derived from the normal and D85N poly-
morphism.2’~>* There were 11 patients with heterozygous
D8SN polymorphismi. The third elution pattern (Figure
FAfe)) turned out 1o be due to a single nucleotide change
(23C > T). causing an amino acid substitution denoted
A8V, replacing an alanine at residue 8 with a valine (Fig-
ures 1B and 1C). The bottom pattern (Figure 1A(d)) was
due 1o a single nucleotide alternation (292C > T) resulting
in an amino acid substitution from an arginine at residue 98,
designated R98W (Figures 1B and 1D). Both types of ab-
errant bands were absent in 110 unrelated healthy individ-
uals of the general population. These mutations are located
in the N terminus (A8V) and in the C terminus (ROSW),
respectively (shown schematically in Figure 1B). The two
probands carrying KCNE /[ mutations had homozygous G38
and D85 alleles in KCNE/ and no other mutations in the
LQTS-related genes (see the Methods section). Regarding
other LQTS-related genes in our cohort. we found 20 mu-
tations from 27 patients in KCNQ/. 33 mutations from 37
patients in HERG. and 12 mutations from 12 patients in
SCN5A.

Phenotypic characterization: Case 1

The A8V mutation was identified in a 67-year-cold femaie
who had no family history of syncope and premature sudden
death. Arrhythmia was initially detected at age 63 years. and

ABY

7 Thr sAlaiVal 9Val 10 Thr
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Mutation analysis of KCNEL. At DHPLC analyses of PCR products amplitying KCNEL from op to botom. (1) comrol. (by DSSN {single
nucleotide pohymaerphism). (¢} ASV. and () RISW. The control displayed one normal peak pattern: in contrast. DSSN. ABV. and RUSW displayed two o

four peak patterns. Br Location of KCNET mutations. € and D1 Sequence analyses for ASV and RUSW.
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1 month before entering the hospital she began to feel
general malaise and palpitations with skipped beats. Her
12-lead ECG (Figure 2A(a).) showed prominent sinus bra-
dycardia (46 bpm) and marked QT prolongation (QTc 600
ms) with flat and biphasic T waves in chest leads. After
further examination in hospital, paroxysmal awial fibrilla-
tion (AF: Figure 2A(b)) and sinus pause after cessation of
AF were detected and were considered Lo be the cause of her
palpitations. Under the diagnosis of bradycardia-tachycar-
dia syndrome, she received a pacemaker implantation. With
atrial pacing at 60 bpm. her QTc interval was shortened to
within the normal range (QTc 428 ms: Figure 2A(c)H).

Phenotypic characterization: Case 2
The RO8W mutation was found in a [9-year-old female. an
athlete in high school. who experienced several episodes of
short-term syncope followed by palpitation during exercise
at age 16. In a medical checkup, conducted at the time of
entrance 1o college, sinus bradycardia (heart rate 45 bpm)
and mild QT prolongation {(QTc 460 ms) were detected on
ECG. She was referred for further examination and. during
and after a treadmill exercise test (Figures 2B(a) and 2B(b)),
her QTc interval prolongation became more prominent. The
QTc after 3 minutes of recovery was still prolonged to 380
ms. and a premature ventricular complex was observed
(Figure 2B(b)). None of her relatives had a history of syn-
cope or cardiac sudden death.

We were unable to conduct genetic analyses for the
relatives of these two index patients because none of them
gave informed consent.

Biophysical assays of WT and mutant

KCNE1 channels

To assess the functional consequences of these missense
KCNE Imutations (A8V and R98W) on the MinK protein,
we coexpressed WT and mutant KCNEIwith either KCNQ/
or KCNH2 (Figures 3 and 4).

The C-terminal KCNEI mutation causes a loss of
function of KCNQ1 channels

Figure 3A shows representative families of current traces
recorded from COS7 cells cotransfected with KCNQ/ and
WT or mutant KCNE/. Cells expressing WT-KCNEI/
KCNQI (Figure 3A. left) elicited vigorous outward currents
with slow activation/deactivation kinetics. which are typical
of lg, currents as reported elsewhere.”® Cells expressing
A8V-KCNEI/KCNQI (Figure 3A. middle) revealed differ-
ent voltage dependence of current activation. although the
current amplitude was comparable to that of WT- KCNET.
In contrast. RISW-KCNEI/KCNQI caused reduced cur-
rents compared with WT-KCNE] (Figure 3A. right). In the
panel of Figure 3. the mean tail current densities measured
at —30 mV in multiple measurements were shown plotied
as a function of test pulse voltages (between —50 and
+ 100 mV). Mean current densities after the depolarizing
test pulse to +20 mV (indicated by arrow) were 124 =
1.8 pA/pF in WT (closed circles). 11.0 = 1.3 pA/pF in ARV

(open circlesy. and 6.3 = 1.2 pA/pF in RI8W (closed
triangles), respectively. Therefore. compared with the WT
fo channels, ROSW (but not ASV) mutant channels carried
significantly smaller currents on repolarization from the
physiological range of action potential plateau level
(P <.05 between WT and ROSW).

To determine whether or not these mutations altered the
voltage dependence of current activation. tail current den-
sities after each test potential were normalized to the max-
imum value obtained after the test pulse to +100 mV. In
Figure 3C. normalized currents were then plotted as a func-
tion of test potentials. The curve fits to plotted data points
were obtained using equation 1 (see the Methods section).
The V,,, and k values derived {rom these fits were, respec-
tively, +40.0 & 4.8 and 20.0 = 1.3 mV for WT, +49.0 =
4.3 and 23.0 = 0.8 mV for the A8V mutation, and +55.7 =
3.8 and 204 = 1O mV for ROSW mutation. Thus, the A8V
produced a positive shift of V|, by +9 mV (NS vs. WT)
and ROV by +16 mV (P <05 vs. WT). Effective outward
currents through R98W channels were therefore reduced
over a voltage range relevant to the ventricular action po-
tential plateau level.

Time constants for both activation and deactivation were
fitted to equation 2 (Methods). In comparison with WT,
A8V did not influence the rate of activation. and RO8W
rather slowed it but there was no statistical significance.
7 values at + 40 mV were 1.72 *= 0.31 seconds for WT,
1.55 + 0.13 seconds for A8V, and 3.20 % 0.84 seconds for
RO8W. 7 values for deactivation at —30 mV after test pulse
to 40 mV were also comparable and were .59 * 0.05
seconds for WT, 0.46 ® 0.03 seconds for A8V, and 0.46 =
0.04 seconds for ROSW.

The N-terminal KCNET mutation causes a loss of
function of KCNH2 channels
Figure 4A shows representative current traces recorded
from CHO cells successfully cotransfected with WT or
mutant KCNET and KCNH2. Cells expressing WT and
R98W KCNEI/KCNH2 displayed outward currents with
inward rectifying properties (a decline in current during the
voltage command at positive test potentials). which are
typical of L, currents as reported elsewhere (Figure 4A., left
and right).* In contrast, the magnitude of currents from
cells expressing ASV-KCNEI/KCNH2 was reduced (Figure
4A. middle). In Figure 4B. the tail current densities at —60
mV in multiple cells are plotted as a function of test pulse
vollages (between —40 and +30 mV). The mean current
densities after depolarizing test pulse to +20mV (indicated
by arrow in graph) were 85.0 = 13.4 pA/pF in WT (closed
circles). 47.7 = 6.9 pA/pF in A8V (open circles: P <.05 vs.
WT). and 75.8 = 13.8 pA/pF in R98W (closed triangles. NS
vs. WT). Therefore. AV mutant channels carried signifi-
cantly smaller currents on repolarization from the physio-
logical range of action poteniial plateau level.

Tail current densities after each test potential were nor-
malized to the maximum value obtained after depolarization
to +50 mV. Normalized currents thus calculated are shown
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as a function of test potentials in Figure 4C, and each data
set was fitted by equation 1, V,, and k values were
—19.5 + 0.8 and 7.7 = 0.4 mV for WT, —25.9 = 0.8 and
7.9 = 0.5mV for A8V, and —19.8 = 23 and 6.9 + 0.4 mV
for RO8W. respectively. Therefore, A8V produced a nega-
tive shift of V,, by 6 mV (P <.05 vs. WT). Time constants
of deactivation were calculated by fitting to equation 3. 7,
and 7., for tail currents at —60 mV after the +50 mV test
pulse were 0.19 = 0.04 and 1.16 = 0.21 seconds for WT,
(.25 = 0.03 and 1.61 % 0.18 seconds for ASV.and 0.24 =
0.02 and 1.58 = 0.09 seconds for RO8W. respectively. The
values of these time constants did not ditfer significantly
between cells expressing WT and mutant Mink.

Discussion

Clinical features of type 5 LQTS

In the present study. we identified two KCNVET mutations i
two of 151 unrelated Japanese LQTS probands (1.3%). One
ot them. A8V, was novel and was identified in an elderly
LQTS woman who had paroxysmal AF and sick sinus
syndronme. Although her resting ECG displaved marked
bradyeardia and QT prolongation. her QT interval was nor-
malized after atrial pacing therapy. Recently, KCNE/ poly-
morphism (38G) has been shown to be associated with

AE* We also found the homozygous 38G allele in the
patient, which may be related to her AF. Another mutation,
R98W. was found in a young woman athlete who suffered
from recurrent short-term syncope only during exeicise.
Although her ECG displayved only mild QTc prolongation
(460 ms). subsequent exercise stress lest revealed that her
QTc lengthened markedly along with the heart rate increase.
We therefore could not rule out the possibility that her
symploms were due to torsades de pointes. Although the
ROSW mutation has already been reported in an LQTS
patient.”® we could not compare the clinical features of the
two cases because no clinical information is available from
the previous study.?®

We were unable to conduct extensive genetic assays for
family members of these index patients. but based on their
clinical data. both of our patients exhibited a mild LQTS.
Biophysical assessment of the KCNE mutants revealed that
the newly identified A8V mutation affected significandy the
magnitude of expressed KCNH2 current. leading to a loss-
of-function type modulation. Consistent with the functional
measurements. owr patient with heterozygous A8V muta-
tions showed a definile bradycardia-dependent QT prolon-
gation and sinus bradycardia. The Iy, deactivation process
has been implicated as an important part of the pacemaker
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mechanism.?’ and reduced Iy, may lead to the sinus brady-
cardia. She had apparently no episodes of torsades de
pointes. and her QT interval was normalized after pacing
therapy. These features are indeed concordant with a type 2
rather than type 1 LQTS. In addition, our clinical observa-
tions suggest that KCNE] mutation may be associated with
AF in this patient.

MinK encoded by KCNEI has been shown to form a
stable complex with HERG protein in heterologous coex-
pression.’’ while MinK-antisense treatment has also been
reported to affect Iy, magnitude. "% Considered together with
our observations. this suggests that the A8V MinK mutation
may cause a relatively mild LQTS phenotype as a conse-
guence of an altered funcuonal effect on the HERG channel
protein. A previously reported KCNE/ mutation (D76N)
has been shown to influence the interaction of MinK with
both the KCNQ1 and HERG proteins.”® However. detailed
information on the resulling phenotypes is not available.
especially on the rate dependency of QT interval prolonga-
tion. To our knowledge. therefore. our A8V case is the first
reported example of LQTS exhibiting the phenotype differ-
ent from type 1 LQTS as a consequence of a KCNE/
mutation.

Functional analyses of KCNEI mutations in
N- and C-terminal regions
Until now, only 16 KCNE/ mutations have been reported,
and four of these were homozygous JLNS patients as listed
in Table 1. Similar to our cases. Schulze-Bahr and col-
leagues®” demonstrated that heterozygous KCNE/ muta-
tions displayed a relatively mild or even normal phenotype
with very low penetrance. This may partially explain why
KCNET mutations are more frequently found among JLNS
patients. It becomes clinically significant when KCNE/ mu-
tations produce a severe functional disturbance in a ho-
mozygous manner, thereby leading to the JLNS phenotype.
Among 16 KCNE] mutations. functional analyses are
available on eight mutations (Table 1. {our of which were
located in the transmembrane segment and the rest in the C
terminus. Tapper and George™ reported that transmem-
brane and C terminal regions of KCNE/ interact with the
KCNQI protein. Three KCNE/ mutations in the N terminus
have already been reported (T7L.7 R32H.® and R36H™),
but their functional outcome has not heen examined. Ala-
nine at codon § is next 1o threonine at 7’ and caused a
significant modulation on the MinKAERG complex (Fig-
ure 4). Our data therefore raise the possibility that other
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Table 1 Summary of all KCNEZ mutations among LQTS probands). In the presence of additional risks
Amino acid such as hypokalemia and drugs associated with QT pro-
change Protein domain  Phenotype Reference longation, however, the arrhythmia risk for these carriers
- - could increase considerably. Therefore. the identification of
;;{, z ::x:gzt ?{[\;\\I\ISS TlZis study KQYEI mutations  with P()rfsilﬁ.l? phenotypic effects in
R32H N terminal RWS 26 LQTS patients may be of significant value in providing
R36H N terminal RWS 31 information important for our understanding of LQT geno-
V47H Transmembrane JLNSi 28 type-phenotype correlations. Moreover, in considering the
(':;55:12: Rzgzﬁgngg ?2\5\;\155 gi basis for the functional consequences of such mutations,
F535 Transmembrane  RWS 31 changes to HERG/I, as well as KCNQI/li, need to be
T59P-L60P  Transmembrane  JLNS 35 considered.
K70N Transmembrane  RWS 36
574L € terminal RWS 8 Acknowledgments
D76N C terminal RWS/JLNS* / The authors are grateful 1o the Japanese LQT families for
3@17% (C::m:ﬂ Ewg gg their willingness to participate in this study. We thank
ROSW C terminal RWS This study, 26 Dr. Andrew F. James, Bristol University, for reading the
V1091 C terminal RWS 29 manusecript.
P1277 C terminal RWS 26

*T71, D76N; compound heterozygous mutation.
tV47H, L51H; compound heterozygous mutation.

N-terminal mutations may also be of functienal importance
in the interaction with the HERG protein.

C-terminal KCNE/ mutations caused various functional
changes according to their location and the species of mu-
tated amino acids: the D76N mutation displayed a domi-
nant-negative effect, but §74L caused only current de-
crease.” In general. most C-terminal mutations produced a
very mild {unctional change. and the dominant negative
suppression was only seen in D76N. In our experiments.
ROSW caused a decrease in current density and a positive
shift of the activation curve. Melman and colleagues™ con-
structed chimeras of KCNET and KCNE3 and determined
the region of KCNE/ that is necessary and sulficient to
modulate the KCNQ/. This appeared to be located in
the transmembrane portion, which indicates that N- and
C-terminal mutations caused no extreme change in Iy, cur-
rent. This may be one reason why most of the patients with
LQT5 mutations in the C terminus showed the rather mild
phenotype.

Study limitations

Considering the fact that we did not find any other discern-
ible mutations in the known LQTS genes for the index
patients. we employed DHPLC analysis to screen for ge-
netic variants. which may not be 100% effective in the
detection of mutations.™ In DHPLC analysis, although the
temperatures of the analysis are optimal. we may miss
mutations in the very high or low melting domains. It also
cannot be excluded that there might be mutations within
regulatory regions or intronic sequences that are important
for splicing or transcription.

Conclusion
We have identified two heterozygous mutations that ani-
fested the mild phenotype of LOQTS (1.3% incidences
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A =786T>C polymorphism in the endothelial nitric oxide
synthase gene reduces serum nitrite/nitrate levels from the
heart due to an intracoronary injection of acetylcholine
Masafumi Nakayama®, Michihiro Yoshimura® Tomohiro Sakamoto®, Koji Abe?,
Megumi Yamamuro®, Makoto Shono?, Satoru Suzuki®, Tsunenori Nishijima®,
Yoshihiro Miyamotob, Yoshihiko Saito®, Kazuwa Nakao?, Hirofumi Yasue®

and Hisao Ogawa®

We identified a ~786T > C polymorphism in the eNOS gene,
and this polymorphism was strongly associated wiih
coronary spasm. The present study aimed to elucidate
whether the ~786T >C polymorphism or acetylcholine
(ACh)-induced coronary spasm affects serum nitrite/
nitrate {(NOx) levels. The study population comprised three
groups: (i) 26 patients without coronary spasm in the left
anterior descending coronary artery (LAD) with the T/T
genotype (group A); (ii) 20 patients with coronary spasm
in the LAD with the T/T genotype (group B); and (iii) 16
patients with coronary spasm in the LAD with the C/T
genotype {group C). Paired blood samples were obtained
from the coronary sinus (CS) and the aortic tract (A0)
before and after an intracoronary injection of ACh, Serum
NOx and plasma lactate levels were measured. The deita
MOx level was calculated as the serum concentration of
NOx in the CS minus that in the Ao. We compared laclate
extraction ratios (LERs) and delta NOx levels between the
three groups. The LERs after the provocation test in groups
A, Band Cwere 18.9 £ 2.4%, - 051 3.9% and —13.5£4.2%,
respectively. The LER in group C was significantly lower
than in group B. The delta NOx levels after the provocation
test in groups A, B and C were 11.5%1.7 pmol/l,

10.4 £ 3.5umol/l and -2.1 £ 4.8 pmol/l, respectively. The
defta NOx levels in group € were significantly lower
(P<0.05). Although the NOx level was significantly
increased afier the provocation test in group A (P<0.05),
the NOx level was significantly decreased after the

Introduction

Coronary spasm plays an important role in the pathogen-
esis of not only variant angina, but also of ischemic heart
diseases in general, including other forms of angina
pectoris, acute myocardial infarction, and sudden death
[1]; however, the precise mechanism of the pathogenesis
remains to be elucidated.

We have shown that an intracoronary injection of
acetylcholine (ACh) results in severe vasoconstriction in
coronary spasm patients, whereas ACh causes coronary
vasodilation in subjects with healthy coronary arteries

1744-6872 © 2006 Lippincott Williams & Wilkins

provocation test in group C (P=0.001). In group B, the
provocation test did not significantly change the delta NOx
level, In conclusion, the ~786T7>C polymorphism reduces
the NOx level from the heart due to an intracoronary
injection of ACh, and thereby predisposes the patients to
severe coronary spasm. Pharmacogenetics and Genomics
16:339~345 © 2006 Lippincoit Williams & Wilkins.
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[1-3]. ACh-induced vasodilation is mediated by NO
released from the endothelium [4,5]. These results
suggest that the endothelium in the coronary arteries of
coronary spasm patients is dysfunctional and that, as a
consequence, NO release in response to ACh is lessened.
Indeed, we have previously shown that basal, ACh-
stimulated and flow-dependent NO activities are
decreased in both the coronary and brachial arteries of
coronary spasm patients [6,7].

In the endothelium of both animals and humans, the
synthesis of nitric oxide (NO) from the amino acid

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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L-arginine is catalysed by the endothelial nitric oxide
synthase (eNOS) enzyme [4], and the resulting con-
tinuously generated NO serves to maintain basal vascular
tone [4,5]. We previously reported that the -786T > C
polymorphism in the 5'-flanking region of the eNOS gene
was an independent risk factor for coronary spasm, as was
smoking, although to a lesser degree [8,9]. As assessed by
reporter gene assays, the —786C allele resulted in a
significant reduction in eNOS gene promoter activity [8].
We also reported that the replication protein Al represses
the eNOS gene with the -786C allele, acting as a
repressor of the eNOS gene transcription [10].

The present study aimed to eclucidate whether an
intracoronary injection of ACh increases NO production
from the heart in coronary spasm patients and in non-
coronary spasm patients; moreover, whether and how the
-786T > C polymorphism of the eNOS gene affects NO
levels from the heart.

Materials and methods

Study population

We analysed 64 subjects who were admitted consecu-
tively at Kumamoto University Hospital. All subjects
underwent coronary angiography with an intracoronary
injection of ACh for evaluation of chest pain. Coronary
spasm is defined as total or subtotal occlusion of the
coronary artery associated with chest pain and/or ischemic
electrocardiographical changes. After an intracoronary
injection of isosorbide dinitrate (ISDN), the patients’
coronary arteries appeared to be normal and exhibited no
significant organic stenosis (< 50% luminal diameter).

Subsequently, we divided these subjects into three
groups: (i) 26 T/T genotype patients who had no
coronary spasm in the left coronary arteries (group A);
(i) 20 T/T genotype patients who had coronary spasm in
the left coronary arteries after an intracoronary injection
of ACh (group B); and (iii) 16 C/T genotype patients who
had coronary spasm in the left coronary arteries after an
intracoronary injection of ACh (group C). There were two
C/T genotype patients without coronary spasm in the left
coronary arteries. There were no patients with the C/C

genotype.

When considering the clinical characteristics of the study
patients, hypertension was operationally defined as a
blood pressure > 145/90mmHg, whereas diabetes
mellitus was defined as fasting venous blood glucose
levels > 126 mg/dl or > 200mg/dl on an oral glucose
tolerance test. Cigarette smoking included current
smokers and ex-smokers.

Written informed consent was obtained from all patients.
The study was also in agreement with the guidelines of

and approved by the ethics committee of Kumamoto
University Graduate School of Medical Sciences.

Cavdiac catheterization

All medications being taken by the study participants
were discontinued at least 48 h prior to cardiac catheteri-
zation. Coronary arteriography was performed in the
morning when the subjects were in a fasting state. After
baseline arteriography of the left and right coronary
arteries, an intracoronary injection of ACh was admini-
strated, as previously described [3]. Two consecutive
doses (50 and 100 pg) of ACh were injected, 4 min apart,
into the left coronary artery; angiography was performed,
and completed within 30 s of each injection. Then, 50 pg
of ACh was injected into the right coronary artery and
angiography was again performed 4min apart. Finally,
both left and right coronary arteriograms were taken after -
an intracoronary injection of 1 mg of ISDN. We evaluated
the degree of organic stenosis after the injection of ISDN.

Blood sampling and assays )

Paired blood samples were obtained from the aorta and
the coronary sinus immediately following the injection of
100 ug of ACh into the left coronary artery and these
samples were then immediately placed in an ice bath.
After centrifuging of the blood sample for 10min, the
serum and plasma were packed in a freezer at - 80°C for
subsequent determination of nitrite/nitrate and lactate
concentrations. :

Screening for the ~7887>C polymorphism of the eNOS
gene by the allele-specific oligonucleotide method
The allele-specific oligonucleotide method was used to
determine the presence of the ~786T > C polymorphism. -
This method has been described previously [9]. In brief,
polymerase chain fragments 236-bp in length, including
the -786T/C site, were blotted in duplicate onto
nylon membranes. Hybridization was accomplished with
32P_radiolabelled oligonucleotides corresponding to either
the -786T sequence (5-GGG TCA GCC AGC CAG
GGA A-3": probe for the ~786T sequence) or the -786C
sequence {5-GGG TCA GCC GGC CAG GGA A-3:
probe for the -786C sequence).

fMeasurement of plasma lactate concentration and
serum nitrite/nitrate concentration

Plasma lactate concentrations were measured using an
enzyme assay [12]. We determined the lactate extraction
ratio (LER) as: 100 x [plasma lactatc concentration at
aorta (Ao)—plasma lactate concentration at coronary sinus
(CS)}/lactate concentration at Ao. Serum nitrite/nitrate
concentrations were measured using a flow injection
autoanalyser (TCI-NOX1000, Tokyo Kasei Kogyo, Tokyo,
Japan) which is based on the Griess Reaction methodol-
ogy [11]. The samples were passed through a column
containing copper-coated cadmium, which reduced all
nitrate to nitrite; the nitrite was then detected by
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reacting it with a Griess reagent; and, finally, nitrite/
nitrate concentrations were then measured spectro-
photometrically at 540 nm.

We analysed delta serum nitrite/nitrate (NOx) levels as:
NOx concentration at the CS-NOx concentration at the Ao.

Statistical analysis

Continuous variables were compared using two-tailed
unpaired #-tests. Categorical variables were compared by
chi-square analysis with Fisher’s exact probability test.
LER and delta NOx levels were compared using two-
tailed unpaired s-tests between the study groups.
Comparison of delta NOx levels before and after an
intracoronary injection of ACh was performed using the
paired r-test. Linear regression analysis was used to
correlate delta NOx level and LER. P<0.05 was
considered statistically significant.

Results

Clinical characteristics of the study population

The clinical characteristics of this study population are
shown in Table 1. There were no significant differences
between the three groups regarding age, gender, cigarette
smoking, hypertension, diabetes mellitus, total cholesterol
level, or body mass index.

Lactate extraction ratios

Before an intracoronary injection of ACh, LERs in groups
A, B and C were 39.0%2.3%, 36.1%2.7% and
36.3 +3.1%, respectively (Fig. 1). There were no
significant differences between the three groups. After
an intracoronary injection of ACh, LERs in groups A, B
and C were 19.0x2%, -0.5%4% and -13.5%4%,
respectively (Fig. 1). In the patients with the -786T/T
genotype, LER was significantly lower in the patients
with coronary spasm (group B) than in the patients
without coronary spasm {(group A) (£ <0.0001). In the
coronary spasm patients, LER was significantly lower in
the patients with the —786C/T genotype (group C) than
in the patients with the ~786T/T genotype (group B)
(P <0.03). The LERs in two patients with the ~786C/T
genotype, without coronary spasm, were 63.4% and 6.3%
after an intracoronary injection of ACh. ‘
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Serum nitrite/nitrate levels

Serum NOx levels in the aorta and the coronary sinus
before and after the provocation test are shown in Table 2
There were no significant differences in the serum NOx
levels between the three groups regarding each part or
blood sampling time. Subsequently, we analysed the
deita NOx level as: NOx at the CS-NOx concentration
at the Ao. :

Before the provocation test, the delta NOx levels in
groups A, B and C were 7.6 = 2.2 pmol/l, 12.9 =+ 3.8 umol/l
and 14.8 = 3.9 umol/l, respectively (Fig. 1). There were
no significant differences between the three groups. After
the provocation test, the deita NOx levels in groups A, B
and C were 11.5%1.7umol/l, 10.4 £ 3.5umol/l and
~2.1 = 4.8 umol/l, respectively (Fig. 1). The delra NOx
levels in group C were significantly lower (P < 0.05). We
compared the delta NOx levels before and after the -
provocation test in cach group as shown in Fg. 2.
Although the delta NOx level was significantly increased
after the provocation test in group A (P < 0.05), the delta
NOx level was significantly decreased after the provoca-
tion test in group C (P<0.001). In group B, the
provocation test did not significantly change the delta
NOx level. In one of the two patients with the ~786C/T
genotype without coronary spasm, the delta NOx levels
before and after the provocation test were 46.5 pmol/l and
38.1 umol/l, respectively; the delta NOx levels of the
other patient before and after the provocation test were
20.3 umol/l and 18.4 pmol/l, respectively. The delta NOx
levels in the two patients with the —786C/T genotype
without coronary spasm basically decreased after the
provocation test.

Correlation between delta NOx level and LER

Before the provocation test, the delta NOx level did not
significantly correlate with LER (r=-0.042, £=NS)
(Fig. 3). After the provocation test, the delta NOx level
had a significant positive correlation with LER (r = 0.346,
P < 0.005) (Fig. 3).

Discussion

The vascular endothelium plays an important role in the
regulation of regional blood flows by releasing an
endothelium derived relaxing factor, a major component

Table 1 Clinical characteristics of the study subjects

Group A: non-gcoronaty spasm Group B: coronary spasm Group C: non-coronary spasm P

with - 786T/T (n=26) with ~786T/T (n=20) with ~788C/T (n=16)

Age (years) 61+13 649 60+15 NS
Men :women (ratio) 12:14 10:10 9:7 NS
Cigarette smoking, n (%) 10/26 (38) 10/20 (50) 10/16 (63} NS
Hypertension, n (%) 8/26 (31) 8/20 (40) 4/16 (25) NS
Diabstes mellitus, n (%) 1/26 (4) 4/20 (20) 4/26 (25) NS
Total cholesterol (mg/dl) 184429 187424 184135 NS
Body mass index (kg/m?) 240+3.2 23.0%15 235+3.7 NS

Data are mean + 8D except where indicated.
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Fig. 1
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Lactate extraction ratio (LER) before (left) and after (right) an intracoronary injection of acetyicholine. Delta nitrite/nitrate (NOx) levels before (left) and
after {right) an intracoronary injection of acetylcholine. The delta NOx indicates the difference in serum NOx level between the coronary sinus {CS})
and the aorta (Ao} [delta NOx (CS~Ao)]. Values are expressed as the means £ SEM.

Table 2 Serum nitrite/nitrate levels (umol/l) in aorta and coronary sinus before and after provocation test

Before After
Aorta Coronary sinus Aorta Coronary sinus
Group A: non-coronary spasm with —786T/T (n=26) 5491312 82.4+34.1 4112270 5274305
Group B: coronary spasm with ~7868T/T (n=20) 45.1%222 58.0+24.8 38.1%18.9 48.4+208
Group C: non-coronary spasm with ~ 786C/T (n=16) 49.9%21.8 64.7+22.9 52.1+29.5 650.0+15.8

Data are mean £ SD.

of which is endothelial NO [4,5]. An intracoronary
injection of ACh results in severe vasoconstriction in
coronary spasm patients, whereas ACh causes coronary
vasodilation in subjects with healthy coronary arteries
{1-3]. ACh-induced vasodilation is mediated by NO
released from the endothelium [4,5]. Because NO is a
labile substance with a short half-life and decomposes
rapidly into nitrite and nitrate (NOx), its direct
measurement has proved to be difficult [13]. It has been
reported that increases in the serum NOx levels in rats
treated with endotoxin were inhibited by the coadminis-
tration of NO synthase inhibitor nitro-L-argine methyl
ester, suggesting that the NOx level reflects endogenous
NO production [14].

In the present study in coronary spasm patients, LER
was significantly lower in the patients with the
~786C/T genotype of the eNOS gene than in the patients
with the =786 T/T genotype after an intracoronary injection
of ACh. The ~786T > C polymorphism possibly causes
coronary spasm and contributes to the severity. Naber ef @/,
[15] reported that myocardial lactate uptake was reversed
into net lactate production after an intracoronary injection
of acetylcholine in subjects with the —786C allele. Our
results on LER is in agreement with their report. As
for possible actions to increase the severity of coronary
spasm, the =786C > T polymorphism significantly reduced
delta NOx levels in coronary spasm patients after the
provocation test. :

Copyright © Lippincott Williams & Wilkins, Unauthorized reproduction of this article is prohibited.





