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the ECG features presented here to locate subjects in wide
populations, such as health examinations, who are at risk.
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Cellular Biology

Reciprocal Control of hERG Stability by Hsp70 and Hsc70
With Implication for Restoration of LQT2 Mutant Stability

Peili Li, Haruaki Ninomiya, Yasutaka Kurata, Masaru Kato, Junichiro Miake, Yasutaka Yamamoto,
Osamu Igawa, Akira Nakai, Katsumi Higaki, Futoshi Toyoda, Jie Wu, Minoru Horie,
Hiroshi Matsuura, Akio Yoshida, Yasuaki Shirayoshi, Masayasu Hiraoka, Ichiro Hisatome

Rationale: The human ether-a-go-go-related gene (hHERG) encodes the « subunit of the potassium current . It
is highly expressed in cardiomyocytes and its mutations cause long QT syndrome type 2. Heat shock protein
(Hsp)70 is known to promote maturation of hERG. Hsp70 and heat shock cognate (Hsc70) 70 has been suggested
to play a similar function. However, Hsc70 has recently been reported to counteract Hsp70.

Objective: We investigated whether Hsc70 counteracts Hsp70 in the control of wild-type and mutant hERG

stability.

Methods and Results: Coexpression of Hsp70 with hERG in HEK293 cells suppressed hERG ubiquitination and
increased the levels of both immature and mature forms of hERG. Immunocytochemistry revealed increased
levels of hERG in the endoplasmic reticulum and on the cell surface. Electrophysiological studies showed
increased I,.. All these effects of Hsp70 were abolished by Hsc70 coexpression. Heat shock treatment of HL-1
mouse cardiomyocytes induced endogenous Hsp70, switched mouse ERG associated with Hsc70 to Hsp70,
increased Iy, and shortened action potential duration. Channels with disease-causing missense mutations in
intracellular domains had a higher binding capacity to Hsc70 than wild-type channels and channels with
mutations in the pore region. Knockdown of Hsc70 by small interfering RNA or heat shock prevented
degradation of mutant hERG proteins with mutations in intracellular domains.

Conclusions: These results indicate reciprocal control of hERG stability by Hsp70 and Hsc70. Hsc70 is a potential
target in the treatment of LQT2 resulting from missense hERG mutations. (Circ Res. 2011;108:458-468.)
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he human ether-a-go-go-related gene (hERG) encodes

the a subunit of a rapidly activating delayed-rectifier K"
current (/g,),'? which controls the action potential duration in
cardiomyocytes. Mutations in the gene cause long-QT syn-
drome type 2 (LQT?2), a disorder that leads to life-threatening
arrhythmia. To date, more than 200 naturally occurring
mutations of hERG have been identified. Functional analysis
of mutant proteins showed that most of them had an impair-
ment of protein maturation and/or trafficking.*-¢ They are
recognized by the quality control machinery of the endoplas-
mic reticulum (ER), ubiquitinated, and eventually degraded
by the proteasomal degradation system.5-# The maturation of
hERG can be evaluated by comparing the levels of the 2
forms of this protein; a core-glycosylated, immature form of
135-kDa localized in the ER, and a fully glycosylated mature

form of 155 kDa localized either in the Golgi apparatus or on
cell surface.”?

Molecular chaperones participate in every step of hERG
biogenesis, including synthesis, folding, assembly, and translo-
cation.81011 The heat shock protein (Hsp)70 family, including
stress-induced Hsp70 and constitutively expressed heat shock
cognate protein (Hsc)70, interact with the core-glycosylated
form of hERG.®12 Hsp70 increases the levels of both immature
and mature forms of hERG,? whereas the role of Hsc70 remains
unknown. In other channel proteins, such as the murine epithe-
lial sodium channel, Hsc70 has been shown to counteract the
action of Hsp70 and, thus, decreases the level of the channel
protein.'* The primary purpose of this study was to examine
whether Hsc70 had a similar action on hERG. For this purpose,
we investigated the effects of Hsp70 and Hsc70 on the level of
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hERG proteins by biochemical and electrophysiological meth-
ods. Their effects were examined on exogenous hERG ex-
pressed in HEK293 cells as well as on endogenous proteins
expressed in HL-1 cardiomyocytes. We also extended our study
to examine an interaction of Hsc70 with mutant hERG proteins
harboring disease-causing missense mutations.

Methods

An expanded Methods section is available in the Online Data
Supplement at http://circres.ahajournals.org.

HEK?293 cells were cultured in DMEM (Sigma) supplemented
with 10% FBS (JRH) and penicillin/streptomycin/geneticin at 37°C,
5% CO,.'4-17 HL-1 mouse cardiomyocytes were maintained as
previously described.'® An expression construct pcDNA3/hERG-
FLAG was engineered by ligating an oligonucleotide encoding a
FLAG epitope to the carboxy terminus of hERG cDNA. Missense
mutations were introduced into pcDNA3/ hERG-FLAG by site-
directed mutagenesis. Transfection into HEK293 and HL-1 cells
were performed using Lipofectamine 2000 (Invitrogen) or Nucleo-
fector technology (Amaxa Biosystems, Gaithersburg, MD), respec-
tively, following the protocol of the manufacturer. pEGFP was added
into all the experiments of transfection to trace the transfection
efficiency. HEK293 cells stably expressing hERG-FLAG were
transfected with pcDNA3/ Hsc70 or Hsp70 together with pEGFP.
Twenty-four hours after transfection, cells were visualized by EGFP
fluorescence and hERG channel currents corresponding to /i, were
measured at 37°C using whole-cell patch-clamp techniques. Proce-
dures for the current measurement in HL-1 cells were essentially the
same as described previously.'® The membrane potential was held at
—50 mV to inactivate the T-type Ca®™ channel current (/) and
avoid the hyperpolarization-activated cation current (I,) activa-
tion,202! depolarized by 1-second test pulses (from —40 and +40- in
10-mV increments), then repolarized back to the holding potential;
0.4 umol/L nisoldipine was included in the bath solution to block the
L-type Ca®" channel current (Zcay)2° Action potentials were also
measured in the current-clamp mode, elicited at a rate of 0.5 Hz by
5-ms square current pulses of 1 nA, and sampled at 20 kHz in the
absence or presence of 10 umol/L E4031 (WAKO, Japan).

Results

Hsp70 and Hsc70 Exert Opposite Effects on the
Maturation of hERG

We first examined effects of Hsp70 on hERG-FLAG ex-
pressed in HEK293 cells. As expected, hERG-FLAG gave 2
bands on the anti-FLAG immunoblot (IB), a fully glycosy-
lated mature form of 155-kDa and an immature core-
glycosylated form of 135-kDa (Figure 1A). Coexpression of
Hsp70 increased the levels of both forms in a dose-dependent
manner with a concomitant decrease in the ubiquitinated form
of the protein. hERG was recovered in the detergent-soluble
fraction, whether Hsp70 was expressed or not, suggesting that
Hsp70 did not induce changes in protein solubility (Online
Figure I, A). Hsp70 did not alter the level of hERG-FLAG
mRNA (Online Figure I, B). Small interfering (si)RNAs
targeted against Hsp70 caused marked decreases of both
immature and mature forms of hERG-FLAG and also an
increase in its ubiquitinated form (Figure 1B).

In contrast, coexpression of Hsc70 decreased the levels of
both forms of hERG in a dose-dependent manner. The decreases
were accompanied by an increase in its ubiquitinated form
(Figure 1C). siRNAs targeted against Hsc70 caused a marked
increase of both forms and also a decrease in its ubiquitinated
form (Figure 1D). Hsc70 did not alter either solubility of
hERG-FLAG or the level of its mRNA (Online Figure I, C and
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Non-standard Abbreviations and Acronyms

APD action potential duration

APDy,  action potential duration at 90% repolarization
ER endoplasmic reticulum

ERG ether-a-go-go-related gene

hERG human ether-a-go-go--related gene

HS heat shock

Hsp70  heat shock protein 70

Hsc70  heat shock cognate protein 70

1B immunoblot
e rapidly activating delayed rectifier K* current
P immunoprecipitates

Lar2 long QT syndrome type 2

mERG mouse ether-a-go-go--related gene
siRNA  small interfering RNA

WT wild type

D). We then determined the half- life of hERG-FLAG by chase
experiments (Figure 2). The half-life of the 135-kDa immature
form was 9.5+3.1 hour in the control and was prolonged to
13%2.5 hours when cotransfected with Hsp70, whereas it was
shortened to 6.8+2.3 hours by coexpression of Hsc70.

Next, we examined effects of Hsp70 and Hsc70 on intracel-
lular localization of hERG-FLAG (Figure 3A). The immunore-
activity of hERG-FLAG was localized in the ER (nos. 1 to 3),
the Golgi apparatus (nos. 4 to 6), and on the cell membrane (nos.
7 t0 9), as evidenced by colocalization with calnexin, Golgi-GFP
and GFP-Mem, respectively. Hsp70 appeared to increase the
signals in all of these cellular components; and Hsc70 caused
opposite effects. The changes in immunoreactivities were con-
firmed by a quantification analysis (Figure 3B).

The intracellular localization of hERG-FLAG was further
confirmed by subcellular fractionation on the Optiprep gra-
dient (Figure 3C). A membrane marker Na*/K* ATPase was
enriched in fractions 2 to 5, whereas an ER marker calnexin
was enriched in nos. 10 to 15. Hsp70 increased the levels of
hERG-FLAG in both fraction nos. 2 to 5 and nos. 11 to 16.
Both Hsp70 and Hsc70 were enriched in fraction nos. 11 to
16, suggesting that the main site of action of these proteins
was the ER.

To see whether Hsp70/Hsc70 affected the levels of func-
tional hERG, we measured hERG channel currents in
HEK293 cells stably expressing hERG-FLAG. Depolarizing
pulses activated time-dependent outward currents corre-
sponding to I, (Figure 4A), and these currents were com-
pletely blocked by E4031 (10 umol/L) as indicated by the
disappearance of the tail currents (Online Figure II, A). The
kinetics of the currents through hERG without the FLAG tag
was nearly identical to those of the currents through hERG-
FLAG, excluding an effect of the tag on hERG currents
(Online Figure II, B). Hsp70 caused remarkable increases in
both the peak and tail current amplitudes (Figure 4A through
4C). In contrast, Hsc70 reduced the peak currents during
depolarization by approximately 49% and tail currents by
approximately 58% (Figure 4A through 4C).
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Both Hsp70 and Hsc70 Associate With hERG-FLAG
To explore a biochemical basis for the opposite effects of
Hsp70 and Hsc70, we examined their association with hRERG
by immunoprecipitation. The anti-FLAG immunoprecipitates
(IPs) from hERG-expressing HEK293 cells contained endog-
enous Hsp70 and Hsc70 (Figure 5A). Both anti-Hsp70 and

= -——

IP:FLAG

Figure 1. Effects of Hsp70 /Hsc70 on the
levels of hERG-FLAG and its ubiquitina-
tion in HEK293 cells. Cells were tran-
siently transfected with hRERG-FLAG,
pEGFP, and either Hsp70 (A) or Hsc70 (C).
HEK293 cells transfected with hERG-FLAG
constructs were treated with either a
scramble siRNA (mock) or siRNA against
Hsp70 (B) or Hsc70 (D) (n=5 to 9). The
amounts of plasmids (ug) are indicated in
each panel. Shown are representative
blots. Cell extracts were subjected to IB
with indicated antibodies (n=4 to 11) (left)
or anti-FLAG immunoprecipitates (IP) were
subjected to IB with anti-ubiquitin or FLAG
antibody (n=5 to 7) (right).

anti-Hsc70 IPs contained the 135-kDa immature form of
hERG, but not the 155-kDa mature form, suggesting selective
association of these chaperones with the immature form
(Figure 5B). The specificity of Hsp70 and Hsc70 antibodies
was confirmed by Western blotting using Hsp70 or Hsc70
recombinant proteins (Online Figure III, A).
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Coexpression of Hsp70 increased the levels of hERG-FLAG
recovered by anti-FLAG. Cotransfection of Hsc70 with Hsp70
diminished the increases of hERG-FLAG in a dose-dependent
manner (Figure 5C). Accordingly, the level of Hsp70 in anti-
FLAG IPs was reduced by Hsc70, and this reduction was
accompanied by an increase in the level of Hsc70 in the IPs
(Figure 5D). These data suggested that Hsp70 and Hsc70
compete with each other in an interaction with hERG.

Regulation of Endogenous Mouse ERG and
Cardiac Action Potential Duration by Hsp70
and Hsc70
To evaluate the physiological roles of Hsp70 and Hsc70 in
the stability control of endogenous mouse (m)ERG, we used
HL-1 mouse cardiomyocytes. In these cells, the anti-mERG
antibody recognized an intense band at 155-kDa and a faint
band at 135-kDa (Figure 6A). Immunoprecipitation with the
anti-mERG antibody revealed an association of this protein
with both Hsp70 and Hsc70 (Online Figure IIT, B). Hsp70 but
neither Hsp90 nor Hsc70 was induced by a heat shock (HS)
treatment at 42°C for 1 hour (Figure 6A), indicating selective
induction of Hsp70 by HS. This increase in Hsp70 was
accompanied by an apparent increase in the levels of both
135-kDa immature and 155-kDa mature forms of mERG.
Under control conditions, anti-mERG IPs contained only
Hsc70. After the HS, the same IPs contained Hsp70. Thus,
HS-induced increase in Hsp70 switched the chaperone asso-
ciated with mERG from Hsc70 to Hsp70 (Figure 6B).

siRNAs against Hsp70 were introduced into cells treated
with the HS, because of the low level of Hsp70 in HL-1 cells.
The siRNAs obviously decreased the level of Hsp70. The
levels of both forms of mERG were also decreased compared
with the levels in cells given a scrambled siRNA (Figure 6C,
left). In contrast, siRNAs against Hsc70 increased the level of
the Hsp70-mERG complex (Figure 6C, right). Hsp70 or
Hsc70 was expressed in HL-1 cells using nucleofactor with
transfection efficiency up to 90%. Hsp70 increased both forms
of mERG, whereas Hsc70 diminished them (Figure 6D).

We next recorded /i, as the E4031-sensitive current in
control and HS- treated HL-1 cells. The possible contamina-

— _IHsp70

tion of other voltage-dependent currents was minimized by
adding 0.4pmol/L nisoldipine to bath solution to block /¢, ; 2°
and by setting a holding potential at —50mV to inactivate
I, and to prevent activation of 7.202! Figure 7A shows
whole-cell membrane currents recorded in HL-1. Depolariz-
ing pulses activated time-dependent outward currents which
increased with depolarization up to 0 mV (Control, None).
The application of E4031 (10umol/L) almost completely
abolished the time-dependent outward current and the tail
current (Control, E4031). E4031-sensitive current traces were
obtained by digitally subtracting the current traces in the
presence of E4031 from the traces in the absence ofE4031.
The E4031-sensitive and -free currents have similar charac-
teristics and current-voltage relationship, reflecting that Iy, is
the most prominent outward current in HL-1 cells. HS caused
significant increases in both Iy, peak and tail currents (Figure
7A and 7B).

Because the mERG current is responsible for repolarization of
the cardiac action potential and Iy, is the dominant outward
current in HL-1cells,'®22 we examined whether HS altered
action potential duration (APD) in HL-1 cells. As shown in
Figure 7C (a), the HS shortened APD at 90% repolarization
(APDy,) without affecting resting membrane potentials. The
APDy, values in control and under HS treatment were
147.6£5.6 and 63.0+5.1 ms, respectively (Figure 7C, ¢). In
accordance with these results, Hsp70 siRNA prolonged
APDy, as E4031 treatment, whereas Hsc70 siRNA shortened
APDy,, regardless of the HS treatment (Figure 7C, b through
d). Figure 7C (e) summarizes APD,, values.

Because E4031 is a specific blocker of /,, comparing the
APDy,, to that with and without E4031 treatment (the ratio of
APDy, E4031/APDy,, control) clarifies the contribution of 7y,
to APDg,. As shown in Online Figure IV, HS treatment
significantly increased the ratio of APDg, E4031/APDq,
compared to that of control, whereas its effect was abolished
by siRNA Hsp70. This indicated that HS-induced shortening
of APDy,, was attributable to an increase of Iy, via activation
of Hsp70. Interestingly, siRNA against Hsc70 also signifi-
cantly increased the ratio of APDy, E4031/APD, control,
suggesting that APDy, may normally be under Hsc70 control.
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Figure 3. Intracellular localization of hERG-FLAG. A, Immunofluorescence of hERG-FLAG in HEK293 cells. Cells were transfected
with hERG-FLAG together with pcDNA3 or Hsp70 or Hsc70 expression constructs. Parts of the cells were cotransfected with pAcGFP-
Mem or Golgi-GFP. One set of cells was immunostained by calnexin (green). All the cells were stained with anti-FLAG and Alexa Fluor
546-conjugated secondary antibody (red). Shown are representative images obtained by a confocal microscope. Bar, 20 um. B,
Quantification of anti-FLAG immunoreactivity. Shown is the ratio of intensity for Alexa 546/calnexin, Golgi-GFP, or pAcGFP-Mem fluo-
rescence. Each column represents the mean=SEM of 12 to 15 determinations. **P<0.01, *P<0.05 vs mock (none) (n=12 to 15). C,
Cell fractionation. Whole-cell homogenates were prepared from HEK293 cells transiently expressing hERG-FLAG or with Hsp70 after 48
hours of transfection. The postnuclear supernatants were fractionated by a liner gradient of iodixanol. hERG-FLAG protein and various

organelle markers were detected by IB analyses.

Stability Control of hERG Mutant Proteins by
Hsp70 and Hsc70

Because mutations of hERG impair their stability, we examined
binding activities of mutant hERG to Hsp70 and Hsc70. For this
purpose, we engineered 10 kinds of mutant hERG proteins. The
location of each missense mutation is depicted in Figure 8A
(top). Figure 8A (bottom) shows representative IBs of cell
lysates from HEK293 cells expressing either wild-type (WT) or
various mutant hERG-FLAG. All of the mutant hERG gave only

the 135-kDa band. IP experiments showed that the mutants with
mutations in intracellular domains preferentially associated with
Hsc70; whereas those with mutations in the pore-region prefer-
entially associated with Hsp70.

We then examined degradation of 2 kinds of mutant
proteins, P5S96R, a mutation located in the pore-region, and
F805C, an intracellular domain mutation. Chase experiments
showed that F805C and P596R had half-life of 4.3+ 1.5 hours
and 7.4%+3.7 hours (n=5 to 7, P<<0.05), respectively. Hsc70
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Figure 4. Effects of Hsp70/Hsc70 on hERG currents in HEK293 cells stably expressing hERG-FLAG. Representative current traces
recorded from cells transfected with Hsp70 or Hsc70 or mock plasmid (none) (A). The membrane potential was held at —50 mV, depo-
larized by 1-sec test pulses ranging from —40 to +40mV and then repolarized back to the holding potential for tail current measure-
ment. Average current-voltage relationships of peak and tail currents are shown in B and C. Values represent means=SEM. Differences
between the control and the group with Hsp70 or Hsc70 were tested statistically. *P<0.05, 1P<0.01 vs none (n=17 to 19).

siRNA prolonged half-life of both mutants. However, the
effects were more prominent in F805C mutant (76% increase)
than in P596R (29% increase) (Figure 8B).

Because HS could decrease the association of Hsc70 with
hERG, we examined effects of HS on the stability of WT and 10
kinds of mutant hERG in transfected HL-1 cells. On IBs,
WThERG-FLAG gave 2 intense bands, whereas the mutant
proteins gave only a faint 135-kDa band (Figure 8C). HS
dramatically increased not only the levels of the mature form of
WT but also those of mutant hERG, and again this effect of HS
was more prominent in those mutant proteins with intracellular
domain mutations than those mutant located in the pore-region.

Previous studies have shown that specific hRERG mutants
can be stabilized by incubating the cells at low temperature.*
We examined whether expression of hERG and its associa-
tion with Hsp70 and Hsc70 were affected by hypothermia.
WThERG-FLAG, PS96R-FLAG, F805C-FLAG, R752W-
FLAG and G601S-FLAG were transfected into HEK293
cells, then the cells were cultured at 37°C for 24 hours then
at 27°C for 24 hours. The hypothermia increased not only the
levels of WT mature and immature forms but also the levels
of 2 forms of mutants (Figure 8D). IP experiment showed that
the hypothermia decreased the association of mutant hERG
with Hsc70 but not with Hsp70, suggesting that both WT and
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mutant hERG proteins were stabilized because of disassoci-
ation from Hsc70 at low temperature.

Discussion

In the present study, we found that Hsp70 and Hsc70 exert
opposite effects on the stability of hERG, ie, Hsp70 stabilized
hERG, whereas Hsc70 destabilized it. The main site of action
of these chaperones appeared to be the ER. Both Hsp70 and
Hsc70 could associate with hERG and the stability control
appeared to be a direct consequence of their association. We
have also shown that the levels of these chaperones influ-
enced cardiac APD. Evidence was also presented that
disease-causing missense mutations of hERG alter its asso-
ciation with these chaperones.

cells were transfected either with
PCDNA3, Hsp70, or Hsc70 plasmid. Cell
lysate was subjected to IB with the indi-
cated antibodies (n=5 to 7, *P<0.01;
1P<0.05 vs none).

Hsp70 and Hsc70 Exert Opposite Effects on the
Stability of hERG

Hsp70 could be induced by HS and cellular stress, whereas
Hsc70 is constitutively expressed.?® These 2 proteins have a
high degree of sequence homology and have been believed to
be functionally interchangeable.24-2¢ This is the first report to
demonstrate that Hsp70 and Hsc70 exert opposite effects on
the stability of hERG protein through their association with
the immature form. In general, Hsp70 acts on nascent and
newly synthesized proteins to hold them in a state competent
for proper folding.!! In contrast, Hsc70 associates with newly
synthesized proteins to promote their proteasomal degrada-
tion. This effect of Hsc70 has been demonstrated for
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Figure 7. Effects of HS on E4031-sensitive currents and APD. A, Whole-cell membrane currents were recorded from a single HL-1
cell before (none) and after application of 10 pmol/L E4031. E4031-sensitive currents were obtained by digital subtraction. Current re-
cordings were performed 24 hours after HS treatment at 42°C for 1 hour. B, Current-voltage relationships of the peak and tail of the
E4031-sensitive currents (n=186, *P<0.05 vs none). C, Action potentials were recorded 24 hours after transfection of a scramble siRNA
(mock) or a siRNA against Hsp70 or Hsc70 in the absence or presence of 10 umol/L. E4031. Representative action potentials are
shown (a through d). APD,, values are summarized as a bar graph (e), and statistically evaluated: 11P<0.01 vs non-HS; *P<0.01 vs a
scramble siRNA control non-HS; 1P<0.05, **P<0.01 vs a scramble siRNA with HS treatment.
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Figure 8. Effects of Hsp70 and Hsc70 on mutant hERG-FLAG. A, Top, Locations of LQT2-associated 10 mutations. Black circles
indicate the locations of 10 missense mutations. The arrows point N terminus (N-t), intracellular loop (IL), extracellular loop (EL), and C
terminus (C-t), respectively. WT hERG-FLAG and 10 kinds of mutant hERG-FLAG were transfected into HEK293 cells. Cell lysates or
anti-FLAG IPs were subjected to IBs with indicated antibodies (bottom). B, Degradation of mutant hERG-FLAG. P596R-FLAG or F805C
hERG-FLAG was transfected in HEK293 cells either with a scramble siRNA (mock) or an siRNA against Hsc70. Cells were chased for
the indicated times after the addition of cycloheximide. Shown are representative Western blot with the indicated antibodies. Bar
graphs summarize the half-life of 2 missense mutant hERG-FLAG. *P<0.05 vs P596R-FLAG with a scramble siRNA; 1P<0.05 vs
F805C-FLAG with a scramble siRNA. €, WT and mutant hERG-FLAG were transfected into HL-1 cell and the cells were given 1 hour of
HS treatment at 42°C. Cell lysates were subjected to IB with indicated antibodies (n=4). D, Effects of hypothermia on WT and mutant
hERG. Each construct was transfected into HEK293 cells. The cells were cultured at 37°C for 24 hours then at 27°C for 24 hours. The
whole-cell lysates or anti-FLAG IPs were analyzed by IB with indicated antibodies (n=>5 to 6).

Downloaded from circres.ahajournals.org at SHIGA UNIVERSITY OF MEDICAL SCIENCE on March 22, 2011




Li et al

CFTR,?-* murine epithelial sodium channel,'® and ASIC,
(acid-sensing ion channels).3° Our findings are in agreement
with those previous studies and presented evidence that
Hsp/Hsc70 association with hERG is regulated by the cellular
levels of these 2 chaperones (Figure 5C and 5D).

Hsp70/Hsc70 Controlled the Level of Endogenous
mERG and the Cardiac APD

In this study, we identified that E4031-sensitive currents are
the predominant component of the outward currents and show
essentially the same characteristics as /i, in HL-1 murine
cardiomyocytes. We demonstrated, for the first time, that HS
was able to increase /i, and shorten cardiac APD. Under
control conditions, Hsc70 associated with mERG to reduce
the cellular level of mERG. HS- induced Hsp70 increases
Hsp70-mERG complexes, causing an increase in the cellular
level of mERG. The level of mERG is well known to regulate
the activity of Iy,*' and Iy, regulates cardiac APD, especially
in mouse atrial myocytes,'*?2 which is one of the major
factors to determine the QT interval.?> E4031-induced pro-
longation of APD,, was more remarkable in the cells treated
with HS than in the control cells, indicating that the increased
Iy, contributes to acceleration of repolarization by HS
through increases in Hsp70-mERG complex associated with
decreases of Hsc70-mERG complex. These data strongly
suggest that Hsp70/Hsc70 plays a pivotal role in controlling
APD in cells treated with HS. Our findings might explain
fever-induced shortening of the QT interval.3*34 Interestingly,
siRNA knockdown of Hsc70 shortened APD in HL-1 cells,
indicating that Hsc70 is able to regulate APD under physio-
logical conditions. These results are in accordance with
antiarrhythmic effects of augmented expression of hERG that
have been reported in rabbit ventricular primary culture and a
transgenic mice model.?>3¢ In both cases, hERG expression
resulted in significant shortening of APD and decreased the
incidence of early afterdepolarizations.

Stability Control of hERG Mutant Proteins by
Hsp70 and Hsc70

Most of LQT2 missense mutations decrease the stability of
hERG.* This instability has been associated with increased
association with Hsp70/ Hsc70, which have been suggested to
play similar function.® We found that the association of Hsp70
and Hsc70 with mutant channels depended on the nature of the
mutation. The level of Hsc70-F805C hERG complexes was
higher than that of Hsc70-P596R hERG complexes resulting in
a shorter half- life of F805C hERG proteins. The F805C mutant
yielded smaller hERG currents than the PS96R mutant.# Silenc-
ing Hsc70 prolonged the half-life of both mutant proteins but
more predominantly in F80SC, suggesting that Hsc70 deter-
mines degradation of their immature forms, especially those
with the intracellular mutations.

Accordingly, HS promoted the maturation of mutant hERGs
with mutations in intracellular domains rather than those in
pore-region. It is conceivable that the HS-induced Hsp70 causes
a disassociation of Hsc70 from mutant hERGs and increases the
level of Hsp70-hERG complexes. hERG proteins contain a PAS
(Per, Amt, and Sim) domain on their N terminus and a ¢cNBD
domain on their C terminus; both of them may be targeted by
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cytosolic chaperones.® LQT2 mutations located in the N or C
terminus might interfere the association of chaperones. Ficker E
et al reported decreased association of WT and mutant with
Hsp70 /Hsc70 and increased hERG with reduced temperature.®
We detected association of Hsp70 or Hsc70 with hERG sepa-
rately and found that hypothermia decreased the level of Hsc70
associated with hERG, whereas it unaltered the level of Hsp70.
Thus, the degradation of immature form of both WT and mutant
hERG proteins was prevented by disassociation of Hsc70 under
hypothermia. The biophysical characteristics of mutant hERG
may be comparable with CFTRAS508, a trafficking-deficient
mutant. CFTRAS08 can be rescued by Hsp70 and low-
temperature culturing.’7-% Both HS and low temperature result
in disassociation of Hsc70 from mutant hERG proteins and
stabilization of the immature form. Our data raise the possibility
that Hsc70 and Hsp70 may be a target in the treatment of LQT2
which results from missense hERG mutations.
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Novelty and Significance

What Is Known?

o The human ether-a-gogo-related gene (hERG) encodes the potassium
channel «-subunit, 4, and its hereditary dysfunction causes long
QT syndrome type 2 (LQT2).

 Heat shock protein (Hsp)70 stabilizes hERG protein to increase ;.

* Heat shock cognate (Hsc)70, because of its high degree of sequence
homology to Hsp70, may also influence hERG protein.

What New Information Does This Article Contribute?

* We found that Hsc70 destabilizes hERG proteins to decrease
indicating that Hsc70 and Hsp70 reciprocally control the matura-
tion of hERG proteins. Hsp70 competes with Hsc70 in the binding
with hERG and facilitates its maturation.

* Heat shock-induced Hsp70 increases the level of the mature form of
missense mutant hERG causing LQT2.

The hERG channel plays an important role in cardiac electric
activity. It has been shown that inherited mutations in hERG or
pharmacological block of /. increases the risk of lethal arrhyth-
mia. Here, we show for the first time that Hsc70 and Hsp70
exert reciprocal effects on stability of hERG proteins. We also
found that maturation of disease-causing missense mutant
hERGs could be restored by a heat shock. Similar effect was
achieved by Hsc70 knockdown through a suppression of
Hsc70-degradation pathway. Our study provides a new insight
into pathogenesis of inherited arrhythmia at the molecular and
cellular levels and may lead to a novel therapeutic approach for
treating arrhythmias.
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Atrioventricular Block-Induced Torsades de Pointes
With Clinical and Molecular Backgrounds Similar
to Congenital Long QT Syndrome

Yuko Oka, MD; Hideki Itoh, MD, PhD; Wei-Guang Ding, MD, PhD;
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Background: Atrioventricular block (AVB) sometimes complicates QT prolongation and torsades de pointes
(TdP).

Methods and Results: The clinical and genetic background of 14 AVB patients (57+21 years, 13 females) who
developed QT prolongation and TdP was analyzed. Electrophysiological characteristics of mutations were ana-
lyzed using heterologous expression in Chinese hamster ovary cells, together with computer simulation models.
Every patient received a pacemaker or implantable cardioverter defibrillator; 3 patients had recurrence of TdP
during follow-up because of pacing failure. Among the ECG parameters, QTc interval was prolonged to 561+76 ms
in the presence of AVB, but shortened to 495+42ms in the absence of AVB. Genetic screening for KCNQ1,
KCNH2, SCN5A, KCNE1, and KCNEZ2 revealed four heterozygous missense mutations of KCNQ1 or KCNH2in 4
patients (28.6%). Functional analyses showed that all mutations had loss of functions and various gating dysfunc-
tions of /s or k. Finally, action potential simulation based on the Luo-Rudy model demonstrated that most mutant
channels induced bradycardia-related early afterdepolarizations.

Conclusions: Incidental AVB, as a trigger of TdP, can manifest as clinical phenotypes of long QT syndrome
(LQTS), and that some patients with AVB-induced TdP share a genetic background with those with congenital
LQTS. (CircJ 2010; 74: 2562-2571)

Key Words:  Atrioventricular block; lon channels; Long QT syndrome; Torsades de pointes

major cause of torsades de pointes (TdP),'2 which

results from various factors, including drugs, brady-
cardia or hypokalemia. Regarding bradycardia, Kurita et al
demonstrated that patients with bradycardia-induced TdP dis-
play abnormally prolonged QT intervals at slower heart rates
(<60beats/min) than those without TdP.* Some groups have
reported the genetic background of bradycardia-induced TdP,
as well as of congenital LQTS. In 2001, we reported a female
with 2:1 atrioventricular block (AVB) and TdP, in whom the
KCNH?2 A490T mutant was identified as heterozygous.* Sub-
sequently, Lupoglazoff et al demonstrated that, in neonates,
LQTS with 2:1 AVB is associated with KCNH2 mutations
whereas sinus bradycardia-related LQTS is associated with

T he acquired form of long QT syndrome (LQTS) is a

KCNQI mutations.’ Chevalier et al reported that among 29
patients with complete AVB and a QT interval >600ms, 5
(17%) had mutations on genes encoding K* channels, and the
expression test of these mutations showed functional changes
compared with the wild-type (WT) K* current.

Editorial p 2546

In Japan, some papers on congenital LQTS have been
published,>”? but the molecular pathogenesis of AVB-
related TdP has not been fully examined, particularly with
respect to the relationship between genotype and cellular
electrophysiology. The aim of this study was to investigate
gene mutations and clarify their functional outcome in con-
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secutive AVB patients complicated with TdP.

Methods

Study Population

The study cohort contained 14 consecutive probands, from
unrelated familics, who showed a prolonged QT interval and
TdP associated with AVB. They were referred to 3 institutes
in Japan; Shiga University of Medical Science (Otsu),
National Cardiovascular Center (Suita), and Kyoto Univer-
sity Graduate School of Medicine (Kyoto) for LQTS genetic
testing between 1996 and 2008.

Clinical Characterization

In each case, we recorded 12-lead electrocardiograms (ECGs)
before and after AVB episodes, as well as gathering the
results from other cardiovascular examinations and detailed
clinical evaluations. Prolonged QT interval was diagnosed
by the presence of prolongation of ventricular repolarization
(corrected QT interval [QTc] >460ms in lead Vs, according
to Bazett’s formula).! We excluded cases of TdP caused by
AVB with drugs associated with QT prolongation, as well as
those with active ischemia detected by noninvasive or inva-
sive tests, including coronary angiography. We also investi-
gated cardiac events in all 14 probands and their family
members. Cardiac events were syncope, TdP, ventricular
fibrillation (VF), aborted cardiac arrest (requiring defibrilla-
tion) or sudden cardiac death. We also followed the therapies
and clinical prognoses of these patients.

Genetic Analysis

Genomic DNA was isolated from venous blood by QIlAamp
DNA blood midikit (Qiagen, Hilden, Germany). Established
primer settings were used to amplify the entire coding
regions of the known LQTS genes (KCNQI, KCNH2,
SCNSA, KCNEI, and KCNE2). Denaturing high-perfor-
mance liquid chromatography (WAVE system Model 3500,
Transgenomic, Omaha, NE, USA) was performed as
described elsewhere, and abnormal conformers were ampli-
fied by polymerase chain reaction (PCR), and sequenced
with an ABI PRISM-3130 sequencer (Perkin-Elmer Applied
Biosystems, Wellesley, MA, USA). If we detected mutations
in these genes, family members associated with the probands
were also genetically analyzed. Formal informed consent
was obtained from each patient or their guardians according
to standards approved by local institutional review boards.

Expression Plasmids

The expression plasmids, pIRES2-EGFP/KCNQ I(wild-type;
WT/KCNQI) and pRc-CMV/KCNH2 (WT/KCNH2) were
kindly provided by Dr Barhanin (Université de Nice, Sophia
Antipolis, Valbonne, France) and Dr Sanguinetti (University
of Utah, Salt Lake City, UT, USA), respectively. The muta-
tions were introduced using overlap PCR. The mutant plas-
mids were constructed by substituting the 838-bp Xhol-BglI1
for the G272V mutant, 464-bp HindII-BstXI for the D111V
mutant, 1458-bp BstXI-Bglll for the A490T mutant, or 592-
bp Fsel-Sbfl fragments for the P846T mutant for the corre-
sponding fragments of WI/KCNQI or WT/KCNH2. The
nucleotide sequence of the construct was confirmed prior to
the expression studies.

Expression in Chinese Hamster Ovary (CHO) Cells
CHO cells were maintained in Dulbecco’s modified Eagle’s
medium and Ham’s F12 nutritional mixture (Gibco-BRL,

Rockville, MD, USA) supplemented with 10% fetal bovine
serum (Gibco-BRL) and antibiotics (100 U/ml penicillin and
100 g/ml streptomycin) in a humidified incubator gassed
with 5% CO:z and 95% air at 37°C. CHO cells were tran-
siently transfected using 1xg of WT/KCNQI or mutant/
KCNQ1, and 1ug of pIRES-CD8/KCNEI per 35-mm dish,
using the LipofectAMINE method according to the manu-
facturer’s instructions (Invitrogen, Carlsbad, CA, USA). In
some experiments, 0.5.g of WT/KCNQ1 was transfected
with or without mutant/KCNQ/, instead of 1pxg of WT/
KCNQI. Cells successfully transfected with both KCNQ/
and KCNE! ¢cDNA were selected by green fluorescent pro-
tein (GFP) and decoration with anti-CD8 antibody-coated
beads (Dynabeads CD8; Dynal Biotech, Oslo, Norway). The
cells were transiently transfected with either WI/KCNH2 or
mutant/KCNH2, using the Lipofect AMINE method accord-
ing to the manufacturer’s instructions. For a 35-mm dish the
amount of plasmid was 2g and 0.175 g of GFP; only
GFP-positive cells were used for the patch-clamp study.

Electrophysiological Experiments

Whole-cell patch-clamp recordings were conducted at
37.0£1.0°C using an EPC-8 patch-clamp amplifier (HEKA,
Lambrecht, Germany) 48-72h after transfection. No leak
subtraction was used. The normal Tyrode solution contained
(in mmol/L): NaCl 140, KCI 5.4, CaCl2 1.8, MgCl2 0.5,
NaH:PO4 0.33, glucose 5.5, and HEPES 5 (pH adjusted Lo
7.4 with NaOH). The pipette solution contained (in mmol/L):
potassium aspartate 70, KCl 40, KH2POs 10, EGTA 5,
MgSO4 1, Nax-ATP (Sigma, St Louis, MO, USA) 3, Liz-
GTP 0.1, and HEPES 5 (pH adjusted to 7.4 with KOH). A
coverslip with adherent CHO cells was placed on the bottom
of a glass recording chamber (0.5ml in volume) mounted on
the stage of an inverted microscope (TE2000-U, Nikon,
Tokyo, Japan). Pipette resistance was 3-5MQ when filled
with internal solution. Currents and voltages were digitized
and voltage commands were generated through an LIH-1600
AD/DA interface (HEKA) controlled by PatchMaster soft-
ware (HEKA). Current amplitude was divided by membrane
capacitance (Cm) to obtain current densities (pA/pF) in each
cell. The voltage-dependence of current activation was deter-
mined by fitting the normalized tail current (Jui) vs test
potential (Vies)) to a Boltzmann function:

Tait=1/(1 +exp[(Vos—VO/k]),

where Vo indicates the voltage at which the current is half-
maximally activated and k is the slope factor.

Computer Simulation of Action Potential Duration (APD)

Ventricular action potentials were simulated by using the
dynamic Luo-Rudy model with recent modifications.'?
The ratio of /xr and Ixs conductance was set at 23:1, 17:1,
and 19:1 in the epicardium, endocardium, and M cell layer,
respectively. Based on the experimental data of voltage-
clamp recordings of KCNH2 channels heterologously
expressed in CHO cells, we constructed Markov or Hodg-
kin-Huxley models for simulated mutant channels as com-
pared with mutants associated with congenital LQTS. In
order to construct mutant channel models, we decreased the
conductance of each channel as appropriate for the decreased
current density, and looked for adequate changes in mutant
channels by changing each coefficient value, in turn, for gat-
ing states associated with impaired gating defects. The simu-
lation for voltage-clamp experiments was calculated using
the 4th-order Runge-Kutta method with a fixed-time step of
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G272V in KCNQ1T (Case 7 in Table 1) The G272V muta-
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Figure 1. Molecular discovery and clinical data associated with KCNQ7 and KCNH2 mutations, and the initiation of atrioven-
tricular block -related torsades de pointes (TdP). (A) Denaturing high-performance liquid chromatography patterns and DNA
sequence data in normal controls and patients with G272V for KCNQ1 (Left), D111V for KCNHZ (Middle), and P846T for
KCNH2 (Right). (B) Schemes showing the topology of cardiac ion channel proteins for KCNQ1 and KCNH2 and the location of
mutations identified in this study. (C) Two pedigrees of G272V and D111V families. Circles and squares represent female and
male family members, respectively; probands are indicated by arrows. Heterozygous carriers are represented as half-filed
symbols, family members in whom no genetic data were available are shown by open symbols, and non-carriers by open sym-
bols with N. QTc intervals corrected by Bazzet's formula in lead V5 are given for each available family member. (D) Represen-
tative ECG recordings from case 7 (76-year-old female with G272V-KCNQ1 mutation). TdP during 2:1 AV block started with
so-called “short (!)-long (x)-short (#) pattern” which resulted in a long pause (#)."
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Figure 2. G272V KCNQ1 mutant channel shows loss of function associated with decreased density on ks. Functional analyses
on wild-type (WT) and G272V mutant channels expressed in Chinese Hamster ovary cells. (A) Representative current record-
ings for each channel. Currents were elicited from a holding potential of -80mV, by depolarizing pulses (4-s duration) from —50
to +50mV (with a 10-mV step increment) and subsequent repolarization to ~50mV for a 4-s duration (inset). Concentrations of
cDNAs used for transfection are indicated near each graph. (B) Tail current-voltage relationships for 1 g WT (closed circles;
n=18), 0.5ug WT (indicated by dotted line; n=14), 0.54g WT plus 0.54g G272V (green squares; n=19), 1ug G272V (red
squares; n=11). (C) Normalized activation curves by fitting to Boltzmann function.
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tion was identified in a 76-year-old female who did not have
a particularly relevant family history (Figure 1A Left
panel). For approximately 10 years, she had taken nilvadip-
ine and gliclazide because of hypertension and diabetes mel-
litus. Approximately 1 year before hospitalization, her QTc
interval was within normal range (424 ms). When she was
admitted to hospital because of syncope, her monitoring
ECGs displayed 2:1 AVB (50beats/min), prolonged QTc
interval (578 ms), and repetitive TdP (Figure 1D). Her serum
K* level was low (2.5mEq/L). Because AVB persisted, she
underwent DDD PM implantation. After correction of the
serum K* level and PM therapy, her QTc interval shortened
and TdP disappeared. She was free from cardiac events for
the following 59 months. The genetic analysis revealed 3
children as non-mutation carriers (Figure 1C Left panel).
D111V in KCNH2 (Case 4 in Table 1) The D111V muta-
tion was identified in a 57-year-old female who did not have
a particularly relevant family history (Figure 1A Middle
panel). She experienced syncope after eating breakfast, and
the monitoring ECG in the ambulance documented complete
AVB (43 beats/min), prolonged QTc interval (525ms) and
TdP. After external PM therapy was initiated, TdP disap-
peared. She then underwent ICD implantation and started
oral mexiletine hydrochloride (300 mg/day) and propranolol
hydrochloride (30 mg/day); she has had no cardiac events
over a follow-up period of 96 months. However, her QTc

interval has remained prolonged even in the absence of AVB
(545ms, 4 years later). The genetic tests in her 3 relatives
showed 2 mutation carriers (Figure 1C Right panel): a 51-
year-old sister and 29-year-old daughter. Both these rela-
tives were asymptomatic. Her daughter’s QTc interval was
within normal range (414 ms), but the sister’s was prolonged
(461 ms).

P846T in KCNH2 (Case 8 in Table 1) The P846T muta-
tion was found in a 71-year-old female who did not have a
particularly relevant family history (Figure 1A Right panel).
She experienced syncope after breakfast, and the monitoring
ECG in the ambulance displayed complete AVB (45 beats/min)
and repetitive TdP with prolonged QT interval. On admission,
her AV conduction resumed at 57beats/min, but her QTc
interval remained prolonged (729 ms). After ICD implanta-
tion, she was free from cardiac events for 46 months, but her
QTec interval remained prolonged (489 ms). We did not con-
duct a genetic analysis in this family.

A490T in KCNH2 (Case 1in Table 1) We have previously
reported the clinical features of a A490T mutation identified
in a 27-year-old female.* Briefly, her 12-lead ECG showed
severe bradycardia because of 2:1 AVB (50beats/min) with
complete left bundle branch block and remarkable prolonga-
tion of QTc interval (600ms). She fainted and collapsed
while talking on the telephone, and the Holter ECG showed
TdP associated with 2:1 AVB.
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Table 2. Parameters of Inactivation in WT and Mutant KCNH2
WT WT/D111V D111V WT/A490T A490T WT/P846T P846T
(n=16) (n=16) (n=15) (n=17) (n=15) (n=15) (n=16)
Vos (mV) -58.3+4.7 -40.1+4.1" —47.4+7.0 -32.5¢3.9* -442+33 -38.7+2.4™ -55.5+3.5
Slope factor 29.2+1.4 33.9+1.3 35.3+1.7* 30.6+1.4t  349+1.1" 33.0:0.6! 37.5+£1.7*

*P<0.001 vs WT, **P<0.01 vs WT, tP<0.05 vs WT.
WT, wild-type.

Expression Study
In order to clarify the functional consequences of the G272V
mutation of KCNQ/ and the D111V, A490T, and P846T
mutations of KCNH2, we assessed the electrophysiological
properties of the WT and mutant clones by using CHO cells.

Biophysical Assay of KCNQ7Mutant Channel Figure 2A
shows representative examples of whole-cell currents
recorded from CHO cells transfected with WT/KCNQ],
G272V/KCNQ1 alone or WT co-expressed G272V/KCNQ1
(WT/G272V) plus KCNE!. CHO cells transfected with WT/
KCNQI (1 or 0.5 ug) displayed outward currents with slow
activation/deactivation kinetics on depolarization, which are
typical of ks currents, as previously reported. !5 In contrast,
a cell transfected with G272V/KCNQ1 (1pg) displayed
smaller Ixs currents compared with that of the WT (1 ug).
WT/G272V at an equimolar ratio (0.5.g) also showed
smaller /ks currents.

In Figure 2B, the tail current densities at —~50mV mea-

sured in multiple cells are plotied as a function of (est pulse
voltages (between —50 and +50mV). The tail current densi-
ties at —50mV after depolarizing test pulses to +40mV were
77.0£11 pA/pF for 1xg WT (n=18), 49.5+7.9 pA/pF for
0.51g WT (n=14), 25.4+4.5 pA/pF for 0.5 g WT/G272V
(=19) (vs WT 1ug, P<0.001), 26.7+4.9 pA/pF for 1.g
G272V (n=11) (vs WT 1 g, P<0.01). Thus, compared with
the WT Iks current, co-transfection of the mutant affected the
expressed current densities.

Figure 2C represents the voltage-dependence of current
activation. Tail current densities after each test potential
were fitted to a Boltzmann function (see Methods). The
parameters were Vos=—5.2+3.0mV, k=11.1£0.6 for 1.g
WT, Vos=—1.0+3.7mV, k=11.7x1.1 for 0.5 ug WT/G272V,
Vos=5.7+5.4mV, k=14.3£1.6 (vs WT 1 ng; P<0.05) for 1 g
G272V. Regarding half-activation voltages, WT plus G272V
and G272V tended to shift to the depolarization side com-
pared with WT but there was no statistical significance. In
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Figure 4. KCNHZ2 mutant channels show a faster deactivation. (A) Representative tail currents elicited after depolarization to
+40mV (inset protocol). (B) Deactivation process was fitted to 2 components having different time constants, tau-fast and tau-
slow. They were calculated in a pooled data from multiple cells transfected by 3 mutants (from top of panel B, D111V, A490T
and P846T, respectively) and are plotted against membrane potentials (-70 to —40), for 2ug WT (closed circles; n=15), 1ug
WT plus 1xg mutant (green squares; n=7-14 for each channel), 2 g mutant (red squares; n=6-8).
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slope factors, G272V alone channel was larger than WT
(P<0.05). Overall, the most important finding was the domi-
nant-negative effect for the G272V channel.

Biophysical Assay of 3 KCNH2 Mutant Channels  Figure 3A
shows representative examples of whole-cell currents re-
corded from CHO cells transfected with WIT/KCNH2 (2 and
1 g), mutant/KCNH2 (2pg), or WT co-expressed mutant/
KCNH2 (WT/mutant) (1 g each). CHO cells transfected with
WT/KCNH2 (2 or 1 ug, Figure 3A Upper 2 panels) displayed
outward currents with inward rectifying properties, which
are typical of Ixr currents.'® In contrast, the magnitude of
currents from cells expressing all of the WT/mutants and
mutant only were remarkably reduced (Figure 3A Lower
6 panels).

In Figure 3B, the tail current densities at -60 mV are plot-
ted as a function of test pulse voltages (between —60 and
+50mV). The mean current densities after depolarizing test
pulse to +20mV in WT channels were 66.2+11 pA/pF for
2¢g (n=20) and 45.0£9.3 pA/pF for 1 «g (n=14). In contrast,
those in the WT/mutant and mutant channels were 25.1+2.9
pA/pF in WI/DI11V (n=13), 15.846.0 pA/pF in WT/A490T
(n=10), 20.5+3.9 pA/pF in WT/P846T (n=12), 18.8+3.6 pA/
pF for D111V (n=9), 15.243.4 pA/pF for A490T (n=12),
6.1+2.3 pA/pF for P846T (n=8), respectively. They were all
significantly smaller than those of the 2-xg WT channels (vs
WT 2 g, P<0.01). Figure 3C shows that all WT/mutant and
mutant channels tended to shift to the depolarization side

compared with the WT. Overall, all mutant channels showed
loss of function associated with a dominant-negative effect
and shift of the activation curve to depolarization.

We then examined whether the mutations affected the
inactivation kinetics of mutant channels using a double-pulse
protocol. Vos and the slope factor of steady-state inactiva-
tion differed between WT and WT plus mutant or mutant.
All mutant KCNH2 channels showed the shift of inactivation
curves to depolarizing direction, and the differences were
statistically significant (Table 2). Therefore, we also changed
the parameters associated with inactivation states in the fol-
lowing simulation study.

Figure 4A depicts original current traces showing deacti-
vation at 4 different repolarization potentials (from —70 to
—40mV) of WT and/or mutant/KCNH?2. Deactivating currents
were best fit with a double-exponential function, and are sum-
marized in Figure 4B. At 4 different potentials, both time
constants (Tau-fast and Tau-slow) for D111V and WT/D111V
were smaller than those of the WT. Tau-slow of WT/P846T
was also smaller than those of the WT. We could not assess
that of P846T (2 1g), because it was too small to measure. In
contrast, there were no significant changes between the WT
and WT/A490T or A490T in the deactivation process.

Computer Simulation of APD
In order to compare how functional changes caused by muta-
tions affect ventricular action potentials, a simulation study
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Figure 5. Computer simulations with Luo-Rudy myocardial model show bradycardia-induced early afterdepolarization (EAD).
Each figure presents (A) action potential duration (APD) at basic cycle length (BCL) of 600ms, (B) APD at BCL of 1,000ms, and
(C) APD at BCL of 2,000ms. The longer the BCL in each model was, the more the APD was prolonged. EADs appeared in the
models of D111V/WT, A490T/WT, and P846T/WT only at BCL of 2,000ms, but appeared at all BCLs in the case of G272V/WT.
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KCNQ1

WT basal parameters
xs1ss=1/(1+exp(-(v-1.5)/16.7))
KCNH2 D111V gherg=0.0135"pow(Kout,0.59)
=2.9375e-3"exp(—0.02158"v)

KCNH2 A490T gherg=0.0135"pow(Kout,0.59)

KCNH2 P846T gherg=0.0135"pow(Kout,0.59)

3=2.9375e-3"exp(0.02158"V)

Table 3. Parameters of Simulation Data in Bradycardia-Induced Long QT Syndrome

G272V gsk=0.202*(1+0.6/(1+pow(0.000038/cai), 1.4)))

aa=65.56-3*exp(0.05547153*(v-36))
i=0.439*exp(~0.02352* (v+25))*4.5/Kout
«i=0.439*exp(—0.02352* (v+25))*4.5/Kout

aa=65.56-3"exp(0.05547153*(v-36))
i=0.439"exp(—0.02352*(v+25))*4.5/Kout

Mutant changed parameters
gsk=0.067*(1+0.6/(1+pow(0.000038/cai),1.4)))
xs1ss=1/(1+exp(-(v-6.5)/16.7))
gherg=0.3310.0135pow(Kout,0.59)
ax=65.5e-3*exp(0.05547153*(v-69))
i=0.439"exp(-0.02352*(v+3))*4.5/Kout
BB=2"2.9375e-3"exp(-0.02158"v)
gherg=0.18870.0135pow(Kout,0.59)
«i=0.439%exp(—0.02352*(v-6))*4.5/Kout
gherg=0.265"0.0135pow(Kout,0.59)
aa=65.56-3"exp(0.05547153*(v-80))
i=0.439"exp(—0.02352*(v+3))*4.5/Kout
$/3=1.3"2.9375e-3"exp(~0.02158"v)

was conducted using the Luo-Rudy model, which incorpo-
rated the Markov™ or Hodgkin-Huxley!” process gating for
the mutant channels (Figure 5). Table 3 shows the parame-
ters of simulation that were changed to fit to experimental
results. We simulated action potentials in all myocardial
layers at 3 different basic cycle lengths (BCL 600, 1,000,
2,000ms) (Figures SA~C). In the endocardium and epicar-
dium, APD of all mutant models was prolonged, but did not
produce early afterdepolarizations (EAD) (data not shown in
Figure 5). In contrast, in the simulated M cell layer, APD
was lengthened significantly at a slower heart rate. In the
lower half of Figure 5, below each simulated action poten-
tial, the corresponding bar graphs show APDs at 90% repo-
larization. Three APD models with D111V, A490T, and
P846T displayed EADs at BCL of 2,000 ms, whereas G272V
displayed it at all BCLs.

Discussion

There are 3 major findings in the present study. (1) In 4 of 14
consecutive AVB-associated TdP patients, 3 KCNH2 and 1
KCNQI heterozygous missense mutations were identified.
(2) Electrophysiological analyses revealed loss of function
associated with decreased current densities and various dys-
functions on /s or /xr in 4 mutants. (3) Functional changes
reconstituted by the computer simulation resulted in a pro-
longed APD and EAD under condition of bradycardia.
During AVB, our 14 patients showed a prolonged QT
interval and TdP. Based on a comparison of ECGs available
before and after AVB, we found the QT intervals were
lengthened even in the absence of AVB. These clinical char-
acteristics indicate that AVB-related TdP might share a simi-
lar genetic background with congenital LQTS: mutations on
cardiac ion channel genes could be partially causative. Lupo-
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