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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 hERG 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, P596R-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

&
A 5] KA
Figure 5. Effects of Hsc70 on Hsp70-
4‘? @ _@Q FLAG :: e induced increase of hERG-FLAG. A,
£ & 3 © Association of hERG-FLAG with Hsp70
Hsp70 724 — N & or Hsc70. Anti-FLAG IPs from HEK293
kB-[ - — ® &\ ~¢\‘3} @f cells transiently expressing hERG-FLAG
HsC70 73, -~ FLaG 155 . were subjected to IB with anti-Hsp70 or
A 1354 % ki Hsc70 antibody. No 1st ab represents a
negative control with no primary anti-
c D body added and input is positive control.
hERG-FLAG 1 HERG-FLAG 4 B, Anti-Hsp70 or Hsc70 IPs from
Hsp70 Hsp70 ) 3 HEK293 cells transiently expressing
Hsc70 Hsc70 0 Toalosl 1] 3 hERTG-FLAG were subjected to IB with
155] g 155]" y p s anti-FLAG. C, HEK293 cells were trans-
FLAG 335 ane 1 FLAG 135) g g i fected with indicated plasmids (ug).
- e Whole-cell lysates were subjected to IB
LI £ P ——— Y L AR | with indicated antibodies (n=4 to 6). D,
. 734 Anti-FLAG IPs were subjected to IB with
BHSETD 78] e e e e e i either anti-FLAG, Hsp70, or Hsc70
il - ——— s (=6 to 7).
B-actin

Downloaded from circres.ahajournals.org at SHIGA UTI\HS\ZI»ERSITY OF MEDICAL SCIENCE on January 6, 2011



Li et al Reciprocal Control of hERG by Hsp70 and Hsc70 7
A 37°C 0| o] 2] a[18]24]28 [48(n B a7°C
42°C 42°C
MERG  32] - Hsp70 721
Hsp7O 72, Hsc7o 737 IP: MERG
155
iB; |Hsc70 iB: mERG, 354
Hspgo Hsp70 724
Hsc70 73
-actin 1554
MERG 3¢,
Qm 9 300] Figure 6. Effects of HS on the level of
2 2504 & endogenous mouse ERG (mERG) in
3 = HL-1 cells. A, Cells were given a heat
& §2°° shocked at 42°C for 1 hour. The cells
T £ 150 were recovered at the indicated times
'g 2 and analyzed by IB with indicated anti-
A 100 bodies. Image densities of the immature
£ so and mature forms of mERG bands nor-
2 malized to mERG expression levels in
0 non-HS control cells (=6 to 7, *P<0.01,
C 1P<0.05 vs non-HS). B, Association of
SIRNA mock Hsp70-1 Hsp70-2 mERG with Hsp70 or Hsc70 was
Heatshock | — | + | = | + | — | + detected by 1B, Anti-mERG IPs was sub-
1685 i - L jected to IB. Bar graphs show the levels
MERG ] W% ’ ” *Mﬁ of Hsp70 or Hsc70 associated with
] mERG (n=4 to 5, *P<0.01, 1P<0.05 vs
I o N " ——- non-HS group). G, HL-1 Cells were
|eFe g - o - transfected with a scramble siRNA
e (mock) or siRNAs against mouse Hsp70
*p-actin (left) or Hsc70 (right).The levels of
' £1135kDa 18:Hsp70 %] “f [21135kDa mMERG, Hsp70, and Hsc70 were ana-
B sbo 4 V23 155k0a lyzed by IB. Image density of mERG
£ : were quantified and normalized to
g-ﬁ’,ﬂm mERG levels in the cells with a scramble
25 siRNA (n=5 to 6, *P<0.01 vs non-HS;
27 200l 1P<0.05 vs with a scramble siRNA with
'g HS). D, Effects of Hsp70 or Hsc70 on

it}

D [ugnsfecuon Nonelep‘desc'r

MERG 455 ——
13 s———

Hsp70 724 s
“HSOT0 73| e—

B!

GFP
-actin . -

300 *C1135kDa

%gﬁz"“l F 74 155kDa
5wl e

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.

_...endogenous mERG. HL-1 cells were

 transfected either with pcDNA3, Hsp70,
or Hsc70 plasmid. Cell lysate was sub-
jected to IB with the indicated antibodies
(n=5 to 7, *P<0.01; tP<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.?4-2¢ 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 umol/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=16, *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). APDg, values are summarized as a bar graph (e), and statistically evaluated: t1P<0.01 vs non-HS; *P<0.01 vs a
scramble siRNA control non-HS; tP<0.05, **P<0.01 vs a scramble siRNA with HS treatment.

Downloaded from circres.ahajournals.org at SHIGA U]TIIS%ERSITY OF MEDICAL SCIENCE on January 6, 2011



Li et al Reciprocal Control of hERG by Hsp70 and Hsc70 9

A Pore-region

Extracellular D
4 ' Type WT PS86R | FBOSC | R752W/| G601S
Intracellular 37°C P E Y Y T
27°C | - o+l - 4] - + |- +] . +
155+ s o : 5
ot FLAG 132] o O s i e s e il il
N-t Hsp70 72+ —-
HSCTO 73 e oo coms sppumes o s S SN SO Soms.
oo o @ o =
transfection e £ § 83 § 8 2§ 8 18:| GFP P ———————
ggﬁg‘"‘-‘@Eﬁw;.ﬁ L e ———
155 &
FLAG 135+ ﬁﬂ SO — e e e ]
Hsp70 8 Qe ————————————— HecT0
Hsp70
Hsc70 734 —— :
1B:
GFP — —— o——, ————_ n—_— . ——w; —o——
T —
B-actin et —
Hsp70 724 Wﬂw A B G O B
IPFLAG
Hsc70 7B e - — - -
B {ransfection PS96R-FLAG transfection F805C-FLAG
SIRNA mock Hsc70 SIRNA mock Hsc70
Time (h} 02 4824/02 4824 0 24 824
- FLAG 35| o o —. - A ————
IB:| GFpP o s | . . . s 18: A
- f-actin R — - -
NERG-FLAG | PS596R-FLAG | FBOSC-FLAG
SIRNA mock | Hse70 | mock | Hsc70
15
"
£10
& 1
.
5
: 7
n=
c N
one HS
transfection transfection
155 15
FLa 1381 FLAG | 3:]
18: GFP GFP
- -actio - ¢ * 5 ow | D-acin K o > e

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; tP<0.05 vs
F805C-FLAG with a scramble siRNA. C, 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).
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CFTR,?7-2° murine epithelial sodium channel,'*> and ASIC,
(acid-sensing ion channels).?° 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 SC 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 /Iy, 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 Ix,3! and I, regulates cardiac APD, especially
in mouse atrial myocytes,'®3> which is one of the major
factors to determine the QT interval.22 E4031-induced pro-
longation of APD,, was more remarkable in the cells treated
with HS than in the control cells, indicating that the increased
I, 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 H§p70/4Hsc70“plays a pivotal role in controlling
APD in cells treated with HS. Our findings might explain
fever-induced shortening of the QT interval.3334 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

antiarrthythmic effects of augmented expression of hERG that
have been reported in rabbit ventricular primary culture and a-

transgenic mice model.3536 In both cases, hERG expression

resulted in significant shortemng of APD and decreased the

incidence of early afterdepolarizations.

Stability Control of hERG Mutant Proteins by
Hsp70 and Hse70

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-F80SC 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 F805C, 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, Arnt, and Sim) domain on their N terminus and a cNBD
domain on their C terminus; both of them may be targeted by

cytosolic chaperones.® LQT2 mutations located in the N or C
terminus might interfere the association of chaperones.s Ficker E
et al reported decreased association of WT and mutant with
Hsp70 /Hsc70 and increased hERG with reduced temperature.8
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. CFTRAS508 can be rescued by Hsp70 and low-
temperature culturing.37-3 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?

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

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

e 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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SUPPLEMENTAL MATERIAL
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Detailed Methods

Cell culture and transfection

HEK293 cells were cultured in DMEM (Sigma) supplemented with 10% fetal bovine serum (JRH) and
penicillinstreptomycin/geneticin at 37°C, 5% CO,.™* 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 (Figure 8A). pcDNA3 expression plasmid for Hsp70 was provided by A.
Nakai and Hsc70 was a gift from Harm H. Kampinga (Groningen, Netherlands). The plasmids were transfected into
HEK?293 cells using lipofectamine 2000 (invitrongen) following the manufacturer’s instructions. The total amount of
¢DNA was adjusted using vector cDNA. Transfection into HL~1 cells was performed using Nucleofector technology
(Amaxa Biosystems, Gaithersburg, MD) following the manufacturer’s protocol. For chase experiments, 48h after
transfection, cycloheximide (60pg/ml) was added to the culture medium and cells were harvested at indicated time
points.

Small interference RNA (siRNA)

‘Two active oligonuclectides against Hsp70 or Hsc70 and a scrambled control siRNA were used. Table 1 shows
sequences of sIRNA against Hsp70 and Hsc70. Cells were transfected with sIRNA using lipofectamine 2000
(invitrogen) according to manufacturer’s instructions.

Immunobletting and immunoprecipitation

Cells were harvested 48h after transfection and lysed by sonication in a lysis buffer (PBS supplemented with 1%
polyoxyethylene (9) octyipheny] ether (NP-40), 0.5% sodium deoxycholate, 0.1% SDS, 1.5mmol/L aprotinin,
21mmol/L leupeptine, 15Smmol/L pepstain and 1 mmoV/L phenylmethylsulfonylfluoride). After removal of insoluble
materials by centrifugation, protein concentrations were determined with a bicinchoninic acid (BCA) protein assay kit
(Pierce, Biotechnology, Rockford, IL). Proteins were separated on SDS-PAGE and electrotransferred to PVDF
membranes. The membranes were blocked with 5% non-fat dry milk in PBS plus 0.1% Tween and immunoblotted
with a primary antibody. The following antibodies were used: FLAG epitope (Cosmo Bio), Hsp70 (mouse
monoclonal; Stressgen), Hsc70 (Rat monoclonal; Stressgen), ubiquitin (Medical & Biological labaratory.Co. Ltd),
calnexin (calbiochem), Na'/K" ATPase (upstate), B-actin ( Oncogene), GFP ( Molecular Probes) and hKvy,
(HERG;Alomone Labs). The blots were developed by using an ECL system (Amersham, Biosciences, Piscataway,
NI). Immunoprecipitation was carried out at 4 °C for overnight in PBS supplemented with 1% Triton X-100, 0.5%
SDS, 0.25% sodium deoxycholate, 1 mmol/L EDTA, and protease inhibitors. Immunocomplexes were collected with
protein G agarose (Pharmacia, Uppsala, Sweden) and bound proteins were analyzed by SDS-PAGE followed by
immunoblotting, Band densities were quantified using a NIH image J software. The all image densities of Western
blotting were quantified and normalized to their image densities of B-actin level.

Optiprep gradient cell fractionation
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Cell fractionation was performed as described with a minor modification.® 48h after transfection, cells were collected by
scraping in a medium (in mmol/L: sucrose 0.25, NaCl 140, EDTA 1, and Tris-HC1 20, pH 8.0) and homogenized by
using a polytron. After removal of nuclei by centrifugation, the post-nuclear supernatants were layered onto a 1040%
liner gradient of iodixanolin cell fractionation buffer (Axis-Shild PoC, Oslo, Norway) and centrifuged at 48,000xg at
4°C for 22h using a Beckman SW41Ti rotor. 22 fractions (0.5 ml each) were collected from the top and were
numbered accordingly. Immunoblot analyses were performed using antibodies against organelle markers and
hERG-FLAG as indicated.

Immunofluorescence

HEK?293 cells were seeded onto gelatin- coated coverslips and transfected with hERG-FLAG pAcGFP-Golgi or
pAcGFP-Mem constructs (Clontech) together with pcDNA3/Hsp70 or Hsc70. 24h after transfection, they were fixed
with 4% paraformaldehyde/PBS and then permeabilized with 0.5% Triton X-100. They were incubated for 1h at room
temperature with a primary antibody (FLAG 1:1000; calnexin, 1:200). After blocking in 3% albumin, bound
antibodies were visualized with AlexaFluor 546 or 488-conjugated mouse secondary antibody (1:2000), and images
were obtained by using a Bio-Rad MRC 1024 confocal microscope. To quantify hERG-FLAG signals, the images of
hERG-FLAG signals were cropped with regard to the distribution of each marker proteins (calnexin, Golgi-GFP and
GFP1-Mem) using Photoshop CS3 software (Adobe Systems, US). The signal intensities in the cropped images were
quantified by Image J software (NIH, US).

Establishment of WThERG-FLAG stable cell line
The plasmids of pcDNA3/hERG-FLAG were transfected into HEK293cells using lipofectamine 2000 following the

manufacturer’s instructions. The cells were divided 48hours after transfection and cultured at medium containing.
1000ug/mL. Geneticin (G418). We pick up 60 single clones to culture at the selecting medium for 7 weeks. The
expressions of h(ERG-FLAG were confirmed by Western blot and membrane currents recorded by the whole-cell

patch clamp technique showed typical properties of hERG channel currents.

Electrophysiological recordings

HEK?293 cells stably expressing hERG-FLAG were transfected with pcDNA3/ Hsc70 or Hsp70 together with pEGFP.
The total amourt of cDNA was adjusted by vector cDNA. Twenty-four hours after transfection, cells were visualized
by EGFP fluorescence and hERG channel currents corresponding to the rapidly-activating delayed-rectifer K* channel
(Jk:) currents were measured at 37°C using the whole-cell patch-clamp techniques with an Axopatch-200 amplifier
{Axon instrument, USA). Procedures for the current measurement in HL~1 cells were essentially the same as described
previously.7 The extracellular solution contained (mmol/L) : NaCl 140, KC14, CaCl, 1.8, MgC1,0.53, NaH,PO,0.33,
glucose 5.5, HEPES 5, pH was adjusted t07.4 by NaOH. The internal pipette solution contained (mmol/L) K-aspartate
100, KCl120, CaCl,1 Mg-ATP 5, EGTA 5, HEPES 3, creatine phosphate 5, dipotassium (pH 7.2 with KOH).
0.4umol/L nisolddipine was included in the bath solution to block J,1.* The membrane potential was held at -50mV
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to inactivate Jo;rand avoid Z; activation,®” depolarized by 1-s test pulses (from 40mV to+40mYV in 10mV increments),
then repolarized back to the holding potential. Peak amplitudes of the currents during the depolarizing pulses and tail
currents during the repolarization were determined and plotted as functions of the potentials of the depolarizing pulses.
Action potentials were also measured in the current-clamp mode, elicited at arate of 0.5 Hz by 5-ms square current
pulses of 1nA, and sampled at 20 kHz in the absence or presence of 10 pmol/LL E4031 (WAKO, Japan).

Semi-quantitative reverse transcription-PCR (RT-PCR)

Total RNAs were extracted from HEK293 cells using an RNeasy Plus mini kit (QIAGEN) and subjected to RT-PCR
assay (Prime Scrips RT-PCR Kit, Takara). RNA samples were treated with DNase I (Promega) to eliminate genomic
DNA. Primers used are;

hERG forward primer: CGCTACCACACACAGATGCT, reverse: GATGTCATTCTTCCCCAGGA,

B-actin forward primer: CAACCGTGAAAAGATGAC, reverse: CAGGATCTTCATGAGGTAGT.

PCR products were separated on electrophoresis gel, stained with ethidium bromide, and visualized ina UV
transsilluminator.

Statistical analysis
All data are presented as the mean+ SEM. For statistical analysis, Student’s #-test and repeated measures analysis of
variance (two-way ANOVA) were used, with p<0.05 being considered statistically significant.
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Online Figure I . Effects of Hsp70 or Hs¢70 on protein solubility and transcriptional expression of hERG
HEK293 cells were transiently expressed with hERG-FLAG GFP and either Hsp70 (A) or Hsc70 (C) plasmid. The
soluble and insoluble fractions of cell lysates were subjected to Western blotting against anti-FLAG antibody.

B and D, Semi-quantitative reverse transctiption-PCR (RT-PCR) of hERG mRNA expressed in HEK293 cells (+).
f-actin levels were analyzed as control. No band was detected from PCR amplification of RNA without RT ().
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Online Figure T
A+E4031 B.WThERG-pcDNA3

Online Figure II. E4031inhibited hERG currents.
A, Arepresentative trace of whole-cell current mediated by hERG-FLAG in presence of EA031.
B, A representative trace of whole-cell current mediated by hERG-pcDNA3.

Online Figure II
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Online Figure III. Bindings of Hsp70 or Hsc70 with endogenous mouse ERG (mERG).

A, Confirmation of the specificity of Hsp70 and Hsc70 antibodies.

Anti-Hsp70 and Hsc70 antibodies were conducted to detect Hsp70 or Hsc70 recombinant proteins by Western blot,
respectively.

B, Anti-mERG immunoprecipitates from HL-1 cell lysates were subjected to immunoblotting with anti-Hsp70 or
Hsc70 antibody, respectively. Negative control (no 1* ab) and positive control (input) were applied in the first and

second lanes.
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Online Figure IV
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Online Figure IV.The effects of E4031 on APD in HIL~1 cells.

Left panel (A-D) shows representative action potentials recorded for the indicated groups in the absence or presence of
EA031. Bar graphs on the right (E) summarize the percentage of APDy, prolongation (APDeg a3/ APDgo congr) by
EAO31 treatment. * p<0.05, ¥ p<0.01vs a scramble siRNA control with non-HS treatment; T p<0.05vs a scramble
siRNA control with the HS treatment.

Table 1,Sequences of siRNA

antisense

S-UUCAACAUUGCAAACACAGGATT-3'
~UUAAAGUUUAUUUACUUUGAATT-3'
5’-AUAGCUUGGAGUGGUUCGG TT-3’
5’-UUACGCU UGAUGAGGACAGTT-3'
5’-ACAGAGAGUCGAUCUCCAGGC-3’
5’-AGUGCUUCAUGUCGGACUGCA-3
5’-AUAGCUUGGCGUGGUGCGGUU-3’
5-UCUAAGCCGUAAGCAAUAGCA-3’

sense

Human Hsp70-2 “TCCTGTGTTTGCAATGTTGAATT-3'
Human Hsp70-3 “TTCAAAGTAAATAAACTTTAATT-3'
Human Hsc70-2 5-CCGAACCACUCCAAGCUAUTT-3’
Human Hsc70-3 5-CUGUCCUCAUCAAGCGUAATT-3
Mouse Hsp70-1 5-CUGGAGAUCGACUCUCUGUUC-3’
Mouse Hsp70-2 5-CAGUCCGACAUGAAGCACUGG-3’
Mouse Hsc70-1 5-CCGCACCACGCCAAGCUAUGU-3’
Mouse Hsc70-2 5’-CUAUUGCUUACGGCUUAGAUA-3
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Remission of Abnormal Conduction and Repolarization
in the Right Ventricle After Chemotherapy in Patients
With Anterior Mediastinal Tumor

AKASHI MIYAMOTO, M.D., HIDEKI HAYASHI, M.D., Pu.D., MAKOTO ITO, M.D., Pu.D.,
and MINORU HORIE, M.D., PH.D.

From the Department of Cardiovascular and Respiratory Medicine, Shiga University of Medical Science, Shiga, Japan

A 22-year-old man with no significant past medical history
presented with dry cough that lasted for a couple of months.
The patient denied accompanying shortness of breath, palpi-
tation, edema, high fever, or syncope. He had no family his-
tory of sudden death. On examination, he was afebrile with a
blood pressure of 106/63 mm Hg, pulse rate of 88 beats/min,
and normal oxygen saturation. His heart sound was normal
without a pericardial rub. ECG (Fig. 1A) displayed a ter-
minal r wave (arrow a) and ST-segment elevation (arrow b)
followed by negative deflection of T wave (arrow c) in lead
V. Chest computed tomography (Fig. 1 A) revealed the exis-
tence of demarcated tumor in the anterior mediastinal space
that attached to the pericardium in front of the right atrium
and ventricle. The tumor encompassed the right ventricular
outflow tract (arrow) but did not show invasion into the in-
trapericardial space. The tumor was histologically diagnosed
with the large B cell lymphoma from a specimen obtained by
needle biopsy. He started to undergo chemotherapy including
cyclophosphamide, vincristine, doxorubicin, rituximab, and
prednisolone. Two months after the chemotheraphy, chest
computed tomography confirmed that the lymphoma size
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was reduced, which was almost invisible (Fig. 1B). At that
time, ECG showed the disappearance of a late I wave and
ST-segment elevation in lead V| (Fig. 1B). These findings in-
dicate that coinciding with the shrinkage of anterior mediasti-
nal tumor, conduction disturbance, and abnormal repolariza-
tion in the right ventricle were resolved. No life-threatening
arrhythmic event occurred during the follow-up.
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Figure 1. 4 and B: ECG recording in lead V| and contrast-enhanced
computed tomography scan before and afier chemotherapy, respectively.
Ao = Aorta; RVOT = right ventricular outflow tract.



Long QT syndrome with compound mutations is associated with
a more severe phenotype: A Japanese multicenter study
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BACKGROUND: Long QT syndrome (LQTS) can be caused by mu-
tations in the cardiac ion channels. Compound mutations occur at
a frequency of 4% to 11% among genotyped LQTS cases.

OBJECTIVE: The purpose of this study was to determine the
clinical characteristics and manner of onset of cardiac events in
Japanese patients with LQTS and compound mutations.

METHODS: Six hundred three genotyped LQTS patients (310 pro-
bands and 293 family members) were divided into two groups:
those with a single mutation (n = 568) and those with two
mutations (n = 35). Clinical phenotypes were compared between
the two groups.

RESULTS: Of 310 genotyped probands, 26 (8.4%) had two muta-
tions in the same or different LQTS-related genes (compound
mutations). Among the 603 LQTS patients, compound mutation
carriers had significantly longer QTc interval (510 = 56 ms vs

478 * 53 ms, P = .001) and younger age at onset of cardiac
events (10 = 8 years vs 18 = 16 years, P = .043) than did single
mutation carriers. The incidence rate of cardiac events before age
40 years and use of beta-blocker therapy among compound muta-
tion carriers also were different than in single mutation carriers.
Subgroup analysis showed more cardiac events in LQTS type 1
(LQT1) and type 2 (LQT2) compound mutations compared to single
LQT1 and LQT2 mutations.

CONCLUSION: Compound mutation carriers are associated with a
more severe phenotype than single mutation carriers.

KEYWORDS Compound; Gene; Long QT syndrome; Mutation

ABBREVIATION QTS = long QT syndrome

(Heart Rhythm 2010;7:1411-1418) © 2010 Heart Rhythm Society.
All rights reserved.

Introduction
Congenital long QT syndrome (LQTS) is a heterogeneous
disease characterized by prolonged ventricular repolariza-
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tion and episodes of syncope and/or life-threatening cardiac
arrhythmias, particularly polymorphic ventricular tachycar-
dia.! Several disease-causing genes have been identified,
including genes encoding cardiac ion channel-composing
proteins, namely, KCNQ! (LQT1), KCNH2 (LQT2),
SCN5A4 (LQT3), KCNE! (LQT5), KCNE2 (LQT6), KCNJ2
(LQT7), and CACNAIC (LQT8), and genes encoding a
family of versatile membrane adapters, namely, ANK2
(LQT4), CAV3 (LQT9), SCN4B (LQT10), AKAPs (LQT11),
and SNTAI (LQT12).*® Two modes of inheritance are
involved in this syndrome, which exhibits both an autoso-
mal dominant and an autosomal recessive pattern. The ma-
jority of LQTS cases are inherited in an autosomal dominant
fashion. This pattern, which has been named as Romano-
Ward syndrome,®’ can result from a single mutation in one

doi:10.1016/j.hrthm.2010.06.013
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of the LQTS candidate genes. On the other hand, Jervell and
Lange-Nielsen syndrome, which is inherited in an autoso-
mal recessive fashion, is very rare,® affecting less than 1%
of LQTS cases. It is caused by homozygous or compound
heterozygous mutations of KCNQ/ or KCNE1.>'°

Genetic analysis sometimes reveals two or more muta-
tions in LQTS patients with clinical phenotypes of Romano-
Ward syndrome. These compound mutations were shown to
be associated with an increased arrhythmic risk.'"'? How-
ever, most previous studies were conducted in Caucasian
patients, and few systematic studies have involved Asian
cohorts. In the present study, we analyzed the clinical char-
acteristics of LQTS patients who were registered in a Jap-
anese multicenter study. Analysis of the more 600 geno-
typed patients revealed that LQTS patients with compound
mutations not only were common in Japan (8.4% among
probands) but were associated with longer QTc and earlier
onset of cardiac events. In patients who initially are diag-
nosed as LQT1 or LQT2, additional mutations may be
present if patients have a more severe phenotype than ex-
pected; therefore, conducting a survey for major LQTS-
related genes is critically important.

Methods

Patients and data collection

Major candidate genes were analyzed in 612 consecutive
and unrelated probands with a suspected clinical diagnosis
of congenital LQTS, who were referred to four centers in
Japan (Shiga University of Medical Science, Otsu; Kyoto
University Graduate School of Medicine, Kyoto; Kanazawa
University Graduate School of Medical Science, Kanazawa,
and National Cardiovascular Center, Suita) between June
1996 and January 2009. If gene mutations in LQTS-related
genes were identified, further genetic analysis was con-
ducted among family members as extensively as possible.
All patients in the cohort were Japanese.

Genetic analysis

Informed consent was obtained from all individuals or their
guardians according to standards established by the local
institutional review boards. Genotypic and DNA sequence
analyses of KCNQ1, KCNH2, SCN5A, KCNEI, and KCNE2
were performed as described previously.'® In addition,
KCNJ2 (Andersen syndrome [LQT7]'*') was analyzed in
patients who had not only QT prolongation but also the
clinical phenotype of Andersen syndrome, for example,
periodic paralysis or dysmorphic features. Other candidate
genes (e.g., ankyrin-B [LQT4], CACNAIC [Timothy syn-
drome, LQT8]) were not analyzed because mutations in
these genes are extremely rare. Denaturing high-perfor-
mance liquid chromatography was performed as described
previously.'® Abnormal conformers were amplified by poly-
merase chain reaction and sequenced using an ABI
PRISM310 DNA sequencer (Perkin-Elmer Applied Biosys-
tems, Wellesley, MA, USA). “Splicing error” mutations
were defined as those that occurred within three bases of the
splicing sites. When mutations were detected, 200 Japanese

170

control subjects were checked and single nucleotide poly-
morphisms were excluded from the study. If mutations of
these genes were detected in the probands, their family
members were also analyzed and genotype—phenotype cor-
relations confirmed. Mutation-negative controls were de-
fined as family members without mutations detected in each
proband. Nonsynonymous as well as synonymous single
nucleotide polymorphisms were excluded with the assis-
tance of data from previous reports'’™'? and from the Na-
tional Center for Biotechnology Information database.

Clinical characterization

Baseline clinical data were recorded for each patient and
included the following: age at diagnosis, age at first cardiac
event, sex, cardiac events, family history of sudden cardiac
death or LQTS members, ECG measurements, and thera-
peutic regimens administered. Schwartz scores also were
calculated.*®*' In the analysis of triggers of arrhythmic
events, triggers were divided into four categories: exercise/
swimming, emotional stress/arousal stress, sleep/rest, and
other conditions.

ECG parameters measured at baseline included RR,
QTcnd’ QTpeab and Tpeak-cnd (QTcnd-peak) intervals. The lat-
ter is thought to reflect transmural dispersion of ventricular
repolarization.”> Measurements were the mean of at least
three beats measured in lead Vs from the 12-lead ECG
during stable sinus rhythm and corrected by the Bazett
formula.”® QT,,4 was manually measured as the time inter-
val between QRS onset (Q) and the point at which the
isoelectric line intersected a tangential line drawn at the
maximal downslope of the positive T wave or the maximal

LQTS probands

N=612
Genetic Analysis No Matatisn
p| N=302
Mutation Carriers (N=603) e
Probands Family members
N=310 N=293
N=284 N=9
l N=284 N=26 l
Ve >
single mutation compound mutation
N=568 N=35
Figure 1 Schematic representation of the positive-mutation carriers in

this study. LQTS = long QT syndrome.
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Table 1  Overall data of patients with compound mutations

Research groups Schwartz et al. Westenkow et al. Tester et al. This study
Reported years 2003 2004 2005 2010

The corresponding number in the reference list 25 11 12

Percentage of probands with compound mutations
(probands with compound mutations/total
probands) subtypes

4.6% (6/130)

5.2% (9/172%) 10.8% (29/269)  8.4% (26/310)

LQT1 7 (58%)
LQT2 2 (17%)
LQT3 3 (25%)
LQT5-D85N 0 (0%)

vs. single mutation carriers

QTc interval NA
Cardiac events NA
Age of onset NA

14 (35%) 30 (52%) 18 (35%)
10 (25%) 15 (26%) 17 (33%)
2 (5%) 13 (22%) 14 (27%)
10 (25%) 0 (0%) 0 (0%)
prolonged not significant prolonged
frequent not significant not significant
NA younger onset younger onset

*This table excluded probands with single nucleotide polymorphisms (SNP), NA = not available.

upslope of the negative T wave (QT,4). QT ¢d-peax then was
obtained by calculating as QT,,q minus QT ...

Statistical analysis

All analyses were performed using the SPSS 16.0 statistical
package (SPSS, Inc., Chicago, IL. USA). Data are ex-
pressed as mean £ SD. P < 0.05 was considered signifi-
cant. Univariate comparison of parameters between groups
was performed by an unpaired t-test. Differences in inci-
dence between groups were analyzed by Chi-square test or
Fisher exact probability test. The cumulative probability of
a first cardiac event (syncope, torsades de pointes, ventric-
ular fibrillation, cardiac arrest, or sudden death) occurring
before age 40 years and before beta-blocker therapy or after
beta-blocker therapy was determined by means of the life-
table method of Kaplan-Meier, and results were compared
using log rank test.**

Results
Genetic characteristics of mutations associated
with single and compound mutations
Genetic analysis revealed gene mutations in 310 (51%) of
612 probands. The study enrolled 603 genotyped LQTS
patients consisting of 310 genotyped probands and their 293
genotyped family members. A flowchart of the genetic
diagnosis of the study population is shown in Figure 1.

Of the 310 genotyped probands, 26 (8.4%) had com-
pound mutations. This rate is comparable to the rates in
previous reports of Caucasian patients (Table 1). The 26
probands all had two mutations in the LQTS-related genes
we examined. These 52 mutations in 26 probands consisted
of 45 missense mutations, 4 frameshift mutations, 2 splice-
site mutations, and 1 nonsense mutation (see Online Sup-
plemental Data 1). The mutation types of the 284 single
mutation carriers were 210 missense mutations, 34 frame-
shift mutations, 18 splicesite mutations, 12 deletions, 9
nonsense mutations, and 1 insertion mutation (see Online
Supplemental Data 2). Therefore, the mutation types were
similar between the two groups (Figure 2).

Among the 293 genotyped family members, there were
284 single mutation carriers and 9 compound mutation
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carriers. In total, 568 patients with a single mutation (284
probands and 284 family members) consisted of 256 with
LQT1, 248 with LQT2, 62 with LQT3, and 2 with LQT5.
Thirty-five compound mutation carriers (26 probands and 9
family members) consisted of 9 with LQT2 and LQT3, 7
with LQT1 and LQT2, 6 with LQT1 and LQT3, 4 with
double LQT1, 3 with double LQT2 mutations, 2 with LQT]1
and LQT7, 2 with LQT2 and LQT7, 1 with double LQT3,
and 1 with LQT1 and LQT6.

Families associated with compound mutations

In the analysis of family members associated with com-
pound mutations, 28 single heterozygous mutation carriers
and 4 obligate single mutation carriers were identified from
9 families, and single mutation carriers had milder clinical
phenotypes than compound mutation carriers (Figure 3).
Only 2 (6%) of the 32 single mutation carriers had syncope
but no torsades de pointes, an incidence lower than that in
compound mutation carriers (54% [19/35] patients, P <.001).
For single heterozygous mutation carriers in compound mu-
tation families, average QTc interval was 442 *= 30 ms,
which was longer than that of the 15 mutation-negative
controls (408 * 28 ms, P = .001) but significantly shorter
than that of compound mutation carriers (510 £ 56 ms,
P <.001).

Early onset of cardiac events and more severe QT
prolongation was observed in patients with compound
mutations

Table 2 compares the clinical characteristics of 35 LQTS
patients with compound mutation and 568 LQTS patients
with a single mutation. The female-to-male ratio was similar
between the two groups. However, the incidence of family
members associated with double-hit patients was signifi-
cantly smaller than that with a single mutation (26% vs
50%, P = .005). In the ECG analysis of 496 patients with
available information, corrected QT interval was signifi-
cantly longer in compound mutation carriers than in single
mutation carriers (510 * 56 ms vs 478 = 53 ms, respec-
tively, P = .001), whereas other ECG findings, R-R inter-
val, corrected QT ., corrected QT cak.cng» @nd rates of
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Figure 2

notched T wave and T-wave alternans were not different
between the two groups. The frequency of patients with a
normal QTc¢ interval <440 ms was similar between the two
groups, whereas the frequency of double-hit patients with
QTc intervals >500 ms was significantly higher than in
those with a single mutation (66% vs 26%, P <.001).
Schwartz scores in the compound mutation group and the
rate of patients with a score =4 were higher than those in
the single mutation group (Schwartz score: 4.3 * 2.1 vs
3.4 £ 1.9 points, P = .017; rates of Schwartz score =4
points: 70% vs 47%, P .026). A significantly higher
number of patients with compound mutations received beta-
blocker therapy than did those with a single mutation (56%
vs 33%, P = .006).

In the analysis of “all age groups,” the frequency of
cardiac events was similar between compound and single
mutation groups, whereas age at first cardiac event was
significantly lower in the compound mutation group (10 =
8 years vs 18 X 16 years, P = .043). For the occurrence of
syncope or torsades de pointes before age 40 years, com-
pound mutation carriers had significantly more events than
did single mutation carriers (54% vs 37%, P = .043). The
occurrence of cardiac arrest or ventricular fibrillation was
similar between the two groups for patients before age 40
years. In 561 patients with available information on age at
first cardiac events, Kaplan-Meier analysis showed that the
cumulative rate of survival without a cardiac event before
age 40 years and use of beta-blocker therapy differed sig-
nificantly between compound and single mutation carriers
(P = .004 by log rank test; Figure 4A) and between com-
pound mutation carriers and each subgroup of single muta-
tion carriers (P = .004 vs LQT1, P = .018 vs LQT2, P =
.001 vs LQT3, by log rank test; Figure 4B). In the analysis
of matched subtypes between single and compound muta-
tion carriers, patients with additional mutations in an LQTS
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Conventional transmembrane topology of all mutations in the probands.

subtype had a significantly poorer prognosis than LQT1
alone (P = .001; Figure 5) and LQT2 alone (P = .035) but
not LQT3 alone (P = .06).

Discussion

In this multicenter study, the major findings were as fol-
lows. (1) LQTS-associated compound mutations in the Jap-
anese population were as common as previously reported in
studies of Caucasian patient cohorts. (2) Patients with com-
pound mutations displayed longer QTc and earlier onset of
cardiac events. (3) Patients with compound mutations had
more cardiac events before age 40 years and more beta-
blocker therapy. (4) Subgroup analysis showed more car-
diac events in LQT1 and LQT2 compound mutations com-
pared to single LQT1 and LQT2 mutations.

Twenty-six probands (8.4% of genotyped LQTS) were
found to have two variants in genes encoding ion chan-
nels (KCNQI, KCNH2, SCN5A4, KCNEI, KCNE2, or
KCNJ2). This incidence rate is in general agreement with
other studies that reported a prevalence of compound or
multiple mutations of 5% to 11% of genotyped LQTS
(Table 1),!1:18:25

Table 1 summarizes the genetic and clinical characteris-
tics of patients enrolled in previous studies and compares
them with the characteristics of patients enrolled in the
present study. Sanguinetti and colleagues reported that pa-
tients with compound mutations not only had longer QT
intervals than single mutation carriers but also had more
frequent cardiac events.'' However, Ackerman and col-
leagues demonstrated that, although compound mutation
carriers were diagnosed at a younger age than single muta-
tion carriers, they did not have significantly longer QT
intervals.'? The difference between these results might be
explained by half of the 20 compound probands in the
cohort of Sanguinetti et al possessing the common KCNE/-
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Pedigrees of the families associated with compound mutation probands.



