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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., Pu.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. 1A) 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 r’ 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.

Figure 1. A and B: ECG recording in lead V| and contrast-enhanced
computed tomography scan before and after chemotherapy, respectively.
Ao = Aorta; RVOT = right ventricular outflow tract.



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 (hERG) encodes the « subunit of the potassium current I, 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 Iy,. 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.)

Key Words: hERG m Hsp70 m Hsc70 m stabilization m long QT2

he human ether-a-go-go-related gene (hERG) encodes

the o subunit of a rapidly activating delayed-rectifier K™
current (/x,),'~* 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.5-8 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.®1911 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.82 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.!3 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.

HEK293 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. pPEGFP 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 (Ic, 1) 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 (Ic,;).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

APD,, 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
he 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 t09), 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
HEK?293 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 pmol/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 hERG
by immunoprecipitation. The anti-FLAG immunoprecipitates
(IPs) from hERG-expressing HEK293 cells contained endog-
enous Hsp70 and Hsc70 (Figure 5A). Both anti-Hsp70 and

Figure 1. Effects of Hsp70 /Hsc70 on the
levels of hRERG-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 III, 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 Iy, as the E4031-sensitive current in
control and HS- treated HL-1 cells. The possible contamina-

tion of other voltage-dependent currents was minimized by
adding 0.4 wmol/L nisoldipine to bath solution to block I, ; 2°
and by setting a holding potential at —50mV to inactivate
I, and to prevent activation of /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 I, is
the most prominent outward current in HL-1 cells. HS caused
significant increases in both /i, peak and tail currents (Figure
7A and 7B).

Because the mERG current is responsible for repolarization of
the cardiac action potential and I, is the dominant outward
current in HL-Icells,'®2? 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
(APDg,) without affecting resting membrane potentials. The
APDg, values in control and under HS treatment were
147.6%5.6 and 63.0=5.1 ms, respectively (Figure 7C, e). 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 APDy, values.

Because E4031 is a specific blocker of Iy,, comparing the
APDy, to that with and without E4031 treatment (the ratio of
APDy, E4031/APDy, control) clarifies the contribution of I,
to APDg,. As shown in Online Figure IV, HS treatment
significantly increased the ratio of APDg, E4031/APDy,
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 APD,, E4031/APD,, control,
suggesting that APD,, may normally be under Hsc70 control.
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Figure 3. Intracellular localization of hRERG-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) (=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, P596R, 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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