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Abstract

Congenital long or short QT syndrome caused by gene mutations is
well recognized as capable of predisposing to ventricular tachycardia and
sudden cardiac death. Apart from the rare disease-causing mutations,
common genetic variants in a neuronal nitric oxide synthase (NOSI1)
regulator, CAPON gene, have recently been associated with QT interval
variations in a human whole-genome SNP association study in 2006; this
association has been replicated in two different Caucasian populations in
2007. We have recently identified CAPON expression and interaction
with NOS1-NO pathways to modulate cardiac repolarization in the heart,
which provides the rationale for the association of CAPON gene variants
and extremes of QT interval in Caucasian populations. However, there are
at least three important issues remaining to be answered. Firstly, the
association of CAPON gene variants and extremes of QT interval has not
been documented in non-Caucasian populations; secondly, the role of
CAPON in cardiac repolarization is not clear in pathological or diseased
model, and lastly, CAPON-mediated modulation of excitation-contraction
coupling has not been investigated.

To answer the first question, we hypothesize that CAPON gene

viii



variants affect healthy Taiwan Chinese population and the CAPON gene
variants cause further QTc prolongation if the subjects are on
QT-prolonging drugs. Our strategies are to genotype two important
candidate SNPS, rs10494366 and rsl1415263, in a heroin-addicted
"healthy" Taiwan Chinese population who are undergoing methadone (a
QT-prolonging drug via blocking Ig,) treatment to assess the effects of
gene variants on the pre- and the post-treatment QTc intervals. This
approach is based on our preliminary data from a schizophrenic
population (n=58). We found that when the schizophrenic patients carry
the TT alleles at rs1415263, they tended to have QTc prolongation after
receiving risperidone (another QT-prolonging drug via blocking I,)
treatment (396.7+26.7 ms vs. 403.3+£20.6 ms), while those bearing the CC
or CT alleles did not. Interestingly, rs1419263, a highly significant SNP
associated with QTc prolongation in Caucasians did not affect the QT
interval in this Taiwanese population both before and after risperidone
treatment.

With the findings, we are motivated to investigate the influence of
CAPON gene variants on the development of QTc prolongation and

potential lethal ventricular tachyarrhythmias in a drug-addicted Taiwan
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Chinese population undergoing methadone treatment. This study might
enable us to identify a novel genetic risk factor for life-threatening
ventricular tachyarrhythmias occurring in this particular population while
undergoing methadone treatment and lead to development of new
therapeutic interventions to prevent sudden cardiac death.

In chapter 1, we stress the importance of studying QT interval and the
underlying ionic mechanisms responsible for QTc prolongation. In
addition to the well-known congenital long QT syndrome, Arking et al.
has identified a new genetic marker, CAPON (NOS1AP), as a novel QT
modifier in a recent genome-wide association study. This finding was
soon replicated and confirmed by 3 other studies in different populations.
As CAPON was previously unexpected to play a role in the heart, we
designed an animal study to explore the molecular functions of CAPON
in the heart. Additionally, we wanted to know whether the particular
CAPON gene variants are also associated QTc prolongation in a
Taiwanese population.

In chapter 2, we used in vivo gene transfer technique to overexpress
CAPON in guinea pig heart then exploring the cellular

electrophysiological remodeling after CAPON overexpression with and



without pharmacological intervention. For the CAPON gene variants and
QTc association study, we genotyped 24 CAPON single nucleotide
polymorphisms (SNPs) using a high throughput SNP array technique in a
heroin addiction population undergoing methadone treatment. We wanted
to answer the effects of CAPON gene variants on the QTc with and
without methadone.

In chapter 3, we found the expression of CAPON protein in the heart
and when CAPON is overexpressed, it interacts with NOS1-NO pathway
to affect the Ic,p and Ik, currents causing acceleration of cardiac
repolarization (shortening of action potential duration). The
electrophysiological remodeling of CAPON could be reversed by
L-NAME, attesting the mechanistic link of CAPON to NOSI-NO
pathway. In clinical part, we found low maintenance dose of methadone is
associated with QTc prolongation and methadone-associated QTc
prolongation appears to be gender-dependent. In this study, men appear to
be more susceptible than women to methadone associated QTc
prolongation. For the CAPON SNP association study, we found
rs10918594 C>G, CAPON variant but not rs10494366 T>G is associated

QTc prolongation in this Taiwanese population and use of methadone in
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patients with rs10918594 homozygous variant might potentiate the QTc
prolongation.

In chapter 4, we discussed the molecular mechanisms by which
CAPON modulated cardiac repolarization and pointed out several
potential limitations of the basic study. Indeed, future studies, particularly
using a CAPON knock-out model are necessary to further elucidate
CAPON function in the heart. For the clinical study, it seems that
rs10918594 C>G is also associated QTc prolongation in this Taiwanese
population, yet it needs to be confirmed in a larger population study and
the underlying mechanisms of gender-dependent susceptibility of
methadone associated QTc prolongation needs to be explored.

In chapter 5, we conclude that CAPON is a new QT modifier in the
heart which exists not only in the western population but likely also in
Aisan population. Therefore, people carrying the genetic variants might
be at a greater risk of developing serious ventricular tachyarrhythmias
and sudden death when superimposed with additional long QT conditions,
such as drugs and/or electrolytes imbalance.

Keywords: QTc, cardiac repolarization, sudden death, drug-addiction,

methadone
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% 1: &# % XM Long QT Syndrome &) %-%8 °

Congenital Long QT Syndrome
Genetics of Long QT Syndrome (LQTS )

Chromosome Ion Percent of
LQT Type Gene Locus Channel Effects LOTS
Autosomal-dorminant
( Romano-Ward )
LQTI1 (1991) KCNQI1 (KVLQT1) 11pl15.5 o~ subunit of I, 1 Ixs 50 %
LQT2 (1994) KCNH2 (HERG)  7q35-36 a- subunit of Ik, 1 I, 45 %
LQT3 (1994) SCN5A 3p21-24 a- subunit of Iy, 1t Ina 3-4 %
LQT4 (1995) Ankyrin-B 4q25-27 <1 %
LQT5 (1997) KCNE! (minK)  21g22.1-22.2  B- subunit of I, 1 I <1 %
LQT6 (1999) KCNE2 (MiRP1) 21q22.1-22.2 - subunit of I, I <1%
%

LQT7 (2001) KCNIJ2 17923 Kir2.1 1 Iy <1
Autosomal-recessive

(Jervell and Lange-Nielsen )

JLN1 KCNQI (KVLQTI1) 11pl5.5 o~ subunit of I, 1 Ixs <1
JLN2 KCNE1 (minK) 21922.1-22.2 B-subunit of 7k, 1 Ixs <1
LQT8:CACNAI1C ( Timothy syndrome ) --- Ca,1.2

LQT9: Caveolin-3---1 late Iy,

LQT10:SCN4B--- 1 late Iy,

LQTI11: AKAP9, Yotiao--- | /.

LQT12: SNTAL, a-1 Syntrophin--- 1 late Ix,
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binding ( PTB ) domain #v — 4B carboxyl-terminus &) PDZ binding
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domain> 7 % 48 8§ CAPON =] 1435 i Fv PDZ domain #54£ 4 > #v PSD95
W8 NOS1 #y %4 > i MmiE NMDA-NOSI-NO #93R &(% E #5182
| 3p 4] CAPON ] £L37, & NOSI #y regulator Fv adaptor> @] tAfe NOS1
TEARGERGETH TN AEEER (B 3) 8% 4k CAPON £ F &

LS ERNM AL AT BT

CAPON protein in neuron 1) Jaffrey, Neuron 1998

490 503 2) Fang, Neuron 2000
20 180 3) Jaffrey, PNAS 2002

Caz* Ca?*
NMDA receptor NMD A receptor
membrane membrane
cytoplasm cytoplasm
ytop C‘S m pPSintels ytop C,\S m PSD95
PDZ-PDZ binding ey,
}Dexras1—GDP
NOS1
. A NOST g5t \
f Dexras1-GTP
Ca2*/Calmodulin A NO
Caz*/Calmodulin SNO +

Bl 3 : Jaffery et al. & E 3 CAPON £fv @ mfiadh € R A5 °

NOSI1 #2 NOS3 /iy & £ AL i & Z 3740 itk & i » NOSI 7] fu
tm BB F ey Na'-K" ATPase #2 Ca*'/calmodulin-dependent Ca®* ATPase
(PMCA)RX ZAE R » £ 8 49 (sarcoplasmatic reticulum » SR) NOSI
J£ 45 #% F 91 ryanodine receptor 2 (RyR2) & cardiac SR Ca®" ATPase

(SERCA2) BF &4 UHAG mip W45 B R B E-WIE LS
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Cloning of CAPON ¢cDNA, Plasmid Construction, and Adenovirus
Preparation. Total RNA was extracted from the ventricular myocardium
of adult guinea pig with an RNEasy mini kit (Qiagen) according to the
manufacturer's instructions and then quantified by a UV spectrometer.
Total RNA (2 mg) was subjected to a 20.5-ml reverse transcriptase
reaction to synthesize cDNA after the SuperScript II first-strand cDNA
synthesis protocol (Invitrogen). The full-length CAPON cDNA was
cloned and amplified by PCR using the first-strand cDNA as template
with a forward primer of 5-ACCATGCCCAGCAAAACCAAGTAC-3'
and a reverse primer of 5-CTACACGGCGATCTCATCAT-3'. The
CAPON cDNA PCR product was inserted into pTOPO (Invitrogen)
plasmid to generate pTOPO-CAPON, according to the manufacturer's
protocol. The CAPON c¢DNA was then cut out of pTOPO-CAPON from
the Nsil restriction enzyme site and ligated with the compatible Pstl site
in the multiple cloning sites of AdCIG plasmid to generate the adenoviral
plasmid, pAdCMV-CAPON-IRES-GFP, capable of coexpressing GFP as

a reporter. The construction of the adenoviral plasmid was verified by



multiple restriction enzymes digestion testing and DNA sequencing.
Adenovirus vectors (AdCAPON-GFP) were produced by Cre-lox
recombination of purified y5 viral DNA and shuttle vector DNA as
described in previously. Overexpression of CAPON protein was
confirmed by Western blotting and immunofluorescent staining. The
recombinant viral products were plaque-purified, expanded, and then

purified to generate the concentration in the order of 10" pfu/ml.

Western Blot Analysis. Fresh ventricular myocardium and brain and
lung tissues were harvested from adult guinea pig and rapidly frozen in
liquid nitrogen and stored at -80°C for further processing. The
preparation and quantification of the frozen protein tissues have been
described. Briefly, the tissue samples were homogenized in a 4" volume
of RIPA buffer (Sigma-Aldrich) plus complete protease inhibitors
(Roche). The protein concentration was determined by Lowry assay.
Each protein sample was heated in SDS sample buffer and loaded on a
4-12% gradient Bistris Nu-PAGE gel (Invitrogen). Proteins were
transferred to polyvinylidene difluoride (Bio-Rad) or nitrocellulose
membrane (Invitrogen) in transfer buffer without SDS. According to the

experimental purposes, blots were probed with primary antibodies,



including a rabbit polyclonal antibody against the C terminus of CAPON
(sc-9138, 1:200-1:1,000 dilution; Santa Cruz Biotechnology), a mouse
monoclonal anti-NOS1 antibody (sc-5302, 1:200 dilution; Santa Cruz
Biotechnology), or a rabbit polyclonal anti-NOS3 antibody (sc-654, 1:200
dilution; Santa Cruz Biotechnology), respectively, and detected by
SuperSignal West Femto chemiluminescent reagents (Pierce) with an
anti-rabbit (sc-2004; Santa Cruz Biotechnology) or anti-mouse (GE
Healthcare) secondary antibody coupled to horseradish peroxidase. To
verify CAPON bands, blots were also probed with a goat polyclonal
antibody against the N-terminal epitope (2-14 aa) of CAPON (ab3928,
1:200-1:1,000 dilution; abcam) for comparison. For GAPDH
normalization, blots were incubated in the stripping buffer containing
62.5 mM TrisxHCI (pH 6.7), 2% SDS, and 100 mM b-mercaptoethanol at
50°C for 30 min, followed by reacting with a mouse monoclonal antibody
to GAPDH (Fitzgerald Industries International, Inc.) and visualized by
using SuperSignal West Pico chemiluminescent agents (Pierce) with an
anti-mouse secondary antibody (GE Healthcare). For protein samples
from the culture ventricular myocytes, the GAPDH was probed by a goat

polyclonal antibody (IMG-3073, 1:15,000 dilution; IMGENEX,) and

10



detected by SuperSignal West Femto chemiluminescent substrates (Pierce)
with an anti-goat secondary antibody (sc-2020; Santa Cruz

Biotechnology).

Coimmunoprecipitation of CAPON and Nitric Oxide Synthase
(NOS). The rabbit anti-CAPON antibody (sc-9138; Santa Cruz
Biotechnology) or the rabbit anti-NOS1 antibody (sc-648; Santa Cruz
Biotechnology) was bound and immobilized to a protein G support with
cross-linking agent (DSS) according to the manufacturer's instructions
(Pierce). The tissue homogenates from normal guinea pig ventricular
myocytes were immunoprecipitated overnight with the antibody-protein
G complex at 4°C. After an extensive wash, the immunoprecipitated
antigens were then eluted and became the samples for Western blotting.
To prepare the sample for Western blot analysis, 5 ml of sample buffer
(Pierce) was added to a 20-ml elution sample and boiled at 100°C for 5
min before SDS/PAGE. To probe NOS1, NOS3, and CAPON, the blots
were reacted with the monoclonal mouse anti-NOSI antibody (sc-5302;
Santa Cruz Biotechnology), the rabbit polyclonal anti-NOS3 antibody
(sc-654; Santa Cruz Biotechnology), and the rabbit anti-CAPON antibody

(sc-9138; Santa Cruz Biotechnology), respectively, and then detected
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with  SuperSignal West Femto chemiluminescent reagents with
corresponding secondary antibodies. For control experiments, the
ventricular myocardial homogenates were incubated overnight with
antibody-free protein G complex and then processed in the same ways for

Western blot analysis.

Cell Culture and Adenovirus Transduction. HEK293 cells
(American Type Culture Collection) maintained in DMEM (Invitrogen)
with 10% FBS (Invitrogen) and 1% penicillin/streptomycin (Invitrogen)
were seeded at ~50% confluence in T25 flasks (Salsdect) and cultured in
a 5% CO, and 37°C environment. Cells were transduced with 10 ml of
AdCAPON-GFP at 80% confluence and cultured for 48 h to ensure
adequate transgenic expression. Cells were then harvested, lysed,
homogenized, and subjected to Western blotting as described above. A
T25 flask of HEK293 cells of same confluence without viral transduction
was used as a control. For myocytes culture, the freshly isolated
ventricular myocytes dispersed in DMEM with 5% FBS and 1%
penicillin/streptomycin were plated into 6-well culture dishes precoated
with laminin and cultured for 1 h to let cells attach to the bottoms of the

culture dishes. Then, the medium was replaced with fresh medium, and
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cells were infected with ~10° pfu/ml AACAPON-GFP or AdGFP or not
infected with either virus and cultured for 2 days. After that, cells were
harvested for Western blot analysis. To compare the NOS1 level in
freshly isolated ventricular myocytes, when the cells became attached to
the bottoms of the culture dishes 1 h after plating, the medium was
replaced with AACAPON-GFP-containing or noncontaining DMEM, and
then the cells were harvested immediately for protein analysis, which was

designated as 0 h of cell culture.

Immunofluorescent Staining and Confocal Microscopic Imaging.
Freshly isolated guinea pig ventricular myocytes were attached to
coverslips precoated with laminin, fixed in 4% paraformaldehyde, and
then permeabilized with 0.2% Triton X-200. After blocking with 10%
normal goat serum, the myocytes were reacted overnight with the rabbit
polyclonal anti-CAPON antibody (sc-9138, 1:50-1:100 dilution; Santa
Cruz Biotechnology) at 4°C, followed by a Texas red-conjugated
anti-rabbit secondary antibody (sc-2780; Santa Cruz Biotechnology).
Background fluorescence caused by unspecific binding of the secondary
antibody was estimated by omitting preincubation with primary CAPON

antibody in a subset of myocytes. Nuclear counterstaining was carried out
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by using a DNA-specific dye, Hoechst 33342 (Molecular Probes).
Ventricular myocytes were examined by a laser scanning confocal
microscope with multiple track techniques (LSM510; Zeiss). Texas red
was excited by helium/neon laser (543 nm), GFP by argon laser (488 nm),

and Hoechst by diode UV laser (405 nm).

In Vivo Gene Transfer and Myocyte Isolation. Adult guinea pigs
(weight, 300-400 g) were anesthetized with 4% isoflurane, intubated, and
supported by a ventilator with a maintenance isoflurane dose of 1.5-2%
during the operation. The guinea pigs then underwent open-chest
intramyocardial injection of the adenoviral vectors, 2x10' pfu/ml
AdCAPON-GFP, or 3x10' pfu/ml AdGFP into the left ventricular apex
with a total volume of 200 ml by using 30-gauge needle as described. The
ventricular myocytes were isolated 72 h after in vivo gene transfer,
typically within 3-5 days, with standard techniques. The transduced
ventricular myocytes were judged by their vivid green fluorescence by

using a xenon arc lamp at 488/530 nm (excitation/emission).

Electrophysiological and Pharmacological Studies. Experiments
were performed by using whole-cell patch clamp technique with an

Axopatch 200B amplifier (Axon Instruments) while sampling at 10 kHz
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for current recordings or 2 kHz for voltage recordings and filtering at 2
kHz. Pipettes had tip resistances of 2-4 MW when filled with internal
solutions. All recordings were performed at 33 £1°C, but Iy, was
recorded at room temperature (22°C). Cells were superfused with a
physiological saline solution containing 140 mmol/liter NaCl, 5
mmol/liter KCI, 2 mmol/liter CaCl,, 1 mmol/liter MgCl,, 10 mmol/liter
Hepes, and 10 mmol/liter glucose; the pH was adjusted to 7.4 with NaOH.
The pipette solution was comprised of 100 mmol/liter potassium aspartate,
20 mmol/liter KCI, 1 mmol/liter MgCl,, 5 mmol/liter Hepes, 5 mmol/liter
EGTA, 5 mmol/liter MgATP, and adjusted to pH 7.3 by KOH. Action
potentials were elicited continuously by brief suprathreshold depolarizing
current pulses at 1, 2, and 0.05 Hz until steady state was reached. APD
was measured as the time from overshoot to 10% (APD,y), 25% (APD,s),
50% (APDsg), 75% (APD7s), and 90% repolarization (APDy). For Ix; and
total Ix recordings, 10 mM nitrendipine (Sigma-Aldrich) was added to the
external solution to block calcium currents. For separation of Iy, and I,
after recordings of the total Ik, cells were exposed to 30 mM chromanol
293B (Aventis Pharma) to fully suppress the Iy, and to obtain the

remaining Ig,. For measurement of Ic,1, the external solution contained
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128 mmol/liter NaCl, 10 mmol/liter CsCl, 1 mmol/liter MgCl,, 10
mmol/liter NaHepes, 2 mmol/liter CaCl,, adjusted to pH 7.4 by HCI; and
the pipette solution consisted of 110 mmol/liter CsCl, 0.5 mmol/liter
MgCl,, 10 mmol/liter Hepes, 20 mmol/liter tetracthylammonium chloride
(TEA-CI1), 5 mmol/liter BATPA, 5 mmol/liter MgATP, adjusted by pH
7.2 by CsOH. To measure Ic,;, the Iy, was steady-state-inactivated by a
prepulse from -80 to -40 mV, and the membrane potential was held at -40
mV throughout the recordings. Iy, was recorded by using symmetrical 10
mmol/liter Na" with external solution containing 10 mmol/liter NaCl, 2
mmol/liter MgCl,, 5 mmol/liter CsCl, 120 mmol/liter TEA-CI, 20
mmol/liter Hepes, adjusted to pH 7.4 by NaOH; the internal solution
contained 10 mmol/liter NaCl, 140 mmol/liter CsCl, 10 mmol/liter Hepes,

adjusted to pH 7.2 by CsOH.

Because CAPON is a regulator and adaptor of NOS1, to understand the
role of the NOS-NO pathway in CAPON overexpression-mediated
electrophysiological changes is mechanistically important. For this
purpose, freshly isolated ventricular myocytes from the same animal were
divided into two fractions; fraction 1 was pretreated with 1 mM
L-N®-nitro-L-arginine methyl ester (L-NAME) (Sigma-Aldrich) for 30
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min before the patch clamp study and then continuously exposed to the
same concentration of L-NAME in the bath solution throughout the study,

whereas fraction 2 was not exposed to L-NAME for comparison.

Intracellular NO Imaging with DAR-4M AM. DAR-4M AM
(AXXORA) is a membrane-permeable rhodamine-based chromophore,
capable of detecting intracellular NO as low as 7 nM. When incubated
with cells, it enters the cells because of the presence of the acetoxymethyl
ester (AM) moiety. Once inside the cells, the AM moiety is hydrolyzed
by cytoplasmic esterase to form the membrane-impermeable DAR-4M.
When NO is produced intracellularly, DAR-4M can react with it to form
a triazole compound, DAR-4MT. DAR-4MT is a stable,
membrane-impermeable, and fluorescent compound that can be
visualized with a fluorescent microscope with rhodamine filter. For
chromophore loading, freshly isolated ventricular myocytes dispersed in
DMEM without phenol red (GIBCO) were incubated with 10 mM
DAR-4M AM in 35-mm glass-bottom culture dishes (P35G-0-14-C;
MatTek Corporation) for 30 min at room temperature or incubated at
37°C with the addition of 2 mM L-arginine (Sigma-Aldrich) for 60 min.

After incubation, the extracellular chromophore was carefully washed
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away by DMEM without phenol red three times. The cells were then
subjected to confocal microscopic imaging by using an LSMS510 system
with an excitation wavelength of 543 nm and emission wavelength of 560
nm to image the NO fluorescent marker in CAPON-overexpressing
ventricular myocytes and control myocytes. The fluorescent intensity was
quantified by LSM510 software. L-NAME (2 mM) and sodium
nitroprusside (1 mM; Sigma-Aldrich) were used to inhibit or enhance the
NO fluorescent marker to verify the specificity of NO detection by

DAR-4M AM chromophore.

ot ERRME
Study Subjects Evaluation

Between September 2008 and May 2010, consecutive heroin
dependence patients admitted to outpatient methadone clinics of the
Division of Addiction Psychiatry of China Medical University Hospital,
Taichung, TAIWAN were recruited for the study. The diagnosis of opioid
dependence was according to DSM-IV criteria made by a specialist in
psychiatry. Eligible male or female patients who had opioid addiction

history of more than 1 year should be aged =18 and =65 years with
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good physical health determined by complete physical examination,
laboratory tests, and a 12-lead ECG screening for entry of the study. To
be eligible, patients or their reliable caregivers are being expected to
ensure acceptable compliance and visit attendance throughout the study
period. Patients were excluded from the study if they are currently with
severe physical and mental disorders including an uncontrolled and/or
clinically significant cardiac, hepatic or renal dysfunction as well as
premorbid mental retardation or multiple substances dependence that
would compromise patient safety or preclude study participation. Women
of childbearing potential, not using adequate contraception as adjusted by
investigators or not willing to comply with contraception for the duration
of the study and females who are pregnant or nursing were also excluded
from the study. The Institutional Review Board for the Protection of
Human Subjects at China Medical University Hospital approved this
study protocol. At baseline (immediately before methadone induction), a
complete medical history, physical examination and laboratory tests were
obtained. Each individual subject gave a signed informed consent before
inclusion. Recent drug and alcohol use was assessed by patient report.

Particular attention was given to screen for medications affecting cardiac
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conduction, repolarization, or methadone metabolism. All patients
received a 20 mg starting dose of oral methadone followed by subsequent
10 mg incremental increases. Doses were titrated to maintenance levels
based on self-reported heroin use, presence of opioid withdrawal
symptoms, and urine toxicology evidence of illicit opioid abuse. A
standard digital 12-lead electrocardiography (ECG) (GE Healthcare, USA)
was performed when the participants underwent stable methadone
maintenance treatment program, typically > 1 month after initiation of
methadone. In laboratory, urine toxicology assays for illicit opioids and
amphetamines were performed at regular intervals during the study. The
psychiatric  evaluation tools consisted of Mini International
Neuropsychiatric Inventory (MINI) and Structured Clinical Interview for
DSM-IV, Addiction severity index (ASI) and Tridimensional Personality
Questionnaire (TPQ) for a comprehensive patient assessment and care.
Electrocardiographic Measurements

All 12-lead ECGs were recorded by a GE Marquette’s MAC 5500
ECG recorder (GE Medical Systems, Milwaukee, WI, USA), using a
standardized protocol with special attention to precise localization of each

electrode. A 10-second resting 12-lead ECG recorded at a sampling
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frequency of 500 Hz and was digitally transmitted and stored to the
MUSE system (GE Marquette) at the core ECG laboratory of China
Medical University Hospital for subsequent analysis. All the stored ECGs
were visually inspected by an experienced cardiologist blinded to the
study to exclude those with technical errors and inadequate quality before
being processed for automatic measurement by the 2001 version of the
Marquette 12SL program (GE Marquette). The machine-read QT interval
measurements were based on a "Global Median" beat, a superimposition
of 12 representative median beats. The 12SL measures the earliest onset
of the Q wave in any lead and the latest offset of the T wave in any lead
to derive the QT interval which was then corrected by heart rate (QTc)
using Bazett’s formula (QTc=QT/RR"?). The 12SL algorithm includes the
U wave in the QT measurement if the U wave merges with the preceding
T wave. Otherwise, the U wave is excluded from the QT measurement. A
12-lead ECG was obtained when the subjects were receiving stable
maintenance methadone treatment, typically one month after the initiation
of methadone. The ECG recording was performed after observed intake
of individual participant’s daily methadone. To study the cross sectional

association between oral methadone doses and QTc duration, all eligible
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ECGs from subjects undergoing maintenance methadone therapy were
used. In a subset of participants, ECGs were obtained before, 1 month
and 3 months after the initiation of methadone therapy to assess the
chronological changes of the QTc intervals. ECGs with a wide QRS
duration of > 120 ms caused by complete right or left bundle-branch
block, ventricular preexcitation, or intraventricular conduction delay were
excluded from analyses. In addition, we also exclude ECGs with atrial
fibrillation and evidence of myocardial infarction to avoid potential
non-methadone influence on the QT intervals. Similarly, other
confounding factors that might affect the QT duration at the time of ECG
recording including the concomitant use of any other QT-altering drugs,
electrolyte imbalance with hypokalemia or hypocalcemia are excluded
from analyses.

In laboratory, urine toxicology assays for illicit opioids and
amphetamines will be perform at regular intervals during the study and
blood samples will collect to extract DNA before initiation of methadone.

1.Inclusion criteria

Patients must meet all of these inclusion criteria to be eligible for

enrollment into the study:
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A. Capacity and willingness to give written informed consent

B. A diagnosis of opioid dependence according to DSM-IV criteria
made by a specialist in psychiatry

C. Male or female patient aged =18 and =65 years

D. Good physical health determined by complete physical
examination, laboratory tests, and EKG

E. Patient or a reliable caregiver can be expected to ensure acceptable
compliance and visit attendance for the duration of the study.

2.Exclusion criteria

The presence of any of the following will exclude a patient from study
enrollment:

A. Current evidence of an uncontrolled and/or clinically significant
medical condition, e.g., cardiac, hepatic and renal failure that
would compromise patient safety or preclude study participation.

B. Premorbid mental retardation

C. Current Other major Axis-I DSM-IV diagnosis other than opioid
dependence such as multiple substance dependence

D. Increase in total SGOT, SGPT, gamma-GT, BUN and creatinine by

more than 3X ULN (upper limit of normal)

23



E. Women of childbearing potential, not using adequate contraception
as per investigator judgment or not willing to comply with
contraception for the duration of the study.

F. Females who are pregnant or nursing.

3. Evaluation tools

A. Mini International Neuropsychiatric inventory (MINI) and
Structured Clinical Interview for DSM-IV: for psychiatric disorder
evaluation and diagnosis

B. Addiction severity index (ASI): evaluation of substance related
family, physical, occupational, legal, economical factors

C. Tridimensional Personality Questionnaire (TPQ): Self rating scale,
TPQ, will be used as an instrument to investigate the personality
trait of the patient with opioid dependence. The Chinese version of
the TPQ used in the present study is a 100-item, self-administered,
true—false instrument. Consisting of two subscales, the Cronbach’s
o of the novelty-seeking subscale (NS) was 0.70, and that of the
harm-avoidance subscale (HA) was 0.87. Since the reward
dependency (RD) dimension has no adequate reliability among

Han Chinese in Taiwan, only NS and HA dimensions will be
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analyzed in this study.

DNA extraction and genotyping

We will obtain DNA from the participants via blood by phlebotomy.
DNA will be extracted from blood samples using standard procedures. All
samples will be obtain on 9 A.M. before and after 6 weeks of treatment
and 10 ml blood will be obtain. After extracting of DNA and mRNA of
blood mononuclear cells, the sample will be storage under -807C.
Genotyping of the two candidate SNPs of CAPON, rs10494366 and
rs1415263, will be performed by using 1 ng genomic DNA extracted
from leukocytes, as previously reported.
DNA extraction, amplification, and mutation screening:

Total genomic DNA was extracted from 10 to 15 ml of venous blood
from each participant after informed consent was obtained. DNA was
purified from lymphocyte pellets according to standard procedures using
a Puregene kit (Gentra Systems, Minneapolis, MN) or the
phenol-chloroform extraction method. Twenty-four SNPs spanning the
non-coding region of CAPON gene were identified using GenBank
database. Multiplex PCR and SNP analyses were performed with the

GenomelLab SNPstream genotyping platform (Beckman Coulter Inc.
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Fullerton, CA) and its accompanying SNPstream software suite. The
primers for the multiplex PCR and single base extension primers were
optimally designed by Web-based software provided at Beckman Coulter
Inc. PCR primers were designed to amplify a short stretch of DNA (90 bp)
that encompasses the SNP of interest. The tagged extension primers used
to identify the SNPs were designed in two parts. The 5' portion of the
probe is complementary to one of 12 unique single stranded DNA
oligonucleotides that are microarrayed at a specific location within each
well of a 384-well microplate. The 3' portion of the probe is
complementary and precisely adjacent to the SNP, which enables
detection of the presence of either or both nucleotides of the SNP through
the incorporation of a fluorescent-labeled terminating nucleotide.
Twelve-plex PCR reactions were performed in 384-well plates (MJS
BioLynx, Brockville, ON) in a 5 pl volume using 6 ng of DNA, 75 uM
dNTPs, 0.5 U of AmpliTaq Gold (Perkin-Elmer, Wellesley, MA), and the
24 PCR primers at a concentration of 50 nM each in 1 X PCR buffer.
Thermal cycling was performed in GeneAmp PCR system 9700 thermal
cyclers (Applied Biosystems, Foster City, CA) using the following

program: initial denaturation at 95 °C for 5 min followed by 40 cycles of
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95 °C for 30 s, 50-55 °C for 55 s, 72 °C for 30 s. After the last cycle, the
reaction was held at 72 °C for 7 min. Following PCR, plates were
centrifuged briefly and 3 pl of a mixture containing 0.67 U Exonuclease I
(Amersham Pharmacia, Buckinghamshire, UK) and 0.33 U shrimp
alkaline phosphatase (Amersham Pharmacia) were added to each well.
The plates were sealed and incubated for 30 min at 37 °C and at 95 °C for
10 min. The tagged extension primers were extended with single
TAMRA- or bodipy-fluorescein-labeled nucleotide terminator reactions
and then spatially resolved by hybridization to the complementary
oligonucleotides arrayed on the 384-well microplates (SNPware Tag
array). The Tag array plates were imaged with a two-laser, two-color
charged couple de- vice-based imager (GenomeLab SNPstream array
imager). The 12 individual SNPs were 1dentified by their position and
fluorescent color in each well according to the position of the tagged
oligonucleotides. Sample genotype data were generated on the basis of
the relative fluorescent intensities for each SNP and computer processed
for graphical review. PCR was performed on 50 ng of genomic DNA
with a GeneAmp PCR system 9700 thermocycler (Applied Biosystems).

The Touchdown PCR cycling condition was performed as follows: initial
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preheating step for 11 min at 95 °C to achieve a hot start, followed by 12
cycles of 94 °C for 20 s, 68 °C for 20 s, and 72 °C for 45 s, the annealing
temperature decreased 0.5 °C per cycle until 62 °C; followed by 30 cycles
of 94 °C for 20 s, 62 °C for 20 s, and 72 °C for 45 s; with a final
elongation at 72 °C for 10 min. Amplified PCR products were separated
by agarose gel electrophoresis and visualized by staining with ethidium
bromide. They were then purified in purification columns (QIAquick;
Qiagen, Valencia, CA) and sequenced using dye terminator chemistry
(BigDye Terminator ver. 3.1 on a model 3100 Genetic Analyzer; Applied
Biosystems, Foster City, CA). Sequences were trimmed for quality and
aligned using BioEdit software (version 5.0.6). Normal and affected
individual DNA sequences were aligned to the known reference genomic
sequence (GenBank NT 011362), available via the National Center for
Biotechnology Information (NCBI) database and compared for sequence

variation.
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Statistical Analysis

All continuous variables are expressed as mean + SD and all
categorical variables are expressed as count (percentage). Two-sample t
test, paired t test and chi-square test were used to perform univariate
comparison. Pearson’s correlation, simple and multiple regression models
were used to assess the association between QTc intervals and methadone
doses. All analyses were performed for male and female separately. The
variables in the model included age, gender, methadone doses, age at
exposure to heroin, duration of heroin addition, duration of methadone
treatment and the QTc intervals. The relations between gender and
clinical variables such as SGOT, SGPT, y-GT, HBsAg, and HCV Ab
were assessed with the use of a Fisher’s exact test. The QTc intervals
were compared with the two-sample t-test for the normal and abnormal
groups according to the classification from SGOT, SGPT, r-Gt, HBsAg,
and HCV Ab. All statistical tests were two-sided, and a p value of less
than 0.05 was considered to indicate statistical significance. Analyses
were performed with the use of SAS software (version 9.1, SAS

Institute).
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To examine the association of the SNP, we used the y2 test to
compare the alteration of genotypes between patients and controls. The
v2 test evaluates the difference between the observed genotype frequency
and the expected frequency under the null hypothesis of no association.
However, when the expected frequency is small, the Fisher exact test is
conducted instead. Bonferroni correction was applied for the multiple
tests. Next, all detected SNPs were assessed for Hardy-Weinberg
disequilibrium using the y2 test. We conducted logistic regression
analysis with a stepwise approach. The independent variables were values
of SNP (homozygote, 2; heterozygote, 3; wild type, 1). The covariates of
interactions between SNP were also included in the model. The final
optimal model contains the statistically significant variables (SNP) that
were selected by the stepwise procedure. These statistical analyses were

performed using SPSS software (ver. 10.1; SPSS Science, Chicago, IL).

30



F=% HMA&ER

F—8h AR
aEHFANRME CAPON £ Ul &E

FA791% - Western Blotting &9 34t > # XM B 69 £ S FHLF I
CAPON protein % 3£ 3 JL &Y protein bands Fv fit§ & A 48 8% protein bands
Ve ¥ HATEFI AR TR KN IRMEE capon A Sh » H A48 A AR TR
# #H %% (AJdCAPON-GFP) # CAPON i E % iE» HEK293 4 -
Western Blot &4 4 3 88 71w AL i 28, — 1B 60-Kda protein band » 48 & # 19
JePE#y full-length CAPON » £ 70-Kda protein band > ] 4& & CAPON
BEZUSRIFFENRRE  EREIEHL  EONABIBR—1F
30-Kda band > #87& #> short-form CAPON » 3 4h 4+ #1032 8 F 4a
BoAE %75 B % 4 & 88w CAPON protein £ %m it 5 A% 3t 45 4 i,
Mitmin L B B A ik ey I & 0 £ CAPON 8 R Z &y Lt b 2
RERZEAEBRE > BrRmEAEFTARS (AICAPON-GFP)

(B 4)-

31



A B

HEK 293 Guinea Pig

NT T Lung VM Brain
80 —

60 — . — CAPON-L

30 — eE—D e - e @ —CAPON-S 2

"D e = @GP c-roH

B 4 : CAPON £ OBk & EMEIE - A . Western blot ; B #,7% 4a iy

e o

MRERAG IR G TAE

BTHETRFAEFEAT IR ARG i E A R REF T
945 8 F+ & R %N AJAGFP ¥ A ( transduction ) #1 Kk ¥ A
(non-transduction) #9.slémfe, - EHEA ML L EBENEERE (H
5A-B) R TRAFBRBIRETReB T ALY LY BRI A

He ¥ i — H b E A 145 M AAJCAPO-GFP H A 82 & B A 648 Bl e

fieL o

CAPON i B & 3% Aoif o5 F 4o IO S 1F AL
f 1-Hz & 4% 0% > CAPON B E kWS mn=94%

APD]()‘APD50‘APD75 ;’51- APD90 §7\/‘3'J F%é 540+7.2~198.8+8.1~221.8

32



+7.9 8 2339+7.7ms > M¥ERZ AR A 96.6+11.5291.0 +
164 ~316.1+17.2 $2 3275+ 179 ms (n=13, P<0.05) (B 5 C-E) - %&
B > CAPON @ & % & B34 APDy, 4543 28.6% » - Z &Kk —F

TR T TR GBI Bl -

A B F Control CAPON
control Control GFP
4007 EEGFP - 0
—_ [N
m _ -2
g a00f ens A 18
= o
& 200 S 6
o x .8
< 100 3 =
a -10
12 p=NS

C CAPON-1 Hz
5
S 4
: 3 4 12
] 4 -6
S 3
s 10 p<0.05
=1 LS ===
100 ms 14-
D E z 1 Hz APDy, H pA/pF
400 -o- Control 500 0-30-20-10 ,010 20 30 40 50 §0 mv
g3 Z 400
z, £ ~-CAPON
[ a 300
< % —o-Control
100 200

- %% : p<0.001
L] 25 50 75 100
Repolarization (%)

100

B 5 : CAPON AL ia oS S 458 F TR -

L-type 458 F &k

PR 2 S L B AR Lh ik 0 CAPON 8 & ¥ 890 Wlde i B 5% B
B EA RV (-7.2 £ 0.5 pA/pF, at +20 mV, n=38 vs. -11.0 + 1.0 pA/pF, at
+10 mV, n=12; P<0.05) (B 5F-G) %8 m=% » &£ CAPON & %
By S LG R4S 8E T 5% E 40k 3596 © M peak current density-voltage

relationship (I-V curve) 5#7 %~ 4 CAPON i &k Z o) SilLtafe » H

33



B E A -30mV 2]+H40mV - H458FERFAB R (B SH):
B dm i 69458 T E R ) 0 T H 2% CAPON B & E X S HLsa

L EhVE B 4B 48 ©

BT ER

INBETF T AT A2 CAPONBE (328 E% (B 6A-B)-

M 2 478k F E R (Outward Rectifier Potassium Current)
AERZERSSEIA a8 hFE2EE @ s B2 E R Bp iR &
b+ ER (Ix) REBRMFLETR (Iks) Ra T4 LEHE
T ey T RH 0 £ CAPON BE R A HBETRABE » B
18 — 4% B 1404 I FAET & chromanol 293B 2R -8k I, & Iy, &AM
B4 capon B K E AL I, &) RE EIRE K I h
(0.92+0.07 pA/pF, n=10 vs. 0.61 £ 0.08 pA/pF, n =7 ; P <0.05)( B 6
C-D) BMEERB TR T T ETHRRD I Ik By EAEF B

CAPON & ALt i 2 B BB 4553 o

%) P9 A 2 498 F B 7 (Inward Rectifier Potassium Current » Iy;)

MR TER (k) k%% CAPON 9% (B 6E ) -

34



A Control CAPON B pA/pF
-80-70-60-50-40-30-20-10 10 20 v
m

||||||||

0 pA
p=NS
20 pAIpF|
20 pAlpF —-o— Control

10ms - CAPON 50
10 ms D
5 -
+40 mV = "g 257 oens I Control
= 2.0 N CAPON
: —_—
(E) ['H
-40 m\- e = 29- 1.51 p<0 05 pens
E 2 1.0
+ chromanol 293B § 0.5 ’_-r_‘ E
0.0-!

IKr

0.7 pA/pF E pA/pF
2 10_
5_

=NS
Control P

—— mV
-120100-802-60 -40 205_ 20 40 60 80

+ chromanol 293B -10+ —o— Control

151  ——cAPON
-20-

0.7pApF|_ -25-

2s w0

B 6 : CAPON AL S AL4a o s7 3T T im o

CAPON #£ NOS1 BE&-ZF G R EHHA

A7k 2 full-length CAPON #2 short-form CAPON #§ B £ .S B &
i 3B CAPON @R R:F®ZBRD T EMR > RIER Ik TR
RAF WL i 2 B VE EAL M 484K > BA 4 F 4R 3T CAPON 38 B R ER
ST AR RYUERFTEHAE NOS-NO 248 » & h&KMER
CO-IP Western blot 2k #£ 3+ CAPON-NOS R &a-&%ax &kl » LH X
2 RS WLka BE b 34 4 R4 0 SoAe anti-CAPON =% anti-NOS|1 448
Protein G complex #%,7% & f& 1% LA SDS/PAGE 42k > &4 5] A CAPON

NOS1 82 £ R JE > #4925 3, CAPON 2 F2 NOS1 (B 7 A-B) iy R Fu

35



NOS3 (B 7 C-D) H&R %%tk » 12184 £ 8~ CAPON f» NOSI

7 & F0 NOS3 R & 4 3248 558 -

A Qe B Oe
¢ > % &
N NS < > N &

— 120

-_— 220
CAPON—LE \
NOS1—> - ' ‘ - — 0

CAPON-S — s — 30
WB: NOS1 WB: CAPON
C 2 D N
< &
' g ®)
S F P\ <
NOS3 —> mal CAPON |: F
WB: NOS3 WB: CAPON

B 7: CAPON £ NOS1 A EREZOHEGZIRE/HR -

CAPON i8 f % i NOS1 &% NOS1

%7 T # CAPON 8 & i#0F NOSI & G4ofT s 8 > 3o #kay o
Z AL fm f 3k % AJCAPON-GFP 2% AdGFP = in vitro 2 B # A - 2,
AESIEMEAREIA > AR EA B2 F 4 AIGFP 84 % 100% (B 8
A) > f£ AACAPON-GFP %4 % 50% (B 8A) > in vitro CAPON # H
HATTH CAPON Gty kEEH s 1.94% (B 8B) Rt

A2 A ' NOS1 & & £ 4& AACAPON-GFP E A k2 A B A

36



SHLta A R (B 8C) T AALD 403+ 23 NeFetmpait &
#% " NOSl e kB AR FABE L AIGFP F A8y Sl LA
BB T % > Mfe AACAPON-GFP E A &40 Hlim i B 2 3045 &2 13

Ao > (2.78 £1.7596 vs. 18.54+5.999%, P<0.05) (B 8D) -

A BF GFP B
= g 75
No virus g
E 50
225 T
]
AdCAPON-GFP -
= = Control CAPON
AdGFP D -0
: R
&
&
9
: & LK
C No virus AJdCAPON-GFP VM D ¥ R

a1 2 30 *
o o

Z 75 o

£ - 20
@ @
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= 5.0 =

© ©

g 25 g 10
g $

0.0

Control CAPON Control CAPON

Culture (Hrs) 0 Culture (Hrs) 40.3+23

B 8: Auiléafist CAPON B E kET4 < NOS1 & & -

CAPON 38 & %k 3 S HL4a B T2 4% 4o fs 9 NO Z B 3% fu
£ T AR L4 B P9 CAPON #2 NOSI &4 > 745 & NOSI £ » &
it — 483 CAPON B E RSl L eI NO M Z ERF

24 H94E B DAR-AM AM R BIRGE@mmNZ NO g4 &2tk
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3 Bl BE & 48 in vivo CAPON L R E A 3-5 X 14 »- 3£ F74% » DAR-4M
AM # % 4% B g iAo A L-NAME 4 % %839 © #Av A sodium
nitroprusside % 358 MmEF (B 9 A) > #H A4 # & baseline 85 £ jm
A L-arginine 72 > tb#B g ey NO Z 2 48R TS @igim T
L-arginine % 1% > CAPON 38 & % 3% 9.8 Wl 4m R 8 6 78 B RN H B 41
S BL%a B 0 (14209 £ 28.1 a.u. n=43 vs. 1329.0 = 19.1 a.u.,, n=166, P

<0.05) (B 9B-D)-

L-NAME + SNP +

L-arginine

DAR-4M AM DAR-4M AM DAR-4M AM Baseline

B9: AvkE CAPON BE 2FTRACHLLie NO £5 -

L-NAME %48 CAPON #BE && 3| Ensm s +ER
%
f£ 3-5 R4 0 #B3% in vivo CAPON R R E A 2 QL4 i 5 dk
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#& > jm¥L R 1mM L-NAME % > f£ 5 51 R A 8 1F Sl 458 7 &
MO E > HE BN CAPON B E R F e S T L-NAME
#% 0 B R 4553 69 APDo Pk 18 E 92 ¥} B8 48 4m i 48 31 49 APDy (1 Hz, 348.3
+47.8ms,n=7vs.221.6+19.9ms,n=6, P<0.05) (B 10A-B) > m &
ARV 65T ERCIRAEH B ampeykE (-6.2+0.6 pA/pF, n

=14 vs. -4.8 +0.3 pA/pF, n=14; P<0.05) (B 10C-E) -

p<0.01  p<0.05

>
L
N
o

APDg, (ms)

Control-L-NAME

Control
CAPON-L-NAME

CAPON

D w w
: 4
-50 -30 10|10 30 50 70 z z
~— " [0 T T 1 mV _ = -
—o— Control ‘§:\ E ..g g g g
) c o c o
—e— CAPON o < o <
0 ° o o© 3}

et //

i -2 //¢
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8 41 /

£ |
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4 pAlpF -8- *
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B 10 : L-NAME T3 3.8 CAPON i & £ 3] & O lsa B g1 45 B4

s menBETEME D o
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F 8 BERAE

Methadone #| & F2.2F B QTc— Cross Section 2-#7

FE =y oA @ E 203 fir 5% B ARG E 48 3% Methadone

BREAA MM ARE Mok 2 BT BMA 164 A0 kR

39 A Fran s BN 389 £ 7.1 5K &M 35267 RoBEX

Methadone 4B 89 %l & > B 48.6 £25.6 mg > 4 44.6 £25.7 mg -

4% 2 cross-section J5 A ey X R FH o

All (N=203) | Male (N=164) |Female (N=39) p-value
Variables meantSD meantSD meantSD
Age (year) 382 + 72 389 + 7.1 352 + 6.7 0.0029"
First use of heroin ( age, years ) 26+ 7.2 26+ 7.4 26 £ 6.7 0.9962°
QTc (ms) 430.1 £ 22.0 429.1 £ 21.7 4345 + 23.0 0.1621°
Normal, N (9) 116 (57.1) 86 (52.4) 30 (76.9) 0.0055°¢
Abnormal’N (9% ) 87 (42.9) 78 (47.6) 9 (23.1)
Methadone dose (mg) 47.8 £ 25.6 48.6 £ 25.6 44.6 £ 25.7 0.3819°
Heroin addiction (years ) F o) T 129 + 6.0 9.2 + 6.0 0.0005°
MMT (days) 246 +191.3 2543 £ 194.6 211 £ 174.8 0.2045°

a .

Female and QTc >450 ms ; male and QTc>430 ms

b:

Two sample t-test

C .

Chi-square test

7& B M Methadone % 2Fv.sE@ 69 QTC 2IRAEBZ W EHR (

1) mAesctmARIZAARME (B 12) £FAMRA > £4mE

% 448 5 #7 #R B~ Methadone | & 24 QTc Mk RAEEAAMYE &

(R3) AkcHm A A& R B 4488 % 448 54 % 485~ Methadone
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Bl &Af QTc e kAFBEMMAUHME (K4)-

490 490
470 L. i . 470 o, .
450 T A 450 o T e ’
N ! '.‘ Vil . @ W
2 430 W £ 430 % s
: . .I - ! i . : °,8 B g
£ 410 -":.!f'::=. . 5 410 . 8
390 $tel T 390
o] ¢ " 370
350 r=0.20 (p=0.0123) 350 r=0.10 (p=0.5290)
0 20 40 60 8 100 120 140 0 20 40 60 8 100 120 140
Methadone dose (mg) Methadone dose (mg)
Male: Dose-dependent Correlation Female: Dose-dependent Correlation
mean methadone dose 48.6 mg mean methadone dose 44.6 mg

B 11 (£ ) : methadone # &2 QTc £ F M ZHEAR -

B 12 (4 ) : methadone & F# QTc £ & MR 2 F 48 B 1% -

% 3 : cross-section -#7 > 3 A A9 methadone # &2 QTc £ FE

Fa B -

Positive Dose-dependent Association Between Methadone
and QTc in Male Subjects

Univariate analysis | Univariate analysis

Male (N=164)

Beta p-value Beta p-value
Methadone dose (mg) 0.165 0.012 0.187 0.005
Age (years) 0.373 0.119 0.555 0.033

First use of heroin (age, years)| 0.392 0.090

Heroin addiction (years ) -0.076 0.793 -0.327 0.282

MMT (days) 0.006 0.503 0.004 0.667
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% 4 : cross-section ~#7 * Z P55 A 89 methadone % & 2 QTc R 2 iE

B -

Negative Dose-dependent Association Between Methadone
and QTc in Female Subjects

Univariate analysis | Univariate analysis

Female (N=39)

Beta p-value Beta p-value
Methadone dose (mg) 0.093 0.529 0.191 0.278
Age (years) 0.413 0.467 0.935 0.211

First use of heroin (age, years)| 0.492 0.384

Heroin addiction (years) -0.099 0.875 -0.545 0.472

MMT (days) -0.007 0.760 0.004 0.853

Methadone #| &4 & B QTc— Longitudinal 244

HE Iy oL Em A 55 4 K% B A EAE 3% Methadone
HHEARA AP ERE & SAr > BHA 46 A0 MR 9
AN FoB B BM3TSET0R XMH331+£51KR BHAER
Methadone 4% AT 89 QTc & 427.0 £ 23.4 ms » 4B — 1A A 1% (553
240mg ) QTc g # 3t kA4 431.0+213ms (P=0.026) (B 13)> @
oM 8 3% Methadone 755 AT 64 QTc & 437.6 £329ms> 5% —18 A
#%(52.5+23.1 mg)> QTc it 4 88 % 4416 % 420.5+22.4 ms (P =0.297)

(B 14)-
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% 5 ¢ Longitudinal %-#7 485% A &) B K o

Baseline Characteristics of Study Subjects

Table 1. When time =0

Variables All (N=55) |Male (N=46) |Female (n=9)| p-value®
Age (years) 36.8+6.9 37.5+7.0 33.2+5.1 0.096
First use of heroin (age, years ) 25+7.1 248+ 73 26.4+6.2 0.32
Heroin addiction (years) 11.7+£6.6 12.7+6.5 6.8+4.7 0.007
MMT (days ) 25+£94.9 29.94+103.3 | 23.2+102.3 0.316
a . Wilcoxon rank sum test
490 #) 490
ZZ Methadone dose  55.3+24.0  61.6£28.0 3701 \lethadone dose ~ 52.5+ 231 60.0 + 28.3

Before One month

Time

Three month

Significant QTc Prolongation After
Methadone Treatment in Male

B 13 (£ ) : Longitudinal 454 » 3 5% A4 methadone 5% QTc

BEk -

Before

One month Three month

Time

Insignificant QTc Change After
Methadone Treatment in Female

B 14 (4 ) : Longitudinal 4-#F > 4% A4 methadone &% QTc

BAEBERER -
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CAPON A H 4 £ - Methadone # & #.E B QTc
FAAF A REE 24 18 CAPON SNPs » @35 rs10494366 ~
rs10918594 ~ rs1415263 % - Rk & %A CAPON SNPs # & 5 it — % jo
7% Methadone ¥ QTC &R 4E » &AM 111 fEEERBRAFHEL
methadone 4% 69 101 £ B M A7 » 4R R F # % methadone
G AT 0 LA 1s10918594CC % reference (frequency 2 52.81%) » H QTc
2 4219+ 23.8 ms » A 1s10918594CG # (frequency 2 16.85%) » H
QTc 3£ k 7.46 ms (p=0.284 ) % H rs10918594GG # (frequency %
30.34%) » £ QTc #E—F £ Kk 11.60 ms (p=0.040) > & rs10918594
R4 2 QTe 2t &k » B # dose-dependent effect » f 5 — % & SNP ~
rs10494366 feek Xx4%#FF QTc £ Rk AF I FHRF MM MEN AR %
£ 4 B AT RAVAREEE > AR B A F0 QTc i K ay4a i o AR A
methadone (48.6+10.3mg) 36+10 X% * %4 1s10918594CG % >
H QTc 444t~ E (-0.88 ms > p=0.930) > Mm% A rs10918594GG
# > H QTcit— %K% 1541 ms(p=0.0486 ) sb& F 48~ CAPON
A H %R (rs10918594) Au b methadone 18 i » 4 QTc 4t & B A fu ik

ER (& 6)-
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% 6 : CAPON # H 4 £ ~ methadone v QTc 8548 B % -

CAPON gene variants, methadone and QTc¢

Before Methadone After Methadone
Variables
n QTc 95% CI p n QTc 95%Cl p

151964052 CC 63 reference 40

1s1964052 CT 26 7.6 (-32,183) NS 14 -04 (-159,15.1) NS
rs1964052-TT 1 202 (-263,66.8) NS 1 8.5 (-422,592) NS
1510918594 CC 47 reference 34

rs10918594 CG 15 7.5 (-63,21.2) 0.284 7 09 (-20.8,19.0) NS
rs10918594 GG 27 11.6 (0.6,22.6) 0.040 14 154 (0.1,30.7) 0.0486
rs10494366 GG 48 reference 26

rs10494366 GT 35 -69 (-172,34) NS 24 -6.0 (-20.1,82) NS
rs10494366 TT 7 -49 (-23.7,138) NS 5 -40 (-284,20.5) NS
15348624 CC 61 reference 41

1s348624 CT 22 84 (-34,202) NS 13 -0.7 (-16.4,150) NS

rs348624 TT

1

20,7 (-27.2,68.5) NS

1

92 (-40.6,589) NS
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3z

FwE
F—& R#AE

#A 5 EEF CAPON iz — B £ B 49 s aa k48§ £ R 49 NOSIL &9
adaptor/regulator & B & A Sk &k E I BHAFo NOSI R Z/EA

CAPON 38 %k £ 854 7% /b NOS1-NO R &1 £ K& » ($45458F 5
kN o Ik %mLi‘@ﬁU ’ %rﬁléﬁﬁg ENLLE ST o
P

B CAPON 70 Bk 32

B #¢ 1998 F CAPON 12 K B A #9 & 4% %8 L 4% > Xu. et al. & —
3% g CAPON % & A& W #2 isooforms: full-length CAPON ¥$2 short-form

2
#1 PDZ-binding dormains » &8 %

C terminus CAPON> full-length CAPON 4% 10 4& exons> 3t # s PTB-
%R

A SRR & E 0 e £k BB~ CAPON & &G 4

iz #E CAPON isoforms
Tt i A2 B ) 9 4m R B A 3 98 3R R

e o I H
CAPON 15 & % 3£ 754t NOS1-NO %48

% 7 3% F CAPON i & % i# 47516 NOS1-NO 4% > it H 3% pg e
BT A IR ey e % #4194 B Co-IP Western blot 25 CAPON NOS1 A
AExa-ZaXxatfh > EREXZFRELEHERLRE
5 A

BRI AR m

B %, 0% B e &, 0 B85~ CAPON #2 NOS1 2 31,48 2 )y colocalization &4
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B% (B 15) F#uy2 24 full-length CAPON A 41 NOS1 A X &%
Ao Bfo@E A R R R R B BERIMERBIER
it Ay X 0 B E CAPON & & % 7T 24% & NOSI1 » b
B CAPON #1 NOS1 £ X R Z/FARM E A A HEIEBE > AR
14£ Al DAR-4M AM R B 303 Z 2 Sl sy NO &) £ & 3t 53
CAPON @B &ZmieN NO Z& LI AR REA SR
CAPON 8 £ Z R R ¥RV NO & 83 H0 (7 %) 12d 7 NO &9
AIRER 18 &A% NO a9 NOS rieeyfn B & 8485 » = CAPON
BT fede NOS w245 € a945 69 %& & » 4 NO 2844 € o915 A > A 4
t 7 CAPON #E ##u H 4% G 3t ¥ PDZ-binding > CAPON &, % 7T f£ &

Bk — AT R AR -

CAPON NOS1 Merge

B 15: AnEBusikeaRERELRE B~ CAPON £ NOSI1

Z 34N colocalization 93, % -
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CAPON @& B ) #5 @ 5]658 T TRAERHA Ikr REBEEH/F M
B RAR G CHLEmEE ) T, ER > RFEATRER 58T
/JL/E&'(‘& 35/ ’ Ikr E@,/}lLiﬂaﬁU 50/ ’ EJELAﬁi%%?ﬁ/VF EE/BLQTE#E. 30//&

CAPON & E & FE &y S HLéa g o

L-NAME &8 CAPON B E & Efril e EAE$1b
A5 v L-NAME 18 F 3E 893 L 4m B 52 31 B3 48 64 S DL 4 AR, -
& R 253, L-NAME # CAPON 38 /2 & 3% 89 Il B 7 2E & APDoo( 57
9% vs.139% ) 13458k TR (29% vs.5% ) #9356 3B IR e
Alta it £ 2 88 % » 4o 3b <] HEFR L-NAME &) background effect » it 3% %
CAPON B F k¥ ey E A B Y# T A% NOSI-NO 412 Fr
2% 25 NO off&hipHls58ET ERART [ ERREBEHES
18 F- 7 72 B85~ NO =] 2L 3% i cGMP-dependent #2 cGMP-independent
AR AR ) b B A5 BE T B R 0 AR89 NO LT AE 4 1848 ) eyt
H BB g L, TR 0 AR4E Burkard 8951 % 88 = /2 NOS1 i@ f§ % 3%
WA 7E 8 0 £ NOSI B R ZH) hlb g 458+ Emm ) 39
% * TAE A NOSI1 # 2| mie it it fo L-type 458 TREZ G R L
fER P > b RAMRA I h {5 § CAPON @ & Z 8y - #F NOSI
B de B BE IE 9B dm B B G B TR B R AR A AEAFESBET R D

Lo BRIEH > MEREIEEMLESE -
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=8 BAEAHE

1) Methadone #| & #1 QTc B14
P A ES B B4 cross-section %, longitudinal 747 & MR A8y QTc
#o methadone 7| & &F 2 BLIR AR % 09 48 B > Moo Pbom AR & b
% > A AR B AT X% methadone |40 QTc £ K 23 E
ABBAME - HAr4E A 69T 34 Bk F 4 # methadone %] £ #f4£ 100 mg
L mAeRFR P B MR AL A methadone 8934 %] & R A& 48.6
mg > 355% 5 — & AR % BT R B & 49 methadone 475 2K #2 QTc a9 2&
A EA8 B g4k - methadone & & 2 QTe 2 & & 5 1741 5] #)
# £ > Fanoe & 411 &4 cross-section 51 % ¥ 45 i © B PEym A 8948 i
1% % correlation coefficient & 0.28 > M4 MR A 0.12 > f1-FE & &
# % methadone 76 /&8 A tm ARZE 5 H 3 QTc & &k - M &89
%A B A8 A cross-section & longitudinal #9545 > 35 & B MLk
LM% methadone 4% % % 5 H3R QTc itk » Tffish L&
MR AR G gl Ae Bt QTe £ kR4 F AR R ©

2) CAPON X K 4 £ - methadone ¥ QTc Bf 14
AR SRR 34 5 2 24 87T A 3Rk QTc 2 Kk A B 69 CAPON A R
2 > A% 3R 1s10918594GG &y A B 4 £ (wild type A

rs10918594CC ) » #2 QTc £ kB A B FE A% > BT H
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rs10918594GG w4 £ B 4 B & > # 3% methadone ;4% —18 A 12 >

g

QTc #E—Fwatk » BFwmtER » T H —REKRE I B
22253, CAPON 4 21 QTc s kaysabitE - ABERE R L X%

A CAPON A B % E Fjw LA QTc £ k& Mer (flo

methadone ) » #502845 52 & QTc A FBEE K » HEE MM S
HEREE o

F=8 HRIRH

B AT A 7 MR 4 B B B &G R 0 3B R IR R R m AR S B9 45 B T3
3% (caclciun transients ) #2188 — Ji 45 X 21 A ( excitation-contraction
copuling ) > B % i@ %5t % A8 5+ NOS1-NO .70 3 &S BRI 42 A B 12

=4

— Iy eyt BT T ER 0 BE > b CAPON f#9Fv H bk

—’5.\
(n” i

& ¥t PDZ-binding * CAPON A A& b sb — #8847 48 H 4 38 1F

Al (NO-independent) i & ¥ &5 NO-dependent &g #48& - 5 4% RAF 5 K

HeAR AR By 4 3% CAPON A R 8 % ¥4 % ECG phenotype > i &

B % TR gene transfer &9 2x F R i 1-109%0 » R sbiF R T8 E 212 A
CAPON & B #8 78 = 5] 5 &) Sy A% X 09 B 7 AR Bl 25 LA L 8y AR -

fBER Ly MRH] A 1 1) KAEMAR] methadone o PR E - fF4 0

fi methadone #| & & XX & #8 ™ methadone R E H1& * 2R T

methadone Bk 14X e H % ; 2) CAPON AR BEEHRH % >
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BREFE W%

@&y AR R AR CAPON & G £k ZE i B NOSI R &
1E R 38 B o Bk A T2 A% A8 0 CAPON i@ & 3 97 A48 & NOSI1 i B 7%
{& NOSI-NO R EAFIE AT - 1547458 F E oL Tkr B3 F
BREEEMuEL  sb— A R I EE R E 2537, CAPON A R 4 2
FosFE QTc AR May Al Ra—F Mz > KA/ L
noncoding region &4 B 4 BT ek T CAPON fL.whiey k28 o
W R B R e AR . E B 49 QT interval o

T BE RBT R o 0 AP B R AS 3R] & 69 methadone $2 QTc 2 Kk
FEAENEKME - MBHEAMEETEE AE > ALHAFTEE -
e — M BR M £ R > Fo RIF1B LR Bp Tl Aeny QTc kid
FAA LM REARRELS  EFE-FHRE - B4 EARAR
& 0 Hfrid g B4 3, CAPON SNP 1510918594 4 7 45 78 7 % BF & $1
QTc 2e kABRISh > £ MR LT AT B MM FE—FEZ KA

CEER S

52



5% XRK

. Arking, D. E., Pfeufer, A., Post, W., Kao, W. H., Newton-Cheh, C.,
Ikeda, M., West, K., Kashuk, C., Akyol, M., Perz, S., Jalilzadeh, S.,
Illig, T., Gieger, C., Guo, C. Y., Larson, M. G., Wichmann, H. E.,
Marban, E., O'Donnell, C. J., Hirschhorn, J. N., Kaab, S., Spooner, P.
M., Meitinger, T. & Chakravarti, A. (2006) Nat Genet 38, 644-51.

. Post, W., Shen, H., Damcott, C., Arking, D. E., Kao, W. H. L., Sack, P.
A., Ryan, K. A., Chakravarti, A., Mitchell, B. D. & Shuldiner, A. R.
(2007) Human Heredity 64, 214.

. Aarnoudse, A.-J. L. H. J., Newton-Cheh, C., de Bakker, P. I. W., Straus,
S. M. J. M., Kors, J. A., Hofman, A., Uitterlinden, A. G., Witteman, J.
C. M. & Stricker, B. H. C. (2007) Circulation 116, 10-16.

. Jaffrey, S. R., Snowman, A. M., Eliasson, M. J., Cohen, N. A. &
Snyder, S. H. (1998) Neuron 20, 115-24.

. Fang, M., Jaffrey, S. R., Sawa, A., Ye, K., Luo, X. & Snyder, S. H.
(2000) Neuron 28, 183-93.

. Jaffrey, S. R., Benfenati, F., Snowman, A. M., Czernik, A. J. & Snyder,
S. H. (2002) Proc Natl Acad Sci U S A 99, 3199-204.

. Hare, J. M. & Stamler, J. S. (2005) J. Clin. Invest. 115, 509-517.

53



8. Xu, K. Y., Kuppusamy, S. P., Wang, J. Q., Li, H., Cui, H., Dawson, T.
M., Huang, P. L., Burnett, A. L., Kuppusamy, P. & Becker, L. C. (2003)
J Biol Chem 278, 41798-803.

9. Oceandy, D., Cartwright, E. J., Emerson, M., Prehar, S., Baudoin, F.
M., Zi, M., Alatwi, N., Schuh, K., Williams, J. C., Armesilla, A. L. &
Neyses, L. (2007) Circulation 115, 483-492.

10.Barouch, L. A., Harrison, R. W., Skaf, M. W., Rosas, G. O., Cappola, T.
P., Kobeissi, Z. A., Hobai, I. A., Lemmon, C. A., Burnett, A. L.,
O'Rourke, B., Rodriguez, E. R., Huang, P. L., Lima, J. A. C.,
Berkowitz, D. E. & Hare, J. M. (2002) Nature 416, 337.

11.Xu, K. Y., Huso, D. L., Dawson, T. M., Bredt, D. S. & Becker, L. C.
(1999) Proc Natl Acad Sci U S A 96, 657-62.

12.Burkard, N., Rokita, A. G., Kaufmann, S. G., Hallhuber, M., Wu, R.,
Hu, K., Hofmann, U., Bonz, A., Frantz, S., Cartwright, E. J., Neyses,
L., Maier, L. S., Maier, S. K. G, Renne, T., Schuh, K. & Ritter, O.
(2007) Circ Res 100, e32-44.

13.Xu, B., Wratten, N., Charych, E. 1., Buyske, S., Firestein, B. L. &
Brzustowicz, L. M. (2005) PLoS Med 2, €263.

14.Sanguinetti, M. C. & Jurkiewicz, N. K. (1990) J. Gen. Physiol. 96,

54



195-215.

15.Bosch, R. F., Gaspo, R., Busch, A. E., Lang, H. J., Li, G-R. & Nattel,
S. (1998) Cardiovascular Research 38, 441.

16.Inoue, M. & Imanaga, 1. (1993) A4m J Physiol 264, C1434-8.

17.Bai, C. X., Takahashi, K., Masumiya, H., Sawanobori, T. & Furukawa,
T. (2004) Br J Pharmacol 142, 567-75.

18.Bai, C. X., Namekata, 1., Kurokawa, J., Tanaka, H., Shigenobu, K. &
Furukawa, T. (2005) Circ Res 96, 64-72.

19.Campbell, D. L., Stamler, J. S. & Strauss, H. C. (1996) J. Gen. Physiol.
108, 277-293.

20.Furukawa, T., Bai, C.-X., Kaihara, A., Ozaki, E., Kawano, T., Nakaya,
Y., Awais, M., Sato, M., Umezawa, Y. & Kurokawa, J. (2006) Mo/
Pharmacol 70, 1916-1924.

21.Han, N.-L. R., Ye, J.-S., Yu, A. C. H. & Sheu, F.-S. (2006) J
Neurophysiol 95,2167-2178.

22.Sears, C. E., Bryant, S. M., Ashley, E. A., Lygate, C. A., Rakovic, S.,
Wallis, H. L., Neubauer, S., Terrar, D. A. & Casadei, B. (2003) Circ
Res 92, ¢52-9.

23.Manfredi PL, Borsook D, Chandler SW, Payne R. Intravenous

55



methadone for cancer pain unrelieved by morphine and
hydromorphone: clinical observations. Pain 1997;70:99.

24.Lisa AM. The efficacy of methadone maintenance interventions in
reducing illicit opiate use, HIV risk behavior and criminality: a
meta-analysis. Addiction 1998;93:515-532.

25.Ricardo AC, Ryuichi S, Peter H, David L, Ysmael Y, Yukako S, Paul S,
Stanley RY, Jeanne AL, Lauren S, Robert GS, Russell KP.
Measurement of QTc in Patients Receiving Chronic Methadone
Therapy. Journal of pain and symptom management 2005;29:385.

26.Joseph HS, Sharon. Langrod, John. Methadone maintenance treatment
(MMT): a review of historical and clicnical issues. Mt Sinai J Med
2000;67:347-364.

27.Matthew H, Peter M, John H, Allan B, Chris W, Jon W, Gerry S, Paul
E. Trends in drug overdose deaths in England and Wales
1993&#x2013;98: methadone does not kill more people than heroin.
Addiction 2003;98:419-425.

28.Ballesteros MF, Budnitz DS, Sanford CP, Gilchrist J, Agyekum GA,
Butts J. Increase in Deaths Due to Methadone in North Carolina.

JAMA 2003;290:40-.

56



29.Krantz MJ, Lewkowiez L, Hays H, Woodroffe MA, Robertson AD,
Mehler PS. Torsade de Pointes Associated with Very-High-Dose
Methadone. Ann Intern Med 2002;137:501-504.

30.Paul WW, Douglas K, Leslie K. High dose methadone and ventricular
arrhythmias: a report of three cases. Pain 2003;103:321.

31.Kornick CA, Kilborn MJ, Santiago-Palma J, Schulman G, Thaler G,
Keefe DL, Katchman AN, Pezzullo DL, Ebert SN, Woosley RL, Payne
R, Manfredi PL. QTc interval prolongation associated with
intravenous methadone. Pain 2003;105:499-506.

32.Katchman AN, McGroary KA, Kilborn MJ, Kornick CA, Manfredi PL,
Woosley RL, Ebert SN. Influence of Opioid Agonists on Cardiac
Human Ether-a-go-go-related Gene K+ Currents. J Pharmacol Exp
Ther 2002;303:688-694.

33.Mattick RP, Kimber J, Breen C, Davoli M. Buprenorphine
maintenance versus placebo or methadone maintenance for opioid
dependence.  Cochrane  Database  of  Systemic  Reviews
2008:CD002207.

34 Ehret GB, Voide C, Gex-Fabry M, Chabert J, Shah D, Broers B,

Piguet V, Musset T, Gaspoz J-M, Perrier A, Dayer P, Desmeules JA.

57



Drug-Induced Long QT Syndrome in Injection Drug Users Receiving
Methadone: High Frequency in Hospitalized Patients and Risk Factors.
Arch Intern Med 2006;166:1280-1287.

35.Fanoe S, Hvidt C, Ege P, Jensen GB. Syncope and QT prolongation
among patients treated with methadone for heroin dependence in the
city of Copenhagen. Heart 2007;93:1051-1055.

36.Peles E, Bodner G, Kreek MJ, Rados V, Adelson M. Corrected-QT
intervals as related to methadone dose and serum level in methadone
maintenance treatment (MMT) patientsa cross-sectional study.
Addiction 2007;102:289.

37.Katinka A, Thomas C, Michael G, Viggo H, Helge W. Prevalence and
clinical relevance of corrected QT interval prolongation during
methadone and buprenorphine treatment: a mortality assessment study.
Addiction 2009;104:993-999.

38.Walker PW, Klein D, Kasza L. High dose methadone and ventricular
arrhythmias: a report of three cases. Pain 2003;103:321.

39.Ellen CP, Raymond LW. QT prolongation and torsades de pointes
among methadone users: reports to the FDA spontaneous reporting

system. Pharmacoepidemiology and Drug Safety 2005;14:747-753.

58



40.Malhotra BK, Glue P, Sweeney K, Anziano R, Mancuso J, Wicker P.
Thorough QT Study with Recommended and Supratherapeutic Doses
of Tolterodine. Clin Pharmacol Ther 2007;81:377-385.

41.Reinig MG, Engel TR. The Shortage of Short QT Intervals*. Chest
2007;132:246-249.

42 Rautaharju PM, Kooperberg C, Larson JC, LaCroix A.
Electrocardiographic Predictors of Incident Congestive Heart Failure
and All-Cause Mortality in Postmenopausal Women: The Women's
Health Initiative. Circulation 2006;113:481-489.

43.Carnethon MR, Prineas RJ, Temprosa M, Zhang Z-M, Uwaifo G,
Molitch ME. The Association Among Autonomic Nervous System
Function, Incident Diabetes, and Intervention Arm in the Diabetes
Prevention Program. Diabetes Care 2006;29:914-919.

44.Lehtinen AB, Newton-Cheh C, Ziegler JT, Langefeld CD, Freedman
BI, Daniel KR, Herrington DM, Bowden DW. Association of
NOSI1AP Genetic Variants With QT Interval Duration in Families
From the Diabetes Heart Study. Diabetes 2008;57:1108-1114.

45. Tyl B, Kabbaj M, Fassi B, De Jode P, Wheeler W. Comparison of

Semiautomated and Fully Automated Methods for QT Measurement

59



During a Thorough QT/QTc Study: Variability and Sample Size
Considerations. J Clin Pharmacol 2009;49:905-915.

46.Fosser C, Duczynski G, Agin M, Wicker P, Darpo B. Comparison of
Manual and Automated Measurements of the QT Interval in Healthy
Volunteers: An Analysis of Five Thorough QT Studies. Clin
Pharmacol Ther 2009:advance online publication 1 April 2009.

47.Bazett HC. An analysis of the time-relations of electrocardiograms.
Heart 1920;7:353-370.

48.Yap YG, Camm AlJ. Drug induced QT prolongation and torsades de

pointes. Heart 2003;89:1363-1372.

60



l.

T

Kuan-Cheng Chang, Andreas S. Barth, Eddy Kizana, Yuji
Kashiwakura, Tetsuo Sasano, Yigiang Zhang, Hee Cheol Cho, Ting
Liu, Eduardo Marban, CAPON, a Nitric Oxide Synthase Regulator
Associated with QT Interval Variation in Humans, Modulates Cardiac
Repolarization in Ventricular Myocytes. Circulation,
2006;114(18):1I-167 (Supplement)

Kuan-Cheng Chang, Andreas S. Barth, Tetsuo Sasano, Yiqiang
Zhang, Junichiro Miake, Eduardo Marban, CAPON Interacts With
Neuronal Nitric Oxide Synthase To Modulate L-type Calcium
Current And  Action Potential Duration In  Ventricular
Cardiomyocytes. Circulation, Oct 2007;116:11-11-12 (Supplement)
Kuan-Cheng Chang, Andreas S. Barth, Tetsuo Sasano, Eddy Kizana,
Yuji Kashiwakura, Yiqiang Zhang, D. Brian Foster, and Eduardo
Marban. CAPON modulates cardiac repolarization via neuronal nitric
oxide synthase signaling in the heart. PNAS 2008,
105(11):4477-4482

Men Are More Susceptible Than Women to Methadone-Associated

QTc Prolongation During Treatment for Heroin Dependence.

61



Kuan-Cheng Chang, Chieh-Liang Huang, Wen-Miin Liang, Li-Na
Liao, and Hsien-Yuan Lane, submitted abstract for 2011 AHA

meeting

62



[925] CAPON, a Nitric Oxide Synthase Regulator Associated with QT
Interval Variation in Humans, Modulates Cardiac Repolarization in
Ventricular Myocytes

Kuan-Cheng Chang, Andreas S. Barth, FEddy Kizana, Yuji
Kashiwakura, Tetsuo Sasano, Yigiang

Zhang, Hee Cheol Cho, Ting Liu, Eduardo Marbdan, Johns Hopkins
Univ, Baltimore, MD

Background: A common genetic variant in a putative regulatory region
of the neuronal nitric oxide synthase regulator CAPON gene has recently
been associated with differences in the electrocardiographic QT interval
in a human genome-wide study. As CAPON was previously unsuspected
to play a role in the heart, we sought to identify CAPON in
cardiomyocytes and characterize the biological effects of CAPON
overexpression in cardiomyocytes.

Methods and Results: Endogenous expression of CAPON protein was
documented by immunofluorescence microscopy of freshly-isolated
guinea pig left ventricular (LV) cardiomyocytes and western blot analysis
of LV myocardium. For patch-clamp studies, the CAPON cDNA was
cloned from guinea pig LV myocardium and then subcloned into an
adenoviral vector (AdCAPON-GFP) coexpressing the reporter eGFP. In
vivo gene transfer to the guinea pig heart was performed by direct
injection of AdCAPON-GFP into the LV apex. Action potential duration
(APD) and ionic currents were recorded from cardiomyocytes isolated
five days after viral transduction. In CAPON-transduced cardiomyocytes,
the APD90 was shortened to 284 + 21 (n=8) and 240 + 8 (n=9) ms at 0.05
Hz and 1 Hz, respectively, compared to 383 + 25 (n=9) and 313 + 17
(n=12) in non-transduced myocytes (p=0.004 and 0.002, respectively).
APD shortening was mediated by a reduction in peak L-type calcium
current density in CAPON-transduced cardiomyocytes (-7.2 + 0.5 pA/pF,
n=8), compared to the non-transduced cardiomyocytes (-11.2 + 1.0 pA/pF,
n=12, p=0.006). Interestingly, there was also a reduction of delayed
rectifier tail current density at -40 mV (1.1 + 0.1 pA/pF in
CAPON-transduced cardiomyocytes (n=9), compared to 1.8 + 0.3 pA/pF
(p=0.03) in non-transduced cardiomyocytes (n=10)), while current
density of the inward rectifier was not changed.

Conclusions: We demonstrate endogenous CAPON protein expression in
LV cardiomyocytes, and show that overexpression of this protein
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accelerates cardiac repolarization via a reduction of L-type calcium
current (which prevails over a concomitant reduction in IK). Our findings
motivate the hypothesis that CAPON gene variants affect the expression
level of CAPON protein in the heart and thereby influence cardiac
repolarization.
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CAPON Interacts With Neuronal Nitric Oxide Synthase To Modulate
L-type Calcium Current And Action Potential Duration In
Ventricular Cardiomyocytes

Author Block: Kuan-Cheng Chang, Andreas S. Barth, Tetsuo Sasano,
Yiqiang Zhang, Junichiro Miake, Eduardo Marban, Johns Hopkins Univ,
Baltimore, MD

Abstract:

Background: We have previously demonstrated expression of
endogenous CAPON in heart and overexpression of CAPON resulting in
shortening of action potential duration (APD) via reduction of ICa,L. and
increase of IKr. We hypothesized that the effects of CAPON
overexpression are due to modifications of the NOS-NO pathways in the
heart. Therefore, we sought to explore how CAPON interacts with NOS
in ventricular myocytes (VM) and to dissect the mechanisms of CAPON
overexpression-mediated changes in cellular electrophysiology.

Methods and Results: To probe protein-protein interaction of CAPON
and NOS, normal guinea pig VM lysates were immunoprecipitated with
CAPON antibody and probed by CAPON, nNOS and eNOS antibodies,
respectively. We found that CAPON-nNOS, but not eNOS, exists as a
physiological complex in VM. To explore how CAPON overexpression
affects NOS, freshly isolated VM were in vitro transduced with an
adenoviral vector (AdCAPON-GFP), or the reporter only AdGFP, or not
infected with any virus. After 40.3 = 1.9 hours of cell culture, nNOS
became hardly detectable in control VM with and without AdGFP
transduction by western blot, whereas nNOS was preserved in the
AdCAPON-GFP transduced VM (n=3). We further imaged intracellular
NO using DAR-4M AM in living VM isolated 3-5 days after in vivo gene
transfer of CAPON. With 2 mM L-arginine, the NO fluorescence was
increased in CAPON-overexpressed VM (1421 =+ 28.2 au, n=43)
compared to that of the control VM (1329 £ 19.1 au, n=166; p<0.05). In
patch-clamp studies, in CAPON-overexpressed VM, the peak ICa,L
density was smaller (-5.1 £ 0.9 pA/pF, n=14 vs. -6.5 £ 0.8 pA/pF, n=14;
p<0.001) and the APD90 was shorter (221.6 + 18.2 ms, n=6 vs. 333.7 +
18.7 ms, n=7; p<0.01) than those of the control VM. Pretreatment with 1
mM L-NAME reversed the peak ICa,L density reduction (-6.2 + 1.4
pA/pF, n=14 vs. -6.6 £ 1.3 pA/pF, n=14; p=NS) and the APD90
abbreviation (348.3 £ 44.2 ms, n=7 vs. 378.5 + 44.8 ms, n=5; p=NS) in
CAPON-overexpressed VM.
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Conclusions: We demonstrate CAPON-nNOS protein-protein interaction
in VM and find that overexpression of CAPON may upregulate the
nNOS-NO pathway, thereby modulating ICa,L and APD. The findings
provide a rationale for the association of CAPON gene variants with
extremes of the QT interval in human populations.

Circulation, Oct 2007;116:11-11-12 (Supplement)
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Men Are More Susceptible Than Women to Methadone-Associated
QTc Prolongation During Treatment for Heroin Dependence

Kuan-Cheng Chang, Chieh-Liang Huang, Wen-Miin Liang, Li-Na Liao,
and Hsien-Yuan Lane China Medical University and the Hospital,
Taichung, TAIWAN

Introduction: Methadone, a useful drug in the treatment of heroin
dependence, is associated with dose-dependent QTc prolongation and
sudden death in susceptible patients. Whether there is a gender difference
in susceptibility to methadone-associated QTc prolongation remains
unknown.  Methods: To  assess the gender effects on
methadone-associated QTc prolongation in a cross-sectional manner, a
total of 199 patients (aged 38+7 years; 160 men, 39 women) who
received a standard digital 12-lead ECG examination after stable
methadone treatment were recruited. For longitudinal evaluation, a
separate population of 123 patients (aged 37+7 years; 101 men, 22
women) who underwent a 12-lead ECG before and 37+8 days after
methadone treatment were enrolled. The QT interval was measured
automatically by the Marquette 12SL based on a "Global Median" beat
algorithm and corrected by heart rate using Bazett’s formula. Results: In
the cross-sectional study, a positive dose-dependent association was
identified between QTc interval and methadone dose in men (Figure 1).
However, this correlation was not significant in women (Figure 2). The
longitudinal assessment for men revealed significant QTc lengthening
(432.3+£24.1 vs. 421.8+23.7 ms, p=0.0007) 37+£9 days after methadone
treatment (48.3+20.8 mg) compared to the baseline, while the change was
not significant for women (427.4£19.4 vs. 441.3+47.3 ms, p=0.75) with
equivalent methadone treatment duration (36+4 days) and dose
(57.4+22.2 mg). Conclusions: Men appear to be more susceptible to
methadone-associated QTc prolongation than women. The underlying
mechanisms remain to be elucidated.
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CAPON modulates cardiac repolarization via neuronal
nitric oxide synthase signaling in the heart
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Congenital long- or short-QT syndrome may lead to life-threatening
ventricular tachycardia and sudden cardiac death. Apart from
the rare disease-causing mutations, common genetic variants in
CAPON, a neuronal nitric oxide synthase (NOS1) regulator, have
recently been associated with QT interval variations in a human
whole-genome association study. CAPON had been unsuspected of
playing a role in cardiac repolarization; indeed, its physiological
role in the heart (if any) is unknown. To define the biological effects
of CAPON in the heart, we investigated endogenous CAPON
protein expression and protein—protein interactions in the heart
and performed electrophysiological studies in isolated ventricular
myocytes with and without CAPON overexpression. We find that
CAPON protein is expressed in the heart and interacts with NOS1
to accelerate cardiac repolarization by inhibition of L-type calcium
channel. Our findings provide a rationale for the association of
CAPON gene variants with extremes of the QT interval in human
populations.

NOS1 | QT interval | cardiac electrophysiology

R are disease-causing mutations leading to congenital long- or
short-QT syndrome are well recognized, but there is little
insight into genetic sources of QT interval variation in normal
populations. A whole-genome association approach has recently
implicated common genetic variants in CAPON as contributing
to QT interval differences in a community-based German
population (1). This association has since been confirmed in
other populations (2, 3). The genetic findings challenge our
current understanding of QT physiology. CAPON, first identi-
fied in rat brain neurons (4), is a highly conserved protein
(=92% conceptual amino acid sequence identity between rat
and human) with an N-terminal phosphotyrosine-binding (PTB)
domain and a C-terminal PDZ-binding [postsynaptic density-95
(PSD95)/drosophila discs large/zona occludens-1] domain (4-6).
In brain, CAPON competes with PSD95 for the binding of
neuronal nitric oxide synthase (NOS1) through the interaction of
its C terminus with the PDZ domain of NOSI1 (4), thus uncou-
pling the NMDA-NOS1-NO-mediated signaling pathways.
CAPON is also an adaptor protein of NOS1, capable of directing
NOST1 to specific target proteins (5, 6). Nowhere, however, has
CAPON been suspected of playing a role in cardiac physiology.

Both NOS1 and endothelial NOS (NOS3) are constitutively
expressed in cardiomyocytes (7). NOS1 in the sarcolemma has been
proposed to interact with Na™-K* ATPase (8) and with the plasma
membrane Ca?*/calmodulin-dependent Ca?>" ATPase (PMCA)
through the interaction of PDZ domain of NOSI1 and the C
terminus of PMCA4b isoform (9). In the sarcoplasmic reticulum
(SR), NOSI is structurally associated with ryanodine receptor 2
(RyR2) (10) and cardiac SR Ca?* ATPase (SERCAZ2) (11) to
regulate intracellular calcium cycling and excitation—contraction
coupling. Conditional transgenic overexpression of NOS1 in heart
leads to additional association of NOS1 and the sarcolemmal L-type
calcium channel and thus suppresses the L-type calcium currents

www.pnas.org/cgi/doi/10.1073/pnas.0709118105

(Icar) (12). All of these lines of evidence highlight the notion that
NOST1 plays a key role in regulating cardiac physiology.

Here, we hypothesized that CAPON is expressed in the heart and
interacts with NOSI1 to exert its biological effects. Therefore, we
first sought to identify endogenous CAPON protein in ventricular
myocytes and to characterize its physiological relevance by over-
expression of CAPON using in vivo somatic gene transfer. We then
probed the interaction between CAPON and the NOS-NO signal-
ing pathways to dissect the potential mechanisms underlying the
biological effects of CAPON in the heart.

Results

Identification of Endogenous CAPON Protein in the Heart. Because
CAPON expression has not been documented in the heart, we first
sought to probe the endogenous CAPON protein in guinea pig
ventricular myocardium by Western blotting. The protein bands
from guinea pig heart were compared with those from lung and
brain tissues and from HEK293 cells with heterologous overex-
pression of CAPON by in vitro gene transfer with a bicistronic
adenoviral vector (AdCAPON-GFP). The ventricular myocardium
exhibited a band migrating near the 60-kDa marker, as expected for
endogenous full-length CAPON, comparable with the comigration
bands from HEK293 cells with heterologously overexpressed
CAPON and from brain, which has abundant endogenous CAPON
(Fig. 14). The higher bands (=70 kDa) could reflect either
posttranslational modification of CAPON or nonspecific cross-
reactivity. Notably, the ventricular myocardium also displayed a
band ~30 kDa in size detected by antibody against the C terminus
of CAPON, but not by antibody against an N-terminal epitope,
which is consistent with the short-form of CAPON (13). Immuno-
fluorescent staining of freshly isolated ventricular myocytes re-
vealed a cytoplasmic distribution pattern of the soluble CAPON
protein with focal accentuation over the perinuclear region and the
sarcolemmal membrane (Fig. 1B). Additionally, enhancement of
CAPON immunofluorescence can be appreciated in CAPON-
overexpressing myocytes. Therefore, expression of the endogenous
CAPON protein in ventricular myocytes and overexpression of
CAPON by AdCAPON-GFP-mediated gene transfer were both
confirmed biochemically.

Adenovirus Alone Does Not Affect Electrophysiology. Both action
potential duration (APD) and peak Ic,1 density were equivalent
between AdGFP-transduced and nontransduced myocytes (Fig. 2
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Fig. 1. Identification of endogenous CAPON protein in the heart. (A) Tissue
homogenates from normal guinea pig ventricular myocardium (VM), brain,
and lung, and HEK293 cells with (T) and without (NT) in vitro transduction with
AdCAPON-GFP were subjected to SDS/PAGE Western blotting. Both full-
length (CAPON-L) and short-form of CAPON (CAPON-S) are expressed in VM.
The higher bands (arrowhead) could be caused by either posttranslational
modification of CAPON or nonspecific cross-reactivity. (B) Immunostaining of
CAPON in AACAPON-GFP-transduced (3) and nontransduced (2) ventricular
myocytes. Negative controls (secondary antibody only) are depicted in 1.

A and B). See supporting information (SI) Results for details. After
ascertaining that adenoviral transduction alone does not alter
cellular electrophysiology, we examined the effects of CAPON
overexpression by comparing the electrophysiological parame-
ters between AJCAPON-GFP-transduced and nontransduced
myocytes.

CAPON Overexpression Accelerates Action Potential. To determine
whether CAPON modulates cardiac repolarization, we compared
the APD in freshly isolated control and CAPON-overexpressing
ventricular myocytes at 1, 2, and 0.05 Hz. At 1-Hz stimulation, the
mean APD;y, APDsy, APD75, and APDy, were significantly short-
ened to 54.0 = 7.2, 198.8 = 8.1,221.8 = 7.9, and 233.9 = 7.7 ms in
CAPON-overexpressing cardiomyocytes (n = 9) compared with
96.6 = 11.5, 291.0 = 16.4, 316.1 = 17.2, and 327.5 £ 17.9 ms in
control myocytes (n = 13, P < 0.05, respectively) (Fig. 2 C-E). The
abbreviation of APD with CAPON overexpression was maintained
at 2 Hz and 0.05 Hz (data not shown), and the magnitude of APDy,
reduction by CAPON overexpression was 28.6% at 1-Hz stimula-
tion. We next explored the ionic basis for the abbreviation of APD.
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L-Type Calcium Current. In CAPON-overexpressing myocytes, the
peak Ic, 1 density was significantly reduced (—7.2 £ 0.5 pA/pF, at
+20 mV, n = 8) compared with that of control myocytes (—11.0 =
1.0 pA/pF, at +10 mV, n = 12; P < 0.05) (Fig. 2 F and G). The
reduction of the peak I, density was 35% (Fig. 2G). Averaged
peak current density—voltage relationships revealed significant sup-
pression of peak Ic, 1 density from —30 mV to +40 mV (P < 0.05,
respectively) by CAPON overexpression (Fig. 2H). By a decrease
in net inward current, the CAPON-induced inhibition of peak Ic, 1.
density would contribute to the abbreviation of APD.

Sodium Current. Sodium current (In,) was not affected by CAPON
overexpression (Fig. 3 A and B). For details see SI Results.

Outward Rectifier Potassium Current. In guinea pig ventricular
myocytes, there are two types of delayed rectifier potassium cur-
rents, the rapidly activating component (Ik,) and the slowly acti-
vating component (Iks) (14), responsible for terminating the action
potential plateau. To probe the potential contribution of these
currents to CAPON overexpression-mediated APD changes, we
first recorded the total Ik tail currents and then used a specific Ik
blocker, chromanol 293B (15), to separate Ik, and Ixs in CAPON-
overexpressing and control myocytes. Although neither the total Ix
nor the Ik tail current density was changed between nontransduced
control and CAPON-overexpressing myocytes, we found the Ik,
peak tail current density to be modestly enhanced in CAPON-
overexpressing myocytes (0.92 = 0.07 pA/pF, n = 10) compared
with control myocytes (0.61 * 0.08 pA/pF, n = 7; P < 0.05) (Fig.
3 C and D). These results indicate that in addition to the reduction
of Ica 1, enhancement of Ik, also contributes to the abbreviation of
APD in CAPON-overexpressing myocytes.

Inward Rectifier Potassium Current. Inward rectifier potassium cur-
rent (Ix;) was not changed by CAPON overexpression (Fig. 3E).
See SI Results for details.

Protein—Protein Interaction of CAPON and NOS1 in the Heart. After
identifying that both full-length and short-form CAPON proteins
are expressed in the heart and overexpression of CAPON accel-
erates APD by suppression of Ic,; and augmentation of Ik, the
important next step is to answer whether the electrophysiological
changes induced by CAPON overexpression were caused by mod-
ifications of the NOS-NO pathways. First, we determined whether

CAPON
Fig.2. Electrophysiological effects of CAPON overexpression
in guinea pig ventricular myocytes. (A and B) Adenovirus alone
does not affect electrophysiology. For details, see S/ Results.
(C-H) CAPON overexpression abbreviates the action potential
duration and reduces Ic, .. (C) APD was markedly shortened in
a representative AACAPON-GFP-transduced myocyte com-
pared with a representative control myocyte. (D) Significant
abbreviation of APD can be seen spanning from APDyg to
APDgg at 1-Hz stimulation in CAPON-overexpressing myocytes
(CAPON, n =9; control, n = 13). (E) The actual APDsgand APDgg
measured from individual myocyte comprising each group
reveal a consistent reduction of APD in CAPON-overexpressing
myocytes. (F) Representative I, recordings elicited by depo-
larizing voltage steps (500 ms) from —40 to +60 mV in 10-mV
increments after a prepulse from —80 mV to —40 mV show
reduction of I, L in a AACAPON-GFP-transduced myocyte com-
mV  pared with a control myocyte. (G) The peak Ic,. density in
CAPON-overexpressing myocytes was smaller than in control
myocytes. (H) Averaged peak current-voltage relationships
demonstrate attenuation of I, at multiple depolarizing
pulses in CAPON-overexpressing myocytes (CAPON, n = §;
control, n = 12). The number inside each bar graph indicates
the number of cells studied.

Chang et al.



=

BN AS PN AS PN

A Control CAPON B
-80-70-60-50-40-30-20-10 10 20 v
m!
0pA pA-
p=NS
20 pA/pFl
20 pA/pFl —o-Control
10ms —»—CAPON
10 ms 50
C 5s D e 2.5 p=NS I Control
+aomy —L g 2.0 N CAPON
5~
o%
= 1.5
-40 mV- E Rn. P<‘l~°5 p=NS
== 10
+ chromanol 293B § 0.5
0.0
Ik ke Iks
0.7 pApFL__
Control 2s E ‘:NPF p=NS

mV

-120100-8 -40 -20, 20 40 60 80
+ chromanol 293B
—o Control
—+ CAPON

Fig. 3. Electrophysiological effects of CAPON overexpression in guinea pig
ventricular myocytes. (A and B) CAPON overexpression does not affect sodium
current. For more details, see S/ Results. (C-E) CAPON overexpression enhances
Ikr. (C) Delayed rectifier K* tail current was measured in response to a depo-
larizing pulse to +40 mV for 5 s followed by repolarization to —40 mV. I, was
recorded after steady-state suppression of Ixs by chromanol 293B. Represen-
tative recordings show a larger Ik, tail current in a CAPON-overexpressing
myocyte compared with a control myocyte. (D) Neither peak Ix nor Ik tail
current densities were significantly different between CAPON-overexpressing
and control myocytes. However, peak Ik, tail current density was modestly
enhanced in CAPON-overexpressing myocytes. (E) Instantaneous Igq current
density elicited by ramp protocol from —100 to + 70 mV (5 s) was not different
between CAPON-overexpressing (n = 10) and control myocytes (n = 9).

CAPON interacts with NOS in the heart. To assess protein—protein
interactions of CAPON and NOS, normal guinea pig ventricular
tissue homogenates were immunoprecipitated with anti-CAPON-
or anti-NOS1-bound protein G complex, separated by SDS/PAGE,
and probed by CAPON, NOS1, and NOS3 antibodies, respectively.
The crude tissue homogenates served as the positive controls while
probing NOS1, NOS3, and CAPON (Fig. 4). We found that NOS1
specifically coimmunoprecipitated with the bound CAPON anti-
bodies (Fig. 4 A and B), whereas NOS3 was not detected in the
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Fig. 4. CAPON interacts with NOS1, but not NOS3, in ventricular myocytes.
Normal guinea pig ventricular tissue homogenates were immunoprecipitated
overnight with anti-CAPON-bound protein G complex, separated by SDS/
PAGE, and probed by anti-NOS1 (A), anti-CAPON (B and D), and anti-NOS3 (C),
respectively. To include a negative control, the ventricular tissue homoge-
nates were also incubated overnight with anti-CAPON-free protein G complex
(beads). As a result, neither NOS1 nor CAPON could be detected in the eluted
precipitates. WB, Western blotting.
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Fig. 5. CAPON overexpression stabilizes NOS1 in ventricular myocytes. (A)
Freshly isolated ventricular myocytes were transduced in vitro with ADCAPON-
GFP, or AAGFP, or nottransduced with either virus. BF, bright-field microscopic
images. (B) The in vitro AACAPON-GFP transduction caused a 1.9-fold increase
of the CAPON level. (C) At 0 h of culture, the NOS1 level was not different
between AdCAPON-GFP-transduced and nontransduced myocytes (n = 3
animals). (D) After 40.3 = 2.3 h of cell culture, NOS1 became down-regulated
in both ventricular myocytes transduced with AdGFP and in nontransduced
myocytes, whereas NOS1 was well preserved in the ADCAPON-GFP-transduced
ventricular myocytes. The mean NOS1 level from nontransduced and AdGFP-
transduced myocytes was lower than that of AACAPON-GFP-transduced myo-
cytes (*, P < 0.05 vs. control, n = 3 animals). Noncultured ventricular tissue
homogenates (VM) served as positive control for NOS1 detection. The signal
intensities of CAPON and NOS1 are normalized against the GAPDH signals.

anti-CAPON immunoprecipitates (Fig. 4 C and D). To include a
negative control, the ventricular myocardial homogenates were also
incubated overnight with the protein G complex without prebound
CAPON antibody; as a result, neither NOS1 nor CAPON could be
detected in the eluted precipitates (Fig. 4 A and B). These findings
indicate that CAPON-NOSI, but not CAPON-NOS3, exists as a
physiological complex in ventricular myocytes.

CAPON Overexpression Stabilizes NOS1. Because CAPON interacts
with NOS1 in the heart, we next wanted to know how CAPON
overexpression affects NOSI1 protein level and activity. Freshly
isolated ventricular myocytes were transduced in vitro with
AdCAPON-GFP, or AAGFP, or not transduced with either virus.
The gene transfer efficiency was confirmed by ~100% GFP-
positive cells in AdGFP-transduced myocytes and ~50% GFP
positive cells in AACAPON-GFP myocytes, compared with only
background autofluorescence (i.e., 0% GFP positivity) in nontrans-
duced myocytes (Fig. 54). The in vitro AACAPON-GFP transduc-
tion caused a 1.9-fold increase of the CAPON protein level (Fig.
5B). At 0 h of culture, the NOSI level was not different between
AdCAPON-GFP-transduced and nontransduced myocytes (5.47 =
2.51% vs. 6.08 = 2.27%, n = 3 animals; p = NS) (Fig. 5C). After
40.3 = 2.3 h of cell culture, NOS1 was down-regulated in nontrans-
duced and AdGFP-transduced myocytes but was up-regulated in
AdCAPON-GFP-transduced myocytes. Therefore, the mean
NOSI1 level from nontransduced and AdGFP-transduced myocytes
was lower than that of AJCAPON-GFP-transduced myocytes
(278 = 1.75% vs. 18.54 = 5.99%; P < 0.05) (Fig. 5D). Of note,
NOS3 protein levels were not changed in AdCAPON-GFP-
transduced myocytes (data not shown). Noncultured ventricular
tissue homogenates served as positive control for the NOS1/NOS3
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Fig. 6. Enhanced intracellular NO production in CAPON-overexpressing
myocytes. (A) The specificity of DAR-4M AM was verified by a differential
fluorescent intensity with the addition of SNP or .-NAME. (B) The NO fluores-
cence was enhanced after r-arginine stimulation. In GFP (+), CAPON-
overexpressing myocytes, the NO fluorescence was stronger than in control
myocytes. (C) Representative high-powered images illustrate a modest en-
hancement of the NO fluorescent marker in a CAPON-overexpressing myo-
cyte. (D) The baseline fluorescent intensity was equivalent in CAPON-
overexpressing (n = 30) and control myocytes (n = 90), whereas with the
addition of L-arginine, the fluorescence intensity increased disproportionately
in CAPON-overexpressing myocytes (CAPON-L-arg) (n = 43) compared with
controls (Control-t-arg) (n = 166).

expression assays. These findings suggest that CAPON overexpres-
sion may stabilize NOSI in ventricular myocytes.

Enhanced Intracellular NO Production in CAPON-Overexpressing Myo-
cytes. Because NO generation reflects NOS activity, we further
imaged intracellular NO production by using a rhodamine-based
chromophore, DAR-4M AM, in living ventricular myocytes iso-
lated 3-5 days after in vivo gene transfer of CAPON. To test the
specificity of DAR-4M AM for NO imaging, we measured fluo-
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rescence intensity in ventricular myocytes loaded with DAR-4M
AM only or DAR-4M AM + sodium nitroprusside (SNP) or
DAR-4M AM + NGS-nitro-L-arginine methyl ester (L-NAME).
Fluorescence intensified with the addition of SNP and waned with
L-NAME compared with that in myocytes incubated with
DAR-4M AM only (Fig. 64). Next, we compared NO production
between CAPON-overexpressing myocytes and control myocytes
incubated with DAR-4M AM only or DAR-4M AM + 2 mM
L-arginine (Fig. 6 B-D). The baseline fluorescent intensity was
equivalent in CAPON-overexpressing and control myocytes
(921.6 = 32.5 a.u,, n = 30 vs. 888.6 = 17.3 a.u, n = 90; P = NS),
whereas with the addition of L-arginine, the fluorescence intensity
increased disproportionately in CAPON-overexpressing myocytes
(1,420.9 = 28.1 a.u., n = 43) compared with controls (1,329.0 =
19.1 a.u., n = 166; P < 0.05) (Fig. 6D). These results indicate that
CAPON overexpression may enhance intracellular NO production,
particularly in the presence of additional NOS substrates.

L.-NAME Reverses CAPON Overexpression-Mediated APD Abbreviation
and Ica,L Reduction. After ascertaining that CAPON overexpression
resulted in up-regulation of NOS1-NO activity, we examined the
effects of L-NAME on Ic,1. and APD in ventricular myocytes
isolated 3-5 days after in vivo gene transfer of CAPON. Pretreat-
ment with 1 mM L-NAME reversed the APDy, abbreviation (1 Hz,
3483 = 47.8 ms, n = 7 vs. 378.5 = 50.1 ms, n = 5; P = NS) (Fig.
7 A and B) and the I¢, 1 density reduction (—6.2 = 0.6 pA/pF, n =
14 vs. —6.6 = 0.4 pA/pF, n = 14; P = NS) (Fig. 7 C-E) in
CAPON-overexpressing ventricular myocytes. Interestingly,
APDy tends to become longer (378.5 = 50.1 ms,n = 5vs. 333.7 =
20.2ms,n = 7; P = NS) (Fig. 74 and B), and the peak I¢, 1. density
tends to increase, too (—6.6 £ 0.4 pA/pF,n = 14 vs. —6.3 £ 0.3
PA/pF, n = 14; P = NS) (Fig. 7 C-E) in control myocytes after
pretreatment with L-NAME. However, these changes were not
statistically significant. In contrast, significant lengthening of
APDy (1 Hz, 3483 = 47.8 ms,n = 7 vs. 221.6 = 199 ms, n = 6;
P <0.05) (Fig. 7A4 and B) and the increase of the peak I, 1. density
(—=6.2 = 0.6 pA/pF,n = 14 vs. —4.8 = 0.3 pA/pF, n = 14; P < 0.05)
(Fig. 7 C-E) were only seen in CAPON-overexpressing myocytes
after pretreatment with L-NAME.

Discussion

We demonstrate that CAPON, the brain-enriched NOS1 adaptor/
regulator protein, is expressed in the heart and interacts with NOS1.

Fig. 7. -NAME reverses CAPON overexpression-
mediated APD abbreviation and Ic,L reduction. (A)
Representative action potential recordings show re-
versal of APD abbreviation with .-NAME in a CAPON-
overexpressing myocyte. (B) Pretreatment with
L-NAME significantly increased APDgy and reversed
APD abbreviation in CAPON-overexpressing ventricu-
lar myocytes, whereas the APD90 was not significantly
changed with .-NAME in control myocytes. (C) Repre-
sentative I, recordings show reversal of I, suppres-
sion with L-NAME in a CAPON-overexpressing myo-
cyte. (D) Averaged peak current-voltage relationships
reveal significant increase of peak Ic, . densities with
L-NAME in CAPON-overexpressing myocytes but notin
control myocytes. The number of cells studied in each
group is indicated in bar graphs in E. (E) Pretreatment
with .-NAME significantly increased peak Ic,, density
and rescued Ic,, L suppression in CAPON-overexpress-
ing myocytes, whereas the peak Ic, density was not
significantly changed with -NAME in control
myocytes.
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Overexpression of CAPON results in up-regulation of the
NOS1-NO signaling pathways, which further leads to abbreviation
of APD through the inhibition of I, and enhancement of Ik;.

Expression of Endogenous CAPON Protein in the Heart. Since the first
identification of CAPON protein in the rat brain (4), Xu et al. (13)
further found that CAPON protein has two isoforms that are
translated from a full-length and a C-terminal splicing variant (13).
The full-length transcript encompassing 10 exons contains both
PTB- and PDZ-binding domains, whereas the C-terminal transcript
containing the last 2 exons encodes only the PDZ-binding domain
(13). We found that both full-length and short CAPON isoforms
are expressed in guinea pig ventricular myocytes using the same
CAPON antibody (13) predicted to react with the C terminus of
CAPON. The full-length isoform comigrated at the same level as
a brain-enriched protein band and a band from HEK293 cells
expressing CAPON. Immunostaining reveals a cytoplasmic distri-
bution of CAPON with focal accentuation around the perinuclear
region and the cell membrane.

CAPON Overexpression Up-Regulates NOS1-NO Pathways. Given that
CAPON acts as a regulator and adaptor of NOS1 in brain, we
speculated that the CAPON overexpression-induced electro-
physiological changes may be mediated by modifications of
NOS-NO signaling pathways. To investigate this hypothesis, we
began by probing the interactions of CAPON and NOSI in the
heart. We found that CAPON interacts with NOS1, but not
NOS3, to form a physiological complex in guinea pig ventricular
myocytes. This interaction was further supported by an intra-
cellular colocalization of CAPON and NOS1 by immunostaining
and confocal microscopy (SI Fig. 8). Interestingly, only the
full-length CAPON isoform is responsible for the interaction
with NOS1, because only a single full-length CAPON band (=60
kDa) was detected in the eluted immunoprecipitates. These
findings are in line with the previous observations that the
full-length CAPON of a similar molecular mass was accountable
for the interactions with NOS1 in neurons (4).

To explore how CAPON overexpression affects NOS1, we
compared NOS1 protein level in cultured guinea pig ventricular
nontransduced or AAGFP- or AACAPON-GFP-transduced myo-
cytes. Interestingly, the NOS1 protein becomes down-regulated
both in ventricular myocytes transduced with AdJGFP and in
nontransduced myocytes, whereas NOSI1 levels were well preserved
in AACAPON-GFP-transduced ventricular myocytes after 40 h of
cell culture. However, NOS3 protein level was not obviously
affected by AACAPON-GFP transduction compared with control
myocytes. This finding provides direct evidence to support the
notion that CAPON has a functional role in stabilizing NOS1 in
ventricular cardiomyocytes.

Because intracellular NO production directly reflects NOS ac-
tivity, we further compared the intracellular NO generation be-
tween AAJCAPON-GFP-transduced ventricular myocytes and non-
transduced myocytes by using DAR-4M AM. The baseline
intracellular NO production was equivalent between CAPON-
overexpressing ventricular myocytes and control myocytes; how-
ever, with the addition of L-arginine, CAPON-overexpressing myo-
cytes generated more NO than did the controls. Therefore,
overexpression of CAPON in ventricular myocytes not only stabi-
lizes NOSI1 but may also enhance NOSI activity. The absolute
increase in NO production was only modest in CAPON-
overexpressing compared with control myocytes (7%), yet it has to
be kept in mind that these small but significant increases in global
NO production may translate into biologically relevant local NO
concentrations. Given the very short elimination half-life of NO, the
biological effects of NOS1-NO signaling depend largely on the
subcellular localization of NOS1, where CAPON might play a
role to direct NOS1 to the specific target proteins. In addition,
CAPON may compete with other PDZ-binding proteins for the
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PDZ domain. Therefore, it is possible that CAPON may exert its
biological effects by mechanisms other than modulation of the
NOS1-NO pathway.

CAPON Overexpression Shortens APD by Suppression of Ic,. and
Enhancement of Ix.. The electrophysiological studies revealed that
CAPON overexpression resulted in abbreviation of APD mediated
by a diminished Ic,1 and an enhanced Ik,. Because guinea pig
ventricular myocytes lack endogenous I, (16), Ic,1. and Ik repre-
sent the two principal currents controlling the length of the action
potential plateau and APD. Accordingly, a 35% decrease of I,
combined with a 50% increase in Ik, is sufficient to explain the 30%
shortening of APDyj observed with CAPON overexpression.

Reversal of CAPON Overexpression-Induced Electrophysiological
Changes by L-NAME. Because we found that overexpression of
CAPON stabilizes NOS1 and enhances NOS1-derived NO pro-
duction, pharmacological intervention with a NOS blocker should
be able to counteract CAPON overexpression-mediated electro-
physiological changes. As expected, pretreatment with L-NAME
significantly increased APDyy and Ic, 1, thereby reversing APD
abbreviation and I¢, . suppression in CAPON-overexpressing ven-
tricular myocytes. The magnitudes of increments in APDqy (57%
vs. 13%) and Icar (29% vs. 5%) in CAPON-overexpressing
ventricular myocytes obviously surpass those of the control
myocytes when both are exposed to L-NAME, excluding the
possibility that a significant background effect of L-NAME is
responsible for the changes. The differential electrophysiological
responsiveness to L-NAME between CAPON-overexpressing
myocytes and control myocytes further supports the notion that
CAPON overexpression activates the NOS1-NO pathway to
modulate cellular electrophysiology.

In guinea pig ventricular myocytes, NO can shorten APD by
suppression of I, 1. and augmentation of Ik, (17, 18). The inhibition
of Icar by NO is caused by cGMP-dependent or cGMP-
independent (direct S-nitrosylation/redox) pathways (17, 19, 20).
Similarly, NO can modulate the delayed rectifier K* currents by
c¢GMP-dependent or -independent pathway (17, 18, 21). Interest-
ingly, although CAPON overexpression activates NOS1-derived
NO in our work, the electrophysiological changes mediated by this
NO activation are comparable with those in previous reports
(17-19, 21). Recently, evidence emerged that NOS1 may play a
critical role in the regulation of calcium handling and myocyte
contraction in the heart (9, 10, 12, 22). Burkard et al. (12) observed
that in a conditional NOSI-overexpressing transgenic mouse
model, the peak Ic,1 density was significantly reduced by 39% in
NOS1-overexpressing ventricular myocytes, which was attributed to
the translocation of NOSI1 to sarcolemma where NOSI1 interacted
with L-type calcium channel and caused inhibition of I¢,y. Con-
ceivably, the observation that activated NOS1 is translocated to the
sarcolemma where it interacts with ion channels may help explain
our finding of I, inhibition and Ik, augmentation.

In conclusion, CAPON protein is expressed in the heart and
interacts with NOSI to exert its biological effects. Overexpression
of CAPON may stabilize NOS1 and activate NOS1-derived NO
signaling cascades to shorten action potential duration via inhibition
of L-type calcium channels and activation of delayed rectifier
potassium channels. Our findings provide a rationale for the
association of CAPON gene variants with extremes of the QT
interval in human populations. Specifically, we propose that
CAPON gene variants, which are in noncoding regions (1-3), act
by influencing the basal expression level of CAPON in the heart,
thereby affecting cardiac repolarization and the QT interval by the
mechanisms identified here.

Study Limitations. In addition to the study of sarcolemmal ion

channels, we did not examine the role of CAPON on calcium
transients and excitation—contraction coupling in myocardium.
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This investigation might be of particular importance, because
NOS1-NO pathways have recently been related to play a role in
regulating cardiac contractility (9, 10, 12). Moreover, because
CAPON may compete with other PDZ-binding proteins for PDZ
binding, it is likely that CAPON, in addition to modulating the
NOS1-NO pathway, might also have other biological effects,
particularly regarding stabilization of cell membrane proteins,
including ion channels. Therefore, the changes in electrophysiology
might be attributed not only to NO-dependent mechanisms (as laid
out in the present work), but also to NO-independent mechanisms
that have not been addressed herein. Finally, our experimental
design did not allow us to examine the ECG phenotype in CAPON-
overexpressing animals because only a small area of the left
ventricular myocardium was injected, and the transduction effi-
ciency was in the range of 1-10%. Therefore, our approach only
allowed us to study changes in cellular electrophysiology, but not the
global ECG phenotype. Future studies using transgenic models
with CAPON overexpression and knockdown are needed to ad-
dress this question.

Methods

This work conformed to the standards of the National Institutes of Health
regarding care and use of laboratory animals and was performed in accordance
with the guidelines of Animal Care and Use Committee of The Johns Hopkins
University.

Cloning of CAPON cDNA, Plasmid Construction, and Adenovirus Preparation. The
full-length CAPON ¢DNA was cloned from guinea pig ventricular myocardium
and subcloned into a bicistronic adenoviral vector (AdCAPON-GFP) coexpressing
the reporter GFP. For details see S/ Methods.

Western Blot Analysis. To probe endogenous CAPON protein expression, tissue
homogenates from normal guinea pig ventricular myocardium, brain, and lung

. Arking D-E, et al. (2006) A common genetic variant in the NOS1 regulator NOS1AP
modulates cardiac repolarization. Nat Genet 38:644-651.

. Post W, et al. (2007) Associations between genetic variants in the NOS1AP (CAPON)
gene and cardiac repolarization in the old order Amish. Hum Hered 64:214-219.

3. Aarnoudse A-J, etal. (2007) Common NOS1AP variants are associated with a prolonged

QTc interval in the Rotterdam study. Circulation 116:10-16.

4. Jaffrey S-R, Snowman A-M, Eliasson M-J, Cohen N-A, Snyder S-H (1998) CAPON: A
protein associated with neuronal nitric oxide synthase that regulates its interactions
with PSD95. Neuron 20:115-124.

5. Fang M, et al. (2000) Dexras1: A G protein specifically coupled to neuronal nitric oxide

synthase via CAPON. Neuron 28:183-193.

. Jaffrey S-R, Benfenati F, Snowman A-M, Czernik A-J, Snyder S-H (2002) Neuronal
nitric-oxide synthase localization mediated by a ternary complex with synapsin and
CAPON. Proc Natl Acad Sci USA 99:3199-3204.

. Hare J-M, Stamler J-S (2005) NO/redox disequilibrium in the failing heart and cardio-
vascular system. J Clin Invest 115:509-517.

8. Xu K-Y, et al. (2003) Nitric oxide protects cardiac sarcolemmal membrane enzyme
function and ion active transport against ischemia-induced inactivation. J Biol Chem
278:41798-41803.

. Oceandy D, et al. (2007) Neuronal nitric oxide synthase signaling in the heart is
regulated by the sarcolemmal calcium pump 4b. Circulation 115:483-492.

10. Barouch L-A, et al. (2002) Nitric oxide regulates the heart by spatial confinement of

nitric oxide synthase isoforms. Nature 416:337-340.
11. Xu K-Y, Huso D-L, Dawson T-M, Bredt D-S, Becker L-C (1999) Nitric oxide synthase in
cardiac sarcoplasmic reticulum. Proc Nat/ Acad Sci USA 96:657-662.

12. Burkard N, et al. (2007) Conditional neuronal nitric oxide synthase overexpression

impairs myocardial contractility. Circ Res 100:e32-e44.

N

o

~

©

4482 | www.pnas.org/cgi/doi/10.1073/pnas.0709118105

and HEK293 cells with and without in vitro transduction with AACAPON-GFP
were subjected to SDS/PAGE Western blotting. See S/ Methods for further details.

Coimmunoprecipitation of CAPON and NOS. Normal guinea pig ventricular tissue
homogenates were immunoprecipitated overnight with anti-CAPON-bound
protein G complex, separated by SDS/PAGE, and probed by anti-NOS1, anti-
CAPON, and anti-NOS3, respectively. Further details are described in S/ Methods.

Cell Culture and in Vitro Gene Transfer. For details, see S/ Methods.

Immunofluorescent Staining and Confocal Microscopic Imaging. For details, see
Sl Methods.

In Vivo Gene Transfer and Myocyte Isolation. /n vivo gene transfer was per-
formed by open-chestintramyocardial injection of the adenoviral vectorsinto the
left ventricular apex. The ventricular myocytes were isolated 72 h after gene
transfer for further studies. For details, see S/ Methods.

Electrophysiological and Pharmacological Studies. Recording techniques and
conditions are described in S/ Methods.

Intracellular NO Imaging with DAR-4M AM. Intracellular NO production was
imaged by DAR-4M AM in living ventricular myocytes isolated 3-5 days after in
vivo transduction with AJCAPON-GFP. For further details, see S/ Methods.

Statistical Analysis. All data are expressed as mean + SEM. Comparison between
groups was performed by using the unpaired Student’s t test, and Pvalues <0.05
were considered statistically significant.
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