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Cellular Biology

Unique Cardiac Purkinje Fiber Transient Outward Current
B-Subunit Composition
A Potential Molecular Link to Idiopathic Ventricular Fibrillation

Ling Xiao, Tamara T. Koopmann, Balédzs Ordég, Pieter G. Postema, Arie O. Verkerk, Vivek lyer,
Kevin J. Sampson, Gerard J.J. Boink, Maya A. Mamarbachi, Andras Varro, Luc Jordaens, Jan Res,
Robert S. Kass, Arthur A. Wilde, C.R. Bezzina, Stanley Nattel

Rationale: A chromosomal haplotype producing cardiac overexpression of dipeptidyl peptidase-like protein-6
(DPP6) causes familial idiopathic ventricular fibrillation. The molecular basis of transient outward current
(I, ) in Purkinje fibers (PFs) is poorly understood. We hypothesized that DPP6 contributes to PF I, and that its
overexpression might specifically alter PF I, properties and repolarization.

Objective: To assess the potential role of DPP6 in PF I, .

Methods and Results: Clinical data in 5 idiopathic ventricular fibrillation patients suggested arrhythmia origin in
the PF-conducting system. PF and ventricular muscle 7, had similar density, but PF I, differed from ventricular
muscle in having tetraethylammonium sensitivity and slower recovery. DPP6 overexpression significantly
increased, whereas DPP6 knockdown reduced, I, density and tetraethylammonium sensitivity in canine PF but
not in ventricular muscle cells. The K*-channel interacting B-subunit K*-channel interacting protein type-2,
essential for normal expression of /, in ventricular muscle, was weakly expressed in human PFs, whereas DPP6
and frequenin (neuronal calcium sensor-1) were enriched. Heterologous expression of Kv4.3 in Chinese hamster
ovary cells produced small / ; I, amplitude was greatly enhanced by coexpression with K*-channel interacting
protein type-2 or DPP6. Coexpression of DPP6 with Kv4.3 and K*-channel interacting protein type-2 failed to
alter I, compared with Kv4.3/K*-channel interacting protein type-2 alone, but DPP6 expression with Kv4.3 and
neuronal calcium sensor-1 (to mimic PF I, composition) greatly enhanced I, compared with Kv4.3/neuronal
calcium sensor-1 and recapitulated characteristic PF kinetic/pharmacological properties. A mathematical model
of cardiac PF action potentials showed that I, enhancement can greatly accelerate PF repolarization.

Conclusions: These results point to a previously unknown central role of DPP6 in PF I »» With DPP6 gain
of function selectively enhancing PF current, and suggest that a DPP6-mediated PF early-repolarization
syndrome might be a novel molecular paradigm for some forms of idiopathic ventricular fibrillation. (Circ
Res. 2013;112:1310-1322.)

Key Words: cardiac arrhythmia mechanisms m ECG m genetic arrhythmia syndromes m molecular electrophysiology
m potassium channels m sudden death m ventricular tachycardia arrhythmia

udden cardiac death accounts for 300000 deaths annually in

North America.'? Almost 10% of patients with sudden car-
diac death lack identifiable heart disease, manifesting so-called
idiopathic ventricular fibrillation (IVF).> The mechanisms un-
derlying most IVF are unknown. Recently, a genome-wide
haplotype-sharing analysis of Dutch families with IVF identi-
fied a founder haplotype on chromosome 7 (7q36), harboring
the proximal and upstream sequences of the DPP6 gene as the

genetic basis.* IVF patients with this haplotype had markedly
(~20-fold) increased cardiac tissue levels of DPP6 mRNA *

In This Issue, see p 1303

Dipeptidyl aminopeptidase-like protein-6 (DPP6), amember
of the dipeptidyl aminopeptidase family lacking enzymatic
activity, is a potential 3-subunit for neuronal A-type currents>¢
and cardiac transient outward potassium current (/)" encoded
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Nonstandard Abbreviations and Acronyms
AP action potential

CHO Chinese hamster ovary

DPP6 dipeptidyl aminopeptidase-like protein-6
GFP green fluorescent protein

IVF idiopathic ventricular fibrillation
KChiP2 K*-channel interacting protein type-2
v left ventricle

NCS-1 neuronal calcium sensor-1

PC Purkinje fiber cell

PF Purkinje fiber

RV right ventricle

TEA tetraethylammonium

VES ventricular extrasystole

VM ventricular muscle

by Kv4.x-subunits. DPP6 modulates trafficking, kinetics, and
pharmacology of Kv4.x-encoded channels.®® I underlies
the early-repolarization phase of cardiac action potentials
(APs)’ and shows marked transmural variability.'® Alterations
in myocardial I expression play important roles in cardiac
arrhythmias'!' and have been implicated in Brugada syndrome,
although precise mechanisms remain controversial.'?

Cardiac Purkinje fibers (PFs) form a specialized conduct-
ing system, with unique properties and important roles in car-
diac physiology and arrhythmia generation.'> There are major
differences in I, between ventricular muscle (VM) and PFs
in many species, including humans.">'* PF I typically shows
slower inactivation and much greater tetraethylammonium
(TEA) sensitivity than VM.'*'* The molecular mechanisms
underlying these differences are unclear. The 3-subunit K*-
channel interacting protein type-2 (KChIP2), which plays a
crucial role in VM I, is weakly expressed in PF."” In addition
to KChIP2 and DPP6, other potential Kv4.2/4.3-interacting
subunits include neuronal calcium sensor-1 (NCS-1) and
KCNEI-5,""" many of which are expressed in the heart.?
DPP6 is known to confer TEA sensitivity on Kv4.x-subunit—
based channels on heterologous expression.® We hypothesized
that DPP6 may contribute to PF I and that its overexpression
might alter PF [ properties in a way that contributes to IVF
occurrence. The present study was designed (1) to assess the
expression of various [-subunits in human VM and PF tissue,
(2) to evaluate the result of DPP6 overexpression and knock-
down by adenoviral gene transfer on VM and PF [ , and (3) to
study the properties of /_ resulting from heterologous coex-
pression of different combinations of putative $-subunits rel-
evant to composition in human VM and PF. Our results point
to an important contribution of DPP6 to PF /_and implicate
enhanced PF /  as a novel candidate mechanism for IVF.

Methods

For further details, see the online Data Supplement.

Clinical Assessment of IVF Patients
Five IVF patients with confirmed 7q36 DPP6-associated haplo-
type were studied. Baseline clinical data were obtained for all. One
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patient underwent invasive electrophysiological study and long-term
follow-up.

Human Cardiac Tissue Samples

Hearts from 15 nondiseased donors (8 for mRNA and 7 for protein
extraction) were stored in cardioplegic solution at 4°C. PF false ten-
dons, left ventricular (LV) epicardium, midmyocardium, and endo-
cardium were dissected and snap-frozen in liquid N,

mRNA Quantification

RNA was extracted with TRIzol, chloroform extraction, and iso-
propanol precipitation. Genomic DNA was eliminated with DNase
I, followed by phenol-chloroform acid. First-strand cDNA was syn-
thesized by reverse transcription with 1 ng RNA, random primers,
and moloney murine leukemia virus reverse transcriptase. Real-time
polymerase chain reaction was conducted (primers are given in
Online Table I) with SYBR green. 18S rRNA was the internal stan-
dard. mRNA was quantified with comparative threshold cycle quan-
tification (AACt).

Immunoblotting

Membrane protein fractions were run on 10% SDS-PAGE gels and
transferred to polyvinylidene fluoride membranes. Blots were probed
with primary antibodies against Kv4.3, KChIP2, NCS-1, DPP6, and
GAPDH. Results were analyzed with Quantity-One, and data were
normalized to GAPDH.

Native-Cell Isolation and Culture

Experiments were performed with canine cardiac tissues, which have
relative VM and PF cell (PC) I properties similar to those of hu-
mans.'*'* Adult male mongrel dogs (19-30 kg, n=33) were anesthe-
tized with pentobarbital (30 mg/kg IV). After excision of PF false
tendons, the anterior LV (or in selected experiments, right ventricular
[RV] free wall) was arterially perfused with Tyrode solution con-
taining collagenase (120 U/mL, Worthington, type II). VM cardio-
myocytes were isolated as previously described.?! PCs were obtained
by digestion with elastase and collagenase (for details, see Online
Methods). Isolated cells were either put in storage solution for study
on the same day or placed in cell culture on laminin-coated glass
coverslips. In some cases, attached PCs and VMs were subjected
to adenovirus infection for 2 to 4 hours and incubated for 48 hours.
After culture, PCs and VMs were washed and stored at 4°C for elec-
trophysiological study.

Adenovirus Constructs

A bicistronic construct encoding triple FLAG-tagged DPP6 and
green fluorescent protein (GFP) under control of the cytomegalovirus
promoter was generated by inserting the cDNA into pShuttle-IRES-
hrGFP-1 vector. The adenoviral vector containing DPP6 cDNA is
designated Adv-GFP-DPP6, and the control vector containing only
GFP is designated Adv-GFP-control.

DPP6 knockdown was obtained with a microRNA-embedded
short-hairpin RNA (shRNA-mir’’) sequence, targeted to the ca-
nine DPP6 mRNA (GeneBank identification, XM_532774). The
shRNA-mir sequence was delivered into the cultured cells by a
human adenovirus-based vector (Adv-GFP-DPP6-knockdown). A
scrambled shRNA-mir carrying adenovirus was used as a negative
control (Adv-GFP-Scr). KChIP2 knockdown virus and a scrambled
control construct were prepared similarly. Adenovirus vector con-
struction followed previous studies.?** For details, see online Data
Supplement Methods. GFP expression was used to select cells with
effective gene transfer.

Chinese Hamster Ovary Cell Culture and

Transfection

Chinese hamster ovary (CHO) cells were cultured in F12-medium
supplemented with bovine serum and penicillin/streptomycin.
Transfection was performed with Lipofectamine 2000 and plasmid
DNA encoding Kv4.3 or combinations of Kv4.3 with KChIP2b,
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DPP6, or NCS-1. Bicistronic vectors carrying DsRed, cyan fluo-
rescence protein, and GFP were used to monitor gene transfer.
Fluorescent cells were used for patch-clamp experiments within 1 to
2 days of transfection.

Immunoprecipitation Studies

Total proteins from CHO cells after 2-day transfections extracted with
lysis buffer were fast-frozen and stored at —80°C. Immunoprecipitation
was performed with a monoclonal anti-Kv4.3 antibody. Dynabeads
M-280/sheep antimouse IgG were washed with PBS and preincubated
with 1% BSA for 1 hour at room temperature to minimize nonspecific
binding. Anti-Kv4.3 antibodies were incubated overnight at 4°C with
100 pL Dynabeads per sample. The anti-mouse IgG-coated beads
were then washed 5 times with PBS and incubated overnight with
100 pg protein extracts from CHO cells, and supernatants were
collected. The bead—antibody target protein complexes were washed
and subjected to magnetic precipitation/resuspension. Bound Kv4.3
protein complexes were eluted and denatured.

Eluted proteins and supernatants were separated on 10% SDS-
PAGE gel and transferred to polyvinylidene fluoride membranes.
Blots were incubated overnight at 4°C with primary antibodies
against Kv4.3, KChIP2, NCS-1, or DPP6. Protein bands were detect-
ed by chemiluminescence, and results were analyzed with Quantity-
one software.

Confocal Microscopy

Two days after transfection, CHO cells were washed with PBS, then
fixed with 2% paraformaldehyde, and washed 3 times with PBS. After
blocking and permeabilization, cells were incubated overnight at 4°C
with primary antibody against Kv4.3 in PBS containing 1% normal
donkey serum and 0.05% Triton, followed by 3 washes and incuba-
tion with secondary antibody and wheatgerm agglutinin. Confocal
microscopy was performed with a Zeiss LSM-710 system. Images
were deconvolved using measured point-spread functions. Kv4.3 flu-
orescence densities were determined as the sum of the pixels within
each region normalized to region area. Measurements were repeated
in 5 Z stacks for each cell.

Electrophysiology

Whole-cell patch-clamp technique was applied for I recording at
36+0.5°C (native cells) or 22+0.5°C (CHO cells). I was always
defined as the difference between peak and end-pulse current. Cell
capacitances were not significantly different among groups (Online
Table II). Recording solutions were as previously described!*¢ (see
online Data Supplement).

Data Analysis

Clampfit 9.0 (Axon) and GraphPad Prism 5.0 were used for basic data
analysis. Real-time polymerase chain reaction results were analyzed
with MXPro software. Statistical comparisons were performed with
paired or unpaired Student ¢ tests for 2-group-only analysis and by
ANOVA followed by Bonferroni-corrected ¢ tests for multiple-group
comparisons. A 2-tailed value of P<0.05 indicated statistical signifi-
cance; group data are mean+SEM.

PF AP Model

A previously described model of the electrophysiology of the PF cell
was used,” modified to reproduce behavior of canine cell recordings
at physiological temperature. Current density was set to reproduce a
peak current of 10 pA/pF at 30 mV.»

Results

IVF Patients

Baseline ECGs were normal in DPP6 risk-haplotype carriers
(Online Table III). Ventricular arrhythmia manifested as short
coupled ventricular extrasystoles (VESs) that sometimes initi-
ated rapid polymorphic ventricular tachyarrhythmias (Online
Figure I). VESs consistently displayed left bundle-branch

block morphology and superior/leftward ECG axis, sug-
gesting a lower RV origin. The short VES coupling intervals
despite normal QTc, along with the relatively narrow QRS
complexes, suggest an origin in the conduction system, as ob-
served by Haissaguerre et al* in 25% of their IVF patients. In
1 patient undergoing ablation for repeated arrhythmia storm
after implantation of a cardioverter-defibrillator (Figure 1),
RV pace mapping produced a morphology similar to that of
VESs (Figure 1A and 1B). Radiofrequency ablation was ap-
plied at a site with early diastolic PF potentials (Figure 1C)
in the anterior lower RV (Figure 1D). During the 43-month
follow-up, neither ventricular fibrillation nor typical-morphol-
ogy VESs occurred.

Differences Between PC and VM [,

Figure 2A and 2B shows examples of /_ in freshly isolated
canine PCs and VMs. The currents have similar overall mor-
phologies, with PCs showing somewhat slower inactivation and
larger end-pulse sustained currents compared with VM. Both
PC [ and VM [ _are completely blocked by 10 mmol/L 4-ami-
nopyridine (Online Figure II). Overall current densities are of
the same order for PCs and VMs (Figure 2C and 2D). Both
PF I and VM [  show biexponential inactivation (Figure 2E);
however, the slow-phase inactivation time constants were slow-
er for PF (Figure 2F and 2G). For example, the time constants at
30 mV averaged 8.3+1.0 milliseconds (fast phase) for PF versus
4.6+0.4 milliseconds for VM (P=0.005), and the slow-phase
time constants averaged 66.5+15.4 milliseconds for PF versus
13.5+2.0 milliseconds for VM (P=0.044). The relative propor-
tion of inactivation attributable to fast-phase inactivation was
smaller in PF (57£6%) compared with VM (72+2%; P<0.05).

Figure 3 shows inactivation voltage dependence and
recovery kinetics for PCs versus VM. Inactivation voltage de-
pendence (Figure 3A and 3B) tended to be less negative in
PCs: 50% inactivation voltages were —28.5+0.6 mV (PF) ver-
sus —34.0+2.8 mV (VM; P=0.184). Fast-phase recovery time
constants were similar: 30+5 milliseconds for PF versus 21+4
milliseconds for VM (P=NS), but slow-phase recovery time
constants were much slower for PF (691+139 milliseconds)
compared with VM (16648 milliseconds; P=0.04). The slow
phase also comprised a larger portion of total inactivation in
PF, 61£6%, compared with VM (39+£7%; P=0.04). I proper-
ties were stable over 2 days in culture (Figures 2 and 3).

A signature property of PC I _is TEA sensitivity.">'* PC and
VM responses to TEA (10 mmol/L) are illustrated in Figure
4A and 4B. TEA 10 mmol/L reduced PC I by #50% at 50 mV
(Figure 4C). The dose-response relation for TEA inhibition
of fresh PC I (Online Figure IIIA) showed a 50% inhibitory
concentration (IC,) of 2.0£1.6 mmol/L. Neither inactivation
time constants (Online Figure IIIB) nor the percentage of fast-
versus slow-phase inactivation was changed by 100 mmol/L
TEA. Recovery was accelerated by 10 mmol/L TEA (Online
Figure IIIC) because of a decrease in the slow-phase propor-
tion from 77+4% to 41+3% (P<0.01) without any change in
the time constants per se. In contrast, VM / was unaffected by
10 mmol/L TEA (Figure 4D) and nonsignificantly decreased
with 100 mmol/L TEA (Online Figure IIID). The relative re-
sponses of PCs versus VMs were unchanged after a 2-day cul-
ture (Figure 4E and 4F).
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All VM studies described above were performed in

cells. We also compared PC I properties with those of RV
cardiomyocytes. RV [ was insensitive to 10 mmol/L TEA
(Online Figure IVA), quite different from PCs (Online Figure
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Figure 1. Radiofrequency
ablation of idiopathic
ventricular fibrillation in a
DPPE6 risk-haplotype carrier
(patient E). A, Early coupled
ventricular extrasystoles (VESSs)
with a typical morphology

in bigeminal pattern. B, left,
Spontaneous VES; right,

the pace map in the right
ventricular (RV) apex. C, At the
ablation site on the mapping
ablation catheter, proximal
recording (map 2-3) shows an
early signal preceding the sinus
beat, suggesting a Purkinje
potential, which becomes
clearer at the onset of a VES.
D, Catheter position (arrow)
at a successful ablation site
(anteroposterior view). LV
indicates left ventricle; and VF,
ventricular fibrillation.

LV IVB). Similar to LV VM, RV [ inactived faster than PC

(Online Figure VA and VB). The voltage dependence of 1
inactivation was less negative for PC [ compared with RV
(Online Figure VC). Recovery kinetics were also faster in
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Figure 2. Comparison of /,_ between Purkinje fiber cells (PCs) and ventricular muscles (VMs). Representative recordings of / |
obtained with 100-millisecond depolarizations from a holding potential of —-50 mV at 0.1 Hz in freshly isolated PCs (A) or VMs (B).

C and D, Mean+SEM |/, density-voltage relations at day O (freshly isolated) and day 2 culture for PCs and VMs. E, Representative best-
fit biexponentials to data from a PC and a VM during 100-millisecond depolarizations to 30 mV. F and G, Mean+SEM /_ inactivation

time constants.
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inactivation voltage dependence obtained
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pulses between —-100 and 40 mV. Holding
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RV cardiomyocytes compared with PCs (Online Figure VD).
Overall, differences between PCs and RV cardiomyocytes
paralleled those for LV cardiomyocytes.

Effects of DPP6 Expression Changes on PC

and VM I |

To assess the effect of DPP6 overexpression, as occurs in
7q36-IVF, on PC and VM [ , we used adenovirus-based DPP6
gene transfer (Figure 5A and 5B). DPP6 overexpression
significantly increased both [ density (by ~52%; Figure
5C) and TEA sensitivity (Figure 5D) in PCs but did not alter
current density (Figure S5E) or TEA sensitivity (Figure 5F)
in VMs. DPP6 overexpression did not alter / inactivation
kinetics or voltage dependence (Online Figure VI). The time
course of recovery from inactivation was similarly unaffected
by DPP6 overexpression (Online Figure VII). Effective
overexpression was confirmed at the mRNA level (Online
Figure VIIIA).

To further assess the potential role of DPP6 in PC and VM
I, we studied the effects of DPP6 knockdown on native /.
Effective DPP6 knockdown was confirmed by measuring
DPP6 mRNA (Online Figure VIIIB). Examples of /_in PCs
and VMs infected with the scrambled control and DPP6-
knockdown virus are shown in Figure 6A and 6B. DPP6 knock-
down significantly decreased PC I  density (Figure 6C) and
TEA sensitivity (Figure 6D) but did not affect VM I (Figure
6E and 6F). Inactivation kinetics and voltage dependence, re-
covery kinetics, and relative amplitudes were not affected by
DPP6 knockdown for both PC and VM [ (Online Figure IX).

Purkinje Fiber Versus Myocardial Expression of

I, -Related Subunits

The studies shown in Figures 5 and 6 support the contention
that DPP6 is an important contributor to PC (but not VM)
I . To evaluate potential underlying mechanisms, we first
assessed the differential expression of potential /  subunits
in PFs and VMs. Normal human hearts presented marked
DPP6 mRNA expression gradients between PF and LV
(Figure 7A). DPP6 mRNA expression was 29+10-, 23+7-,
and 15+5-fold higher in PF compared wtih LV epicardium,
midmyocardium, and endocardium, respectively (Figure 7A,
inset). Kv4.3, Kv3.4, and Kv1.4 were similarly expressed in
PF and LV, with Kv4.3 expression being by far the strongest.
KChIP2b expression in LV epicardium was =5-fold greater
than in PF, whereas NCS-1 was more strongly expressed
(=4-fold) in PF. KCNE1, KCNE2, and KCNE3 mRNA
levels were not differential. We also measured the expres-
sion of Kv4.3, KChIP2, NCS-1, and DPP6 proteins in PF
and VM membrane preparations from normal human hearts
(Figure 7B and 7D) and from canine hearts (Figure 7C and
7E). The protein expression differences for Kv4.3, KChIP2,
NCS-1, and DPP6 in PF and VM qualitatively paralleled
relative transcript expression (Figure 7A), with KChIP2
more strongly expressed in VM and NCS-1 and DPP6 more
strongly expressed in PF. Kv4.3 protein levels were not sig-
nificantly different between PF and VM. Membrane extracts
from CHO cells overexpressing the various subunits studied
were probed with the antibodies used, showing good selec-
tivity (Online Figure X).
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Figure 4. Effects of tetraethylammonium (TEA) on Purkinje fiber cell (PC) and ventricular myocyte (VM) |, . Representative
recordings of Ito before (CTL, top) and after (bottom) 10-mmol/L tetraethylammonium (TEA) perfusion in freshly isolated PCs A, or VMs B.
Currents were obtained with 100-millisecond depolarizations from a holding potential of -50 mV at 0.1 Hz. Mean+SEM /, | density-voltage
relations before and after 10-mmol/L TEA at day 0 (C and D) and day 2 (E and F) from PCs (left) and VMs (right). *P<0.05, CTL vs 10

mmol/L TEA. CTL indicates control; TP, test potential.

Effects of B-Subunit Background on Heterologously
Expressed Kv4.3

To relate the different properties of VM compared with PF /
to the various subunits they express, we studied the effects of
DPP6 on Kv4.3+KChIP2 (mimicking VM /_ subunit makeup)
or Kv4.3+NCS-1 (mimicking PC [ subunit makeup) in
CHO cells. Figure 8A through 8F shows representative /|
recordings from CHO cells transfected with Kv4.3 alone,
Kv4.3+KChIP2, Kv4.3+KChIP2+DPP6, Kv4.3+NCS-1,
Kv4.3+NCS-1+DPP6, or Kv4.3+DPP6. Corresponding
mean current density data are shown in Figure 8G. KChIP2
enhanced /| current density (Figure 8B versus 8A), but the
addition of DPP6 produced no further change (Figure 8C and
8G). NCS-1 cotransfection with Kv4.3 increased [ slightly
compared with Kv4.3 alone (Figure 8D), and the addition

of DPP6 substantially enhanced I (Figure 8E). DPP6 alone
enhanced / to about the same extent as DPP6 in the presence
of NCS-1 (Figure 8F and 8G). Changes in mean inactivation
time constants are shown in Figure 8H, with illustrative
fits in Figure 8I. Currents encoded by Kv4.3+KChIP2 or
Kv4.3+NCS-1 inactivated more slowly than Kv4.3-only
current. Coexpression of DPP6 with Kv4.3+KChIP2 or with
Kv4.3 alone did not significantly alter the rate of inactivation.
However, T, for currents encoded by Kv4.3+NCS-1+DPP6
was similar to T, of Kv4.3+NCS-1 currents and slower
than for Kv4.3+KChIP2 (P<0.05) or Kv4.3 alone. The
voltage dependence of Kv4.3 inactivation was left-shifted by
coexpression with DPP6 only but was not significantly altered
by cotransfection with the other subunit combinations studied
(Online Figure XIA and Online Table IV).
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Figure 5. Effects of dipeptidyl peptidase-like protein-6 (DPP6) overexpression on Purkinje fiber cells (PC) and ventricular muscle
(VM) I . A and B, |, recordings obtained with 100-millisecond depolarizations from 50 mV at 0.1 Hz in VMs and PCs infected with Adv-
GFP-CTL (CTL) or Adv-GFP-DPP6 (DPP6). C and E, Mean+SEM |, density-voltage relations in CTL or DPP6 from VMs (C) and PCs (E).
D and F, Percentage inhibition by 10 mmol/L tetraethylammonium (TEA) of VM (D) or PC (F) /_ at 50 mV. *P<0.05, CTL vs DPP6. GFP

indicates green fluorescent protein; and TP, test potential.

Changes in subunit composition significantly affected I
recovery (Figure 8] and Online Figure XIB). Cells transfected
with Kv4.3 alone had slower recovery time constants than
cells cotransfected with Kv4.3+KChIP2. Adding DPP6 to
Kv4.3+KChIP2 did not significantly alter recovery kinetics
compared with Kv4.3+KChIP2. Cotransfection of Kv4.3
with NCS-1, with or without DPP6, slowed recovery =3-fold

A PC

Scr DPP6 KD

50 50

relative to K4.3+KChIP2. Cotransfection of Kv4.3 with DPP6
alone accelerated Kv4.3 recovery to an extent similar to that
of KChIP2.

Subunit composition significantly affected TEA sensitivity.
Currents recorded before and after 5 mmol/L TEA in cells
transfected with Kv4.3 alone and Kv4.3+DPP6 are shown in
Online Figure XIIA and XIIB, respectively. Online Figure
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Figure 6. Effects of dipeptidyl peptidase-like protein-6 (DPP6) knockdown (KD) on Purkinje fiber cell (PC) and ventricular myocyte
(VM) I.. Examples of Ito recordings from PC A, and VM B, infected with Adv-GFP-Scr (Scr) or Adv-GFP-DPP6 KD (DPP6 KD). Currents
were obtained with 250~ (PC) or 100-millisecond (VM) depolarizations at 0.1 Hz. C and E, Mean+SEM /| density-voltage relations in Scr
or DPP6 KD from PCs and VMs. D and F, Percentage inhibition by 10 mmol/L tetraethylammonium (TEA) of PC (D) or VM (F) /  at 50 mV.

*P<0.05, Scr vs DPP6 KD. GFP indicates green fluorescent protein.



1102 ‘v Re N uo 1s9nb Aq /Bio'sfeulnofeye’salnlio//.dny wo.uy papeojumoq

Xiao et al

Purkinje Fiber I, f-Subunit Composition and IVF 1317

s
ﬁ N=5-8/group
g 40 *P<0.05, versus PF
A = *
S 30
407 —PF %
mm LV Epi g 20
301 %
N=8 samples/group © 10
] o
2 2011 3
x *k 20 Epi LV Mid LV Endo
< 107
E |l| = Il M=
& 1.0 Figure 7. mRNA and protein expression
5 *k of I subunits. A, Ito subunit mMRNA
s} expression in human heart. Mean+SEM
~ normalized results for Kv4.3, Kv3.4,
0.5 * Kv1.4, K+-channel interacting
protein type-2 (KChIP2)b, neuronal
calcium sensor-1 (NCS-1), dipeptidyl
Ill peptidaselike protein-6 (DPP6), KCNET,
0.0 . e . © . ; . » . KCNE2, and KCNES3. *P<0.05, **P<0.01,
e 5° N Qv <o R & & & Purkinje fibers (PF) vs left ventricle (LV)
3 & ¢ @ & s & & epicardium (Epi). Inset, DPP6 mRNA
expression in PF as ratio of LV Epi (n=8),
B Human C Dog midmyocardium (LV Mid) (n=5), and
VM PF PF VM endocardium (Endo) (n=6). *P<0.05, PF
100 kDa— vs LV layers. B and C, Representative
_ DPP6 100 kDa- _ DPP6 Western blot results in ventricular muscle
75 kDa—_ Kv4.3 75 kDa- 'Kva.3 (VM) and PF membrane fractions from
37 kDa— 37 kDa- —-l human (B) and dog (C) hearts. All blots
_ KChiP2 _ KChIP2 shown were from 1 VM and 1 PF sample
on the same membrane for each, which
20 kDa -3 - NCS-1 20 kDa- _ NCS1 was stripped before each antibody was
= 3 applied. D and E, Mean+SEM protein
36 kDa— | S SRS | GAPDH 36 kDa- GAPDH levels normalized to GAPDH. *P<0.05,
**P<0.01, PF vs VM.
D 127 mmvm E 087 mmvM
> 1.0 —PF —PF
2 Y N=6-7 0.6 N=4
< *
-~ 0.81 *%

**
g .6 ) *
T 0.41 0.2,
0.2 . ] *
0.0- ! 0.0- )

Kv4.3 KChiP2 NCS-1 DPP6

XIIC shows mean percentage inhibition by 5 mmol/L TEA of
cells transfected with Kv4.3 and various combinations of f3-
subunits. Cells transfected with Kv4.3 alone, Kv4.3+KChIP2,
and Kv4.3+KChIP2+DPP6 showed no significant effect of
TEA. NCS-1 conferred slight TEA sensitivity. Cotransfection
of DPP6 with Kv4.3 alone or with Kv4.3+NCS-1 significantly
enhanced TEA sensitivity relative to Kv4.3+NCS-1. TEA
sensitivity of cells cotransfected with Kv4.3+NCS-1+DPP6
was not significantly different from Kv4.3+DPP6. Thus,
DPP6 enhances Kv4.3 currents and TEA sensitivity only in
the absence of KChIP2.

Although the expression data do indicate stronger DPP6
expression in PF compared with VM, the protein data indi-
cate relatively small quantitative rather than the qualitative
differences seen with mRNA. We therefore considered the
possibility that the prominent role of DPP6 in PF might be
the result of interference with DPP6-Kv4.3 interaction by
KChIP2, the predominant / -subunit in VM that is weakly
expressed in PCs, based on the lack of change in current den-
sity when DPP6 is added to Kv4.3+KChIP2 (Figure 8G) and
the inability of DPP6 to induce TEA sensitivity when cotrans-
fected with Kv4.3+KChIP2 (Online Figure XIIC). To study

Kv4.3 KChiIP2 NCS-1 DPP6

the physical interaction of various combinations of $-subunits
with Kv4.3, we immunoprecipitated proteins from CHO cells
expressing Kv4.3, Kv4.3+KChIP2, Kv4.3+KChIP2+DPP6,
Kv4.3+DPP6, Kv4.3+NCS-1, or Kv4.3+NCS-1+DPP6 with
a monoclonal anti-Kv4.3 antibody (Online Figure XIIIA).
Kv4.3 was effectively and completely precipitated from each
group because the 75-kDa Kv4.3 band was not observed in
the supernatants. The 115-kDa DPP6 band was detected in the
immunoprecipitates obtained from Kv4.3+KChIP2+DPP6,
Kv4.3+DPP6, and Kv4.3+NCS-1+DPP6. Not all expressed
DPP6 protein was bound to Kv4.3 because it was also detected
in the supernatant. KChIP2 and NCS-1 similarly coimmuno-
precipitated with Kv4.3, with significant amounts remaining
in the supernatant. The amount of DPP6 that coimmunopre-
cipitated with Kv4.3 was significantly less when KChIP2
was expressed together with Kv4.3 and DPP6 compared with
Kv4.3+DPP6 without KChIP2 (Online Figure XIIIB).

Potential Basis for Kv4.3 Current Enhancement by
KChIP2 and DPP6

Either KChIP2 or DPP6 substantially enhances K4.3 current.
To gain insights into possible mechanisms, we assessed CHO
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Figure 8. Comparison of | | properties obtained from different subunit-combinations in heterologous expression system. Examples
of currents recorded in Chinese hamster ovary cells transiently transfected with Kv4.3 (A), Kv4.3+K+-channel interacting protein type-2

(KChIP2;

B), Kv4.3+KChIP2+DPP6 (C), Kv4.3+neuronal calcium sensor-1 (NCS-1;

D), Kv4.3+NCS-1+DPP6 (E), or Kv4.3+DPP6 (F). Currents

were recorded during 250-millisecond depolarizations at 0.1 Hz. G, Mean+SEM current densities at 30 mV. *P<0.05, **P<0.01, ***P<0.001
vs Kv4.3 only. H, Mean+SEM inactivation time constants at 40 mV. *P<0.05, **P<0.01, ***P<0.001 vs Kv4.3 only. I, Representative fits from
2 experiments. J, Mean+SEM recovery time constants obtained as illustrated in Online Figure VIIIB. *P<0.05, vs Kv4.3+KChIP2.

cell Kv4.3 expression in plasma membranes by immunohis-
tochemistry (Online Figure XIV) and in crude membrane
preparations with Western blot (Online Figure XV). Both ap-
proaches suggest that KChIP2 or DPP6 increases Kv4.3 mem-
brane expression.

Effects of KChIP2 Knockdown on VM I,

If KChIP2 prevents Kv4.3-DPP6 interaction and VM has
significant DPP6 expression, DPP6 might be able to maintain
Kv4.3 function when KChIP2 levels are decreased. To test
this possibility, we knocked KChIP2 down with adenoviral
gene transfer in VMs. Examples of /  from VMs infected
with scrambled control and KChIP2-knockdown viruses are
shown in Online Figure XVIA. Effective KChIP2 knockdown
was confirmed by an =50% decrease in KChIP2 Western blot
signal (Online Figure XVIB). KChIP2 knockdown did not
significantly affect / density (Online Figure XVIC).

Effects of Increased I, on PC APs in a
Mathematical Model

Our studies of the properties of PFs versus VM, of the effect
of DPP6 overexpression and knockdown on native PCs and
VM, of putative I subunit composition, and of the results of
cotransfection of Kv4.3 with different subunit combinations in
CHO cells all point to an important role of DPP6 in PF I com-
position and suggest that increased DPP6 expression enhances

PF I . We then sought to understand the potential functional
consequences of DPP6 overexpression. We were unable to
record physiological APs from cultured PCs. We therefore
turned to a previously described computational model of the
PC AP* Online Figure XVIIA shows the baseline model-
derived [ . The effects of I overexpression on PF repolariza-
tion are shown in Online Figure XVIIB. Increasing degrees of
upregulation cause progressive deepening of the phase 1 notch
and shortening of AP duration, leading to loss of the AP pla-
teau and early repolarization directly from phase 1.

Discussion
The recent discovery of a founder risk haplotype on
chromosome 7q36, which includes the proximal and upstream
regions of the DPP6 gene, in Dutch familial IVF subjects
brought the potential for new insights into our understanding
of the mechanisms underlying IVE* In risk-haplotype
carriers, IVF is highly linked to cardiac overexpression of
the DPP6 gene,* pointing to increased DPP6 expression as a
potential molecular basis. However, the link between DPP6
upregulation and arrhythmogenesis has been unclear. In the
present study, we examined clinical data from 5 DPP6 risk-
haplotype carriers who had suffered IVF and found that
DPP6-related IVF arrhythmias likely originated from the PF
system. In nondiseased human hearts, we observed that DPP6
is more richly expressed in PFs compared with its expression



1102 ‘v Re|N uo 1s9nb Ag /Bio'seulnofeye’sa.nlio//.dny wouy papeojumoq

Xiao et al

in VMs. Besides DPP6, we found PF-VM differences in the
expression of KChIP2 and NCS-1, with KChIP2 being more
abundant in VMs and sparse in PFs, whereas NCS-1 is more
strongly expressed in PFs than VMs. The biophysical and
pharmacological properties of PF / _are known to differ from
those of VM [ ,"*'* but the underlying molecular mechanism
has been unknown. In addition, the basis for substantial PF /
density has been mysterious, in light of weak PF expression of
KChIP2," known to be essential for VM I expression.”” The
data presented here suggest that DPP6 performs a function
in PFs comparable to that of KChIP2 in VMs, permitting
normal current expression of / . In addition, NCS-1 and DPP6
recapitulated the specific functional PF I phenotype when
coexpressed with the a-subunit Kv4.3, and DPP6 knockdown
suppressed native PC I . Overexpression of DPP6 to mimic
the particular cardiac gene expression phenotype observed in
IVF patients enhances PF (but not VM) [ ; in vivo, this would
translate into accelerated PF repolarization, which might
cause a form of PF early-repolarization syndrome.

Possible Role in Arrhythmogenesis

Cardiac PFs participate in the initiation and maintenance of
ventricular arrhythmias in the presence of pathology like con-
gestive heart failure or myocardial infarction or in inheritable
arrhythmic syndromes like the long-QT syndrome.*®! They
have also been implicated in catecholaminergic polymorphic
ventricular tachycardia.’> PFs are particularly susceptible to
early afterdepolarizations or delayed afterdepolarizations.*3*
Ion channel remodeling in PFs contributes to arrhythmogenic
electrophysiological abnormalities in diseased hearts.!*2435-37
Our discovery that upregulation of DPP6 expression specifi-
cally enhances / in cardiac PF but not VM is the first mecha-
nistic clue to the pathogenesis of DPP6-related IVFE. The
absence of alterations in ventricular [ with DPP6 overexpres-
sion potentially explains the normal ECG in risk-haplotype
carriers because the Purkinje system is a small fraction of the
myocardial mass.

Imbalances between I, and inward currents have been sug-
gested to underlie the development of ventricular arrhyth-
mias. KCND3 (encoding Kv4.3) or KCNE3 gain-of-function
mutations seen in Brugada syndrome patients enhance ven-
tricular 7 and are presumed to cause steep transmural re-
polarization gradients that induce spontaneous generation
of ectopic beats.** In the risk haplotype for IVF, increased
Purkinje I  expression with DPP6 enhancement might simi-
larly deepen phase 1 and appreciably accelerate repolariza-
tion (Online Figure XVII). Accelerated PF repolarization
could cause strong local repolarization gradients with ad-
jacent ventricular muscle (unaffected by DPP6 overexpres-
sion), thereby generating local ectopic activity that produces
early coupled VESs without other evidence of electrocar-
diographic early-repolarization syndromes. This interesting
possibility remains to be tested directly.

I,, Subunit Composition and Properties

The TEA sensitivity of PF I was a classic observation that
contributed to the recognition that /_is carried predominantly
by K** In contrast, VM [ is TEA insensitive.">"* Similarly,
I recovery is markedly slower in PFs compared with
VM, contributing to well-established differences in AP

Purkinje Fiber I, f-Subunit Composition and IVF 1319

rate responsiveness.*! Nevertheless, the molecular basis for
Purkinje I has not been established despite studies of PF / -
related subunit composition.!®2*4*% In addition to permitting
normal /  densities in the virtual absence of KChIP2, the sub-
unit profiles we noted here may account for the unique TEA
sensitivity and kinetic properties of PF I _: DPP6 bequeathing
TEA sensitivity and NCS-1 slow recovery. In previous studies,
we found higher levels of Kv3.4 in PFs than in VM (findings
we could not confirm here), identifying Kv3.4 as a potential
contributor to Purkinje Iw.15 However, the TEA sensitivity of
Kv3 channels is an order of magnitude greater than that of
Purkinje / , and high concentrations of blood-depressing sub-
stance, a potent and specific Kv3.4 channel blocker, fail to
inhibit Purkinje / ." The results here present for the first time
a plausible basis for the previously enigmatic molecular com-
position of Purkinje /.

KChIP2 and NCS-1 are members of the recoverin/NCS
subfamily of calcium-binding proteins.** Both proteins can
interact with Kv4 channels and are recognized as regulatory
subunits for Kv4 subunit channels in neuron and myocar-
dium 31016174445 The gpecific role of NCS-1 in the heart has
not been determined. Nakamura et al'® initially suggested that
NCS-1 regulates K4 currents. Guo et al'” showed that NCS-1
is expressed in mammalian myocardium, slows Kv4 current
inactivation, and enhances current density. In mouse, NCS-1
is developmentally regulated and more abundant in immature
hearts.* Relatively little is known about the regional distribu-
tion of NCS-1 expression. Greener et al*> found greater fre-
quenin (NCS-1) mRNA levels in the bundle of His (composed
of PCs) than in VM. Extremely low-level KChIP2 expression
in PFs is a consistent finding.!>?#24346 Qur finding of greater
PF DPP6 abundance compared with VM is consistent with oth-
er recent observations.** The interaction of DPP6 with Kv4.x
subunits is also known to facilitate subunit trafficking and to
alter current kinetics.>*%4" The effect of DPP6 on Kv4 subunit
channel TEA sensitivity is related to modified TEA binding to
the external side of the pore.®* Our coexpression studies sug-
gest that both NCS-1 and DPP6 contribute to the properties of
PF [ , with DPP6 required to enhance Kv4.3 current density
and TEA sensitivity and NCS-1 necessary for the typical ki-
netic properties (slower inactivation and recovery). These ob-
servations provide new insights into the functional importance
of differential PF-VM [ subunit expression profiles.

Potential Limitations

In this study, we developed a novel in vitro system of cultured
PCs and applied it to study the consequences of DPP6 overex-
pression, as seen in IVF, for PF / . We were unable to record
physiologically relevant APs from cultured PCs, which pre-
vented us from directly assessing the impact of DPP6 overex-
pression on PC APs. Instead, we used a mathematical PC-AP
model to analyze the effect of PF I  gain of function. Further
work is needed to explore the electrophysiological phenotype
associated with DPP6 overexpression. Because of the brief
murine AP, studies in transgenic models more closely related
to humans such as the rabbit* may be needed. Interspecies
differences in I also exist between the human and canine
heart™ and need to be considered in the assessment of the ap-
plication of our findings.
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We compared /_ kinetics in native PCs and VMs with iden-
tical 100-millisecond depolarizing pulse protocols (Figure 3).
Although these studies allowed us to demonstrate slower I
inactivation in PCs compared with VM, because of the slow
nature of PC [ recovery, the slow-phase time constants
could not be accurately quantified with such short pulses. We
subsequently used a 1-second depolarizing pulse protocol and
obtained results suggesting that the slow-phase time constant is
at least on the order of 400 milliseconds (Online Figure X VIII).

Our DPP6 overexpression and knockdown data indicate
that DPP6 plays a significant role in PF but not in VM [, , but
our studies do not establish a clear molecular basis for this
highly PF-selective contribution. DPP6 and NCS-1 are more
strongly expressed in human PF than VM at both the protein
and mRNA levels (Figure 2); however, the PF-VM discrep-
ancy is much greater in mRNA than protein expression. The
mRNA data are more strictly quantitative than the protein data
but are further removed from the functional molecule. The
protein data are based on membrane preparations that include
a variety of cell membranes and not solely the sarcolemma; in
addition, the protein data do not reflect compartmentalization
in potentially critical macromolecular complexes. Western
blot analyses are limited by imperfect specificity and the de-
tection of multiple molecular weight bands, particularly for
polyclonal antibodies. KChIP2 seems to prevent Kv4.3 inter-
action with DPP6, as reflected by the lack of Kv4.3 current
increase with DPP6 in the presence of KChIP2 compared with
KChIP2-Kv4.3 alone (Figure 8G), the inability of DPP6 to
confer TEA sensitivity in the presence of KChIP2 (Online
Figure XIIC), and the reduction in DPP6 physical interac-
tion with Kv4.3 in the presence of KChIP2 (Online Figure
XIII). Thus, the low-level expression of KChIP2 in PF may
contribute at least as much to the manifest role of DPPG6 as the
PF-VM differences in DPP6 expression per se. In contrast,
coexpression with NCS-1 does not interfere with any DPP6
effects and is required to reproduce slow PC recovery kinetics.
It must be noted that although our study clarifies the basis of
unusual PF I properties by suggesting that the characteristic
slowly recovering and TEA-sensitive components are likely
caused by the involvement of NCS-1 and DPP6, by indicat-
ing that PF / current amplitude is maintained by DPP6 in the
relative absence of KChIP2, and by pointing to PF early repo-
larization as a mediator of arrhythmogenic consequences of
DPP6-overexpressing arrhythmia syndromes, many questions
about the molecular composition of PF I remain unanswered
and need to be addressed in future work. It is likely that PF 7 |
consists of >1 channel type because TEA blocked a maximum
of =75% of the current and selectively suppressed the slowly
recovering kinetic component.

Studies in native cells are essential to assess the composition
of native channels but are limited by the variability introduced
by varying cell quality and ionic current densities. For this rea-
son, we were as careful as possible to study all groups and inter-
ventions within each series of experiments in contemporaneous
experiments and whenever possible within each set of cells. We
studied native-cell properties at a physiological temperature
(36°C) to work under as physiological conditions as possible.
However, currents in heterologously expressing cells were too
large at 36°C to be effectively voltage clamped. Therefore,

heterologous cell work was done at room temperature, greatly
slowing current kinetics. Comparisons with native-cell data are
therefore based on qualitative findings rather than quantitative
comparisons between corresponding kinetic components.

Translational Relevance

Our study is the first to address the pathophysiological mech-
anism of DPP6-related IVF. Familial IVF linked to the chro-
mosome-7 locus including DPP6 presents as a malignant
inheritable arrhythmia syndrome.*>' The genetic findings
enable risk stratification,*>! and elucidation of the underly-
ing electrophysiological mechanism is important to develop
improved treatment. For example, our results provide a po-
tential rationale for the efficacy of quinidine, an [ blocker,
in IVF patients, as reported previously.”> The concepts we
elucidated may also aid in understanding potential mecha-
nisms of IVF and in facilitating exploration of mechanisms
associated with other novel genes® and sudden arrhythmic
death paradigms.
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Novelty and Significance

What Is Known?

The specialized ventricular conducting system consists of
cardiac Purkinje fiber (PF) cells , which have an unusual form of
transient outward K* current (/) with particularly slow recovery
kinetics.

In cardiac cells, excessively rapid or excessively slow repolarization
can lead to ventricular tachyarrhythmias, potentially lethal cardiac
rhythm disturbances.

A familial idiopathic ventricular fibrillation sudden cardiac death (SCD)
syndrome has as its basis a variant gene haplotype that leads to
cardiac overexpression of dipeptidyl peptidase-like protein-6 (DPP6),
which can act as a subunit component of /

What New Information Does This Article Contribute?

SCD patients with the DPP6-overexpressing genotype have ventricu-
lar tachyarrhythmias arising in the specialized PF-conducting system.
DPP6 plays an important role in constituting PF / , explaining many of
its unusual properties and differences from /_ elsewhere in the heart.
DPP6 overexpression enhances PF / , which can accelerate PF
repolarization, and this could explain the clinical idiopathic ventricular
fibrillation/SCD syndrome origin in the PF system and the lack of
abnormalities in other cardiac regions

PF | has a number of unusual properties like slow recovery kinet-
ics and high tetraethylammonium sensitivity that suggest a po-
tentially molecular basis distinct from atrial or ventricular muscle.
This study assessed the role of DPP6 in PF / on the basis of evi-
dence that patients with a genetic form of SCD show cardiac DPP6
overexpression, as well as arrhythmias that originate in the PF
system. We show that DPP6 is preferentially enriched in PFs and
that its overexpression and knockdown enhance and suppress, re-
spectively, /_in PF but not ventricular myocytes. In addition, DPP6
coexpression with the predominant /; pore-forming subunit Kv4.3
alters /_ pharmacology, reproducing tetragthylammonium sensitiv-
ity. Furthermore, the accessory [3-subunit K*-channel interacting
protein type-2, essential for robust / formation by Kv4.3 subunits
in the ventricule, is weakly expressed in PFs, where DPP6 plays a
corresponding role in localizing functional Kv4.3 channels to the
membrane. A mathematical PF model shows that DPP6 overex-
pression—induced /  enhancement can accelerate PF repolariza-
tion, potentially leading to ventricular arrhythmogenesis. Our study
elucidates the previously cryptic basis for PF / and introduces a
potential new paradigm for idiopathic ventricular fibrillation/SCD.
These new insights have the potential to lead to improved under-
standing and treatment of life-threatening arrhythmias in humans.
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SUPPLEMENTAL MATERIALS

Online Materials and Methods

1IVF patients

Five IVF-patients with confirmed 7q36 DPP6-associated haplotype were studied. Baseline
clinical data and ECG-characteristics including ventricular extrasystole (VES)-coupling intervals
were obtained for all. One patient underwent invasive electrophysiological study, including
pace-mapping and radiofrequency-ablation at the presumed site of VES-origin, along with
long-term follow-up.

Human cardiac tissue samples

Normal human cardiac tissues were obtained from 15 non-diseased hearts of organ donors
(6 females aged 53+8 years and 9 males aged 49+12 years) whose hearts were explanted to
obtain pulmonary and aortic valves for transplant surgery (University of Szeged). All
experimental protocols were approved by the Albert Szent-Gyorgyi Medical University Ethical
Review Board (No. 51-57/1997 OEJ) and conformed to the principles of the Declaration of
Helsinki of the World Medical Association. Hearts were stored in cardioplegic solution at 4°C
and PF false tendons, left ventricular (LV) epicardium (Epi), LV midmyocardium (Mid) and LV
endocardium (Endo) were dissected and quickly frozen in liquid nitrogen.

RNA extraction and mRNA quantification

Total mRNA was extracted from non-diseased human (N=8) cardiac PF, LV Epi, LV Mid and
LV Endo with TRIzol™. The frozen-tissue samples were pulverized and subjected to
homogenization in TRIzol Reagent (Invitrogen), chloroform extraction and isopropanol
precipitation. Total mRNA from cultured VM cells infected with Adv-GFP-CTL, Adv-GFP-
DPP6, Scr or DPP6 KD adenoviruses was also extracted with TRIzol Reagent (Invitrogen),
followed by similar steps. Genomic DNA was eliminated by incubation in DNase I (0.1 U/uL,
37°C) for 30 minutes, followed by phenol-chloroform acid extraction and gel verification. RNA
was quantified spectrophotometrically at 260-nm wavelength and integrity was confirmed on a
denaturing agarose gel. RNA-samples were stored in RNAse-free distilled H>O at -80°C. First-
strand cDNA was synthesized by RT with 1 pg of RNA, random primers and MMLYV reverse
transcriptase (High Capacity cDNA Archive Kit, Applied Biosystems). DNA contamination was
excluded by RT-negative PCR. Real-time PCR was conducted with a Stratagene Mx3000P
gPCR detection system with SYBR green quantitative assay. 18S rRNA was used as the internal
standard. Primers for real-time PCR reactions are listed in Online Table I. PCR products were
verified with dissociation curves. mRNA was quantified with comparative threshold-cycle
quantification and AACt methods. Data are expressed as 272€*10°.

Immunoblotting

Membrane-proteins from human (n=7) or canine (n=4, adult male mongrel dogs, 25~30 kg)
paired cardiac VM and PF tissues were extracted with lysis buffer containing 25-mmol/L
Tris-HCI1 (pH 7.34), 5S-mmol/L EDTA, 5-mmol/L EGTA, 150-mmol/L NaCl, 20-mmol/L NaF,
0.2-mmol/L  Na3VO,4, 20-mmol/L glycerol-2-phosphate, 0.1-mmol/L. AEBSF, 1-umol/L
microcystin, 25-pug/ml leupeptin, 10-pg/ml aprotinine, and 1-pg/ml pepstatin, followed by



homogenization and centrifugation at 3000 rpm, 4°C for 10 minutes. The supernatant was then
collected and further centrifuged at 48,000 rpm, 4°C for 1 hour. The precipitates containing
enriched crude membrane proteins were resuspended in lysis buffer supplemented with 1% Triton
X-100, and were kept at -80°C. Protein concentration was determined with the Thermo Scientific
Pierce BCA™ protein assay kit. 20 pg of membrane protein samples were denatured with
Laemmli sample buffer at 100°C and separated on a 10% SDS-PAGE gel, followed by
electrophoretic transfer to polyvinylidene fluoride (PVDF) membranes (Immobilon™, Millipore)
in 25-mmol/L Tris-base, 192-mmol/L glycine and 20%-ethanol at 0.3A for 1 hour. Membranes
were blocked in PBS-T (NaCl 136.8-mmol/L, KCI 2.7-mmol/L, Na,HPO4 4.2-mmol/L, KH,PO4
1.8-mmol/L, pH 7.34, 0.1% Tween) with 5% non-fat dry milk for 1 hour and incubated
respectively with the following primary antibodies overnight at 4°C: goat anti-DPP6, 1:500,
R&D Systems; mouse anti-DPP6, 1:500, R&D Systems; rabbit anti-Kv4.3, 1:1000, Alomone;
mouse anti-KChIP2, 1:1000, Neuromab; mouse anti-NCS-1, 1:1000, BD Bioscience; mouse anti-
GAPDH (to control for protein loading), 1:5000, Fitzgerald. After washing and re-blocking,
membranes were incubated with horseradish peroxidase-conjugated donkey anti-goat or donkey
anti-mouse secondary antibodies (1:10,000, Jackson Immunolabs). Protein-bands were detected
with Western-Lightening Chemiluminescence Reagent Plus (Perkin-Elmer Life Sciences) and
quantified with Quantity-One software (Biorad). All expression data are provided relative to
GAPDH for the same samples on the same gels.

Native cell isolation and culture

Because of the very limited availability of human cardiac tissue for study, experiments with
native cardiomyocytes were performed on tissues obtained from dog hearts, which have relative
VM and PF-cell (PC) I-properties similar to human.'” Animal-care procedures followed
National Institutes of Health guidelines and were approved by the animal research ethics
committee of the Montreal Heart Institute. Adult male mongrel dogs (19-30 kg, n=19) were
anesthetized with pentobarbital (30 mg/kg IV) under artificial ventilation. Hearts were excised
under left lateral thoracotomy and immersed in room-temperature oxygenated Tyrode’s solution.
All subsequent procedures were performed at room temperature unless otherwise specified. After
excision of PF false tendons, the transmural free wall (~30 X 50 mm) of the anterior left ventricle
was dissected and the perfusing artery was cannulated, followed by perfusion with Tyrode’s
solution containing collagenase (120 U mL™, Worthington, type II) at 37°C. Epicardial (Epi) or
mid-myocardial ventricular cardiomyocytes (VMs) from the left ventricular (LV) free wall were
isolated as previously described.” Epi cells were used for most functional studies, with
midmyocardial cells used only for KChIP2-knockdown experiments. In selected studies, right
ventricular (RV) cardiomyocytes were isolated from the RV free-wall. After isolation, cells were
either put in storage solution for study on the same day or kept in culture medium and centrifuged
at 500 rpm for 2 minutes. Cell-pellets were resuspended in culture-medium containing Medium-
199 (Invitrogen, with Earle’s salts, L-glutamine and 2.2 g/L sodium bicarbonate, Na-penicillin G
(100-U/mL) and streptomycin sulfate (100-pug/L), supplemented with Insulin-Transferrin-
Selenium-X (Invitrogen, containing 0.01-mg/mL insulin, 5.5-ug/mL transferrin, 6.7-ng/mL
sodium selenite and 2-pg/mL ethanolamine).

PF false tendons were excised from both ventricles into Dulbecco’s modified eagle medium
(DMEM, Invitrogen) and were first digested by elastase (1.5 U/mL, Type 1) for 10 minutes,
followed by collagenase (1,200 U/mL, Worthington Type II) digestion with 0.1% BSA (bovine
serum albumin) for 50+5 minutes at 37°C in a water bath. During digestion, the fibers were



gently agitated by bubbling with 100%-0,. After digestion, PFs were transferred into a high-[K]
storage solution and individual PF-cells (PCs) were dispersed by gentle pipetting for 10 minutes.
The solution containing single PCs was either used for study on the same day or filtered and
centrifuged at 500 rpm for 2 minutes. The PC pellet was resuspended in fresh KB solution
supplemented with 1-mmol/L CaCl,. After 10-minute incubation, PCs were precipitated by
2-minute centrifugation at 500 rpm and were resuspended in PC culture medium that contained
DMEM, Na-penicillin G and streptomycin sulfate supplemented with Insulin-Transferrin-
Selenium-X (ITX).

Matched PCs and VMs derived from each heart were plated on laminin (20-pg/mL)
pre-coated circular (12-mm diameter) glass coverslips in 24-well cell culture plate. VMs were
plated at ~1x10 cells/cm®. Because of the very small number of PCs from one false tendon, all
isolated PCs from all false tendons in each dog were plated for each experiment. Cells were
incubated at 37°C in a humidified, 5% CO;-enriched environment. After 4-hour preincubation,
any dead or unattached cells were washed off with fresh media to leave a homogeneous layer of
rod-shaped cells attached to the coverslips or Petri dishes. Attached PCs and VMs were
immediately subjected to adenovirus infection for 2 hours and were incubated for 48 hours in
fresh culture medium. After culture, PCs and VMs were washed twice with KB solution and
stored at 4°C for electrophysiological study.

Recombinant adenovirus vector construction

DPP6 over-expression

Full-length ¢cDNA of human DPP6 was generated from a cDNA clone (RC216875, OriGene
Technologies Inc) by PCR with specific primers containing the respective restriction sites.
Human DPP6 isoform 2 (NM_001936) was used since this is the most highly expressed isoform
in human heart.* A bicistronic construct encoding triple FLAG-tagged DPP6 and/or green
fluorescent protein (GFP) under control of the CMV promoter, was generated by inserting the
cDNA into pShuttle-IRES-hrGFP-1 vector (Stratagene). The adenoviral vector containing DPP6
cDNA will be designated Adv-GFP-DPP6, and the control adenoviral vector containing only
GFP as Adv-GFP-CTL.

DPP6 knock-down

To attenuate DPP6 expression in canine cardiomyocytes, an E1-E3-deleted adenoviral vector,
over-expressing a micro-RNA embedded shRNA (shRNAmir) targeted to the canine DPP6
mRNA (GeneBank ID: XM 532774) was developed. First, we created an adenoviral shuttle
plasmid that carries a CMV promoter-driven GFP expression cassette and the microRNA-context
sequence in the 3’untranslated region of GFP with unique restriction sites for cloning of
shRNAmirs as follows. The turbo GFP open reading frame was PCR-amplified from pGIPZ
(Openbiosystems) with 5° GGTAGTCGACCACCGACTCTACTAGAGGAT sense and 5°
TGCGGCCGCGGCCGCTACTTGTACATTAT antisense primers and the PCR product was
cloned in pAdTrack-CMV (a gift of Bert Vogelstein, Addgene plasmid #16405) at Sall — Notl
sites, hence generating the AdS-GFP plasmid. Two Xbal fragments of AdS-GFP between
positions 1612 and 3298 were deleted from AdS-GFP, using the dam-, dem- E. coli strain
ER2925 (New England Biolabs), resulting in AdS-GFP-AXbal. Finally, the microRNA-context
sequence was PCR amplified from pGIPZ with 5° TAGCGGCCGCTTGTTTGAATGA
GGCTTCAG sense and 5° TGCAAGCTTCGCATTAGTCTTCCAATTGAA antisense primers,
and the PCR product was cloned in AdS-GFP- AXbal between Notl — HindllI sites, by this
constructing the AdS-empty plasmid. The DPP6-targeted shRNAmir sequence was cloned in



AdS-empty following previously published protocols.” Briefly, template for the DPP6-specific
shRNA sequence was designed by the web-based ‘shRNA retriever’ tool available on the
Sachidanandam Laboratory homepage (http://katahdin.cshl.org/, Cold Spring Harbor Laboratory).
The 97 bp long synthetic oligonucleotides for the DPP6-targeted and the scrambled shRNAs
(DPP6: 57 TGCTGTTGACAGTGAGCGCCGACAGTTTCTGAAACTGTTGTAGTGAAGC
CACAGATGTACAACAGTTTCAGAAACTGTCGTTGCCTACTGCCTCGGA, scrambled: 5°
TGCTGTTGACAGTGAGCGAACGTAAGCAAAGCGGTGATCATAGTGAAGCCACAGAT
GTATGATCACCGCTTTGCTTACGTCTGCCTACTGCCTCGGA, the 23-bp long mature siRNA
sequences are italicized) were PCR amplified with 5° CAGAAGGCTCGAGAAGGTATATTGC
TGTTGACAGTGAGCG sense and 5° CTAAAGTAGCCCCTTGAATTCCGAGGCAGTA
GGCA antisense primers and the PCR products were cloned in AdS-empty at Xhol and EcoRI
sites.

KChIP2 knock-down

For KChIP2 knock-down, the double hairpin method was used. In these constructs, the length of
the microRNA context sequence is minimized so that double or multiple units of the same
shRNA can be cloned in tandem to improve knock-down efficacy.® The shRNA retriever tool
was used to design the synthetic template for the KChIP2-specific shRNA (5" TGCTGTTGACA
GTGAGCGCTGACATGATGGGCAAGTATACTAGTGAAGCCACAGATGTAGTATACTTG
CCCATCATGTCATTGCCTACTGCCTCGGA). For the scrambled hairpin the same template
was used as in the DPP6 experiments. The 97 bp long synthetic oligonucleotide templates were
PCR amplified with the 5" GCGCGGCCGCATGGATCCGATCCAAGAAGGTATATTGCTGT
TGACAGTGAGCG sense and 5" CTAAGCTTGCAGATCTATCGTAGCCCTTGAATTCCG
AGGCAGTAGGCA antisense primers. Since the sense primer carries Notl and BamHI and the
antisense primer carries BglIl and HindlIII sites, the PCR product could be cut by NotI-BglII and
BamHI-HindIII in parallel reactions. The Notl-Bglll and BamHI-HindIII cut PCR fragments
were cloned in AdS-GFP-AXbal at Notl-HindIII sites by three-way ligation, resulting in a CMV-
GFP-double-hairpin construct. Integrity of all plasmid constructs was verified by sequencing.

Virus production

Recombinant adenoviral genomes and initial virus cultures were generated by employing the
Adeasy system, according to previously published protocols.” Recombinant adenoviruses were
amplified in Hek293T/17 cells (ATCC) and were purified with the Adenovirus Standard
Purification ViraKit™ (Virapur LLC). Functional titers of the final virus preparations were
determined by infecting Hek293T/17 cells with limiting dilutions of the virus.

CHO cell culture and transfection

Chinese hamster ovary (CHO) cells were cultured in F12 medium (Invitrogen) supplemented
with 10% fetal bovine serum (HyClone®, Thermo Scientific) and 100 units/mL penicillin,
100 g/mL streptomycin (Invitrogen) at 37°C with 5%-CO,. One day before transfection, 1x10°
cells/well were seeded in a 24-well plate that contained sterile glass coverslips (12-mm diameter)
for electrophysiological or immunocytochemical studies. For co-immunoprecipitation studies,
1x10° cells/well were seeded in seven 100-mm petri dishes (one for each co-transfection group).
Transfection was performed with Lipofectamine2000™ (Invitrogen), with 0.1 pg (for 24-well)
or 3 pg (for 100-mm petri dish) plasmid DNA encoding Kv4.3 or combinations of Kv4.3 with
0.35 pg (24-well) or 10.5 pg (100-mm petri dish) KChIP2b, DPP6 or NCS-1. Bicistronic vectors



carrying DsRed, CFP and GFP were used. In parallel, 3 pg of plasmid DNA encoding DsRed,
10.5 pg of plasmid encoding CFP only and 10.5 pg of plasmid encoding GFP alone was
co-transfected into CHO cells in a 100-mm petri dish as a control for transfection efficiency and
for co-immunoprecipitation studies. Fluorescent cells were used for patch-clamp experiments
within 1-2 days of transfection. For the 100-mm petri dishes, after 2-day transfection and before
immunoprecipitation, comparable transfection efficiency was determined by observation of
DsRed, CFP and GFP fluorescence in each group. Cells were then washed with
phosphate-buffered saline (PBS) before protein extraction and immunoprecipitation experiments.

The plasmids used were human Kv4.3 (provided by Dr. Gordon Tomaselli, Johns Hopkins
University, GenBank #NM_172198) subcloned in pIRES-DsRed2, human KChIP2b (provided by
Dr. Michael Morales and Dr. Harold Strauss, SUNY, Buffalo, NY, GenBank #NM 173192)
subcloned in pIRES-CFP, human NCS-1 (purchased from Openbiosystem, USA. GenBank
#NM 014286) subcloned into pIRES-CFP, and human DPP6 (GenBank #NM 001936) in
pIRES-GFP. Plasmids containing only GFP, CFP or DsRed2, i.e., pIRES-GFP, pIRES-CFP or
pIRES-DsRed2, were also used when necessary.

Immunoprecipitation studies

Proteins from CHO cells after 2 day-transfections were extracted with lysis buffer containing
25-mmol/L Tris-HCl (pH 7.34), 5-mmol/L EDTA, 5-mmol/L EGTA, 150-mmol/L NacCl,
20-mmol/L NaF, 0.2-mmol/L Na3;VO,, 20-mmol/L glycerol-2-phosphate, 0.1-mmol/L AEBSF,
1-umol/L microcystin, 25-ug/mL leupeptin, 10-pg/mL aprotinine, 1-pug/mL pepstatin, and 1%
Triton X-100 followed by homogenization. After centrifugation at 3000 rpm and 4°C for
10 minutes, the supernatant was fast-frozen and stored at -80°C. Protein concentration was
determined with the Thermo Scientific Pierce BCA™ protein assay Kkit.

Immunoprecipitation was performed with a monoclonal anti-Kv4.3 antibody (Neuromab).
Dynabeads® M-280/sheep anti-mouse IgG (100 pL for each sample) were washed with PBS and
preincubated with 1%-BSA for 1 hour at RT to minimize nonspecific binding. Mouse anti-Kv4.3
antibodies (2.5 ug) were incubated overnight at 4°C with 100-uL Dynabeads per sample with
gentle rotation. The anti-mouse IgG-coated beads were then washed 5 times with PBS by
magnetic-precipitation/resuspension, and were incubated overnight with 100 pg of total protein
extracts from CHO cells expressing Kv4.3, Kv4.3+KChIP2, Kv4.3+KChIP2+DPP6,
Kv4.3+DPP6, Kv4.3+NCS-1, Kv4.3+NCS-1+DPP6 or DsRed, at 4°C with gentle rotation. The
supernatants were then collected. The bead-antibody-target protein complexes were washed
5times with PBS followed by magnetic-precipitation/resuspension. The bound Kv4.3
protein-complexes were eluted from the beads and denatured by adding 50 pL of SDS sample
buffer and heated at 100°C. Supernatants (40 uL.) from each immunoprecipitation-reaction were
denatured by adding 10 pL of S5xsample buffer and heated to 100°C for 5 minutes.

The eluted proteins and the supernatants were separated on 10% SDS-PAGE gel,
electrophoretically transferred to polyvinylidene fluoride (PVDF) membranes (Immobilon™,
Millipore) in 25-mmol/L Tris-base, 192-mmol/L glycine and 20%-ethanol at 0.3 A for 1 hour.
Membranes were blocked in PBS-T (NaCl 136.8-mmol/L, KCl 2.7-mmol/L, Na,HPO4
4.2-mmol/L, KH,PO4 1.8-mmol/L, pH 7.34, 0.1% Tween) with 5% non-fat dry milk for 1 hour,
and incubated overnight at 4°C with one of the following primary antibodies: goat anti-hDPP6,
1:1000, R&D Systems; mouse anti-Kv4.3, 1:1000, Neuromab; mouse anti-KChIP2, 1:2000,
Neuromab; mouse anti-NCS-1, 1:1000, BD Bioscience. After washing and re-blocking,
membranes were incubated with horseradish peroxidase-conjugated donkey anti-goat or



anti-mouse secondary antibodies (1:10,000, Jackson Immunolabs). Protein-bands were detected
with Western-Lightening Chemiluminescence Reagent Plus (Perkin-Elmer Life Sciences).

Confocal microspcopy

Two-days after transfection, CHO cells were washed once with PBS, then fixed with
2%-paraformaldehyde (20 minutes, BioShop) and washed 3 times (5 minutes each) with PBS.
Cells were blocked and permeablized with 2% normal donkey serum (NDS, Jackson) and 0.2%
Triton X-100 (BioShop) for 1 hour. Cells were then incubated overnight at 4°C with primary
antibody against Kv4.3 (mouse anti-Kv4.3, 1:200, Neuromab) in PBS containing 1%-NDS and
0.05%-Triton, followed by 3 washes and secondary antibody (donkey-anti-mouse Alexa-488,
Jackson, 1:800) and WGA (wheat germ agglutinin, Alexa Fluor 647, Life technologies, 1:200)
incubation at room temperature for 1 hour. Confocal microscopy was performed with a Zeiss
LSM-710 system. Control experiments omitting primary antibodies revealed absent or very
low-level background staining. Images were deconvolved with Huygens Professional software
(Scientific Volume Imaging) using measured point spread functions (PSFs). Measured PSFs
were acquired with the same parameters as the images of interest. Total, intracellular and plasma
membrane Kv4.3 fluorescence were analyzed using Zeiss LSM 710 software. For each cell
analyzed, the Kv4.3 fluorescence densities were determined as the sum of the pixels within cell
membrane or intracellular or the whole cell regions normalized to the corresponding region areas.
Measurements were repeated in 5 Z-stacks for each cell.

Electrophysiology

Whole-cell patch-clamp technique (voltage-clamp mode) was applied for I, recording at
36+0.5°C (for native cells) or at 22+0.5°C (for CHO cells). Borosilicate-glass electrodes had
tip-resistances between 1.5 and 3.0 MQ when filled. Cell-capacitance and series resistance were
compensated by ~80% to 90%. Leakage compensation was not used. Cell capacitances were not
different among groups. MeantSEM of cell capacitances are shown in online Table II. I, was
defined as a rapidly-activating and inactivating outward current, whether in native cells or
heterologous systems, and its amplitude measured from peak outward current to quasi steady-
state current at the end of the depolarizing pulse. Currents are expressed in terms of density.

The standard Tyrode solution contained (mmol/L) NaCl 136, KCI 5.4, MgCl, 1, CaCl, 1,
NaH,PO, 0.33, HEPES 5 and dextrose 10 (pH 7.35 with NaOH). The high-K" storage solution
contained (mmol/L) KCl 20, KH,PO, 10, dextrose 10, mannitol 40, L-glutamic acid 70,
B-OH-butyric acid 10, taurine 20, EGTA 10 and 0.1% BSA (pH 7.3 with KOH). The standard
pipette solution used in most experiments contained (mmol/L) K-aspartate 110, KCI 20, MgCl, 1,
MgATP 5, GTP 0.1, HEPES 10, Na-phosphocreatine 5, EGTA 5 with pH adjusted to 7.3 with
KOH.

For Ii,-recording in native cells, atropine (1-umol/L) and CdCl, (200-umol/L) were added to
external solutions to eliminate muscarinic K -currents and to block Ca*"-currents. Na'-current
contamination was avoided by using a holding potential (HP) of -50 mV or by substitution of
equimolar Tris HCI for NaCl. For I[i,-recordings in CHO cells, standard Tyrode solution was
used as external solution. Tetraethylammonium (TEA; Sigma-Aldrich) was prepared in a
0.3-mol/L stock solution. For 100-mmol/L TEA, an equal molar concentration of NaCl was
removed to maintain extracellular osmolarity.

The resting membrane potentials were similar in the absence and presence of the control
virus in 48-hour cultured PC or VM cells; e.g., in PC, -44£6 mV and -45+5 mV, P=NS; in



VM, -64+£5 mV and -60£8 mV, P=NS. We also analyzed the input resistances of 48-hour
cultured cells by applying a 10-mV hyperpolarizing voltage-clamp step from a holding potential
of -80 mV. The input resistances were not different in 48-hour cultured PC or VM cells with
versus without the control virus. In PC, input resistances averaged 62+28 MQ without (N=5) and
105+£33 MQ with (n=8) the control virus, P=NS. In VM, input resistances averaged 9.8+1.1 MQ
without (n=6) and 14.8+3.8 MQ with (n=6) the control virus, P=NS.

Data acquisition and analysis

Clampfit 9.0 (Axon) and GraphPad Prism 5.0 were used for data-analysis; curve-fitting was
performed with nonlinear least-square algorithms. Real-time PCR results were analyzed with
MXPro software from Stratagene. Western blot results were analyzed with Quantity one from
Bio-Rad. Statistical comparisons were performed with paired or unpaired Student #-tests if only
2 group means were compared. When multiple groups were studied simultaneously, group
comparisons were performed with ANOVA. If significant differences were indicated by analysis
of variance, posthoc t-tests with Bonferroni’s correction were used to evaluate differences
between individual mean values. A two-tailed P<0.05 indicated statistical significance; group
data are expressed as meantSEM.

PF action potential model

A previously-described model of the electrophysiology of the PF-cell was employed.® To
reproduce behavior at the physiological-temperature of canine-cell recordings, the kinetics of T-
type Ca’"-current were accelerated with a Q-factor of 3. The I,-representation was reformulated
to incorporate rapidly and slowly inactivating and recovering components of similar amplitude.
Current-density was set to reproduce a peak current of +10 pA/pF at +30 mV.’
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Online Tables

Online Table I. Primers used for real-time RT-PCR

Primers Sequences GeneBank#

hKv4.3 F: TGTTTCCAACTTTAGCCGGATT NM 004980
R: TTTGTGCCCTGCGTTTATCA

hKv3.4 F: TGCCTGCGCCGATGGTAGTG NM_ 004978
R: ATGCCATGTCGTGCCCAGCC

hKvl.4 F: AGCCATTGCGGGTGTCTTAA NM 002233
R: CGTTAGCTGTGTCTGTTCCTCATT

hKChIP2 F: ATGCTTGACATCATGAAGTCCAT AF199598
R: TTGACAAGACTCAATGAATTCCT

hNCS-1 F: GGCAACGATTACCGAGAAGGAGG NM 001128826
R: TGGAAGCCTGCCGCATCCAG

hDPP6 QIAGEN QuantiTect® Primer assay NM 001936, NM_130797,
Cat.No. QT00080598 NM 001039350
hKCNEI F: AACGACCCATTCAACGTCTACA NM 000219

R: CCGGGCCTGGACATAGG

hKCNE2 F: CAAAGTTGATGCTGAGAACTTCTACTATG NM 172201
R: GATTTCACAGTGCTCACCAGGAT

hKCNE3 F: ACCTGGCCGTGATGACAACT NM_ 005472
R: TCACTACGCTTGTCCACTTTGC

DPP6 (dog)  F: GCCATCCGTGTGGTCTCAAC XM 532774
R: GGTAGATGGAGCCGGTGTAG




Online Table I1I. Cell capacitances

10

Day 0 Day 2 Adv-GFP Adv-GFP-DPP6 Adv-GFP-SCr Adv-GFP-DPP6 KD
PC 11715 pF 112+11 pF 154+12 pF 188+24 pF 96=+13 pF 9348 pF
(N=7) (N=11) (N=9) (N=8) (N=11) (N=14)
VM 160+17 pF 153+6 pF 201+£19 pF 192+12 pF 138+13 pF 145412 pF
(N=5) (N=6) (N=15) (N=15) (N=11) (N=8)
139+9 pF
RV (N=5) - - - - -
Kv4.3+ Kv4.3+
Kv4.3 Kv4.3 Kv4.3
Kv4.3 KChIP2+ NCS-1+
+KChIP2 DPP6 +DPP6 +NCS-1 DPP6
CHO 28.0+4.2 pF 29.2+6.4 pF  32.844.6 pF 25.6+3.9 pF 32.0+£3.4 pF 33.4£5.6 pF
cells (N=21) (N=21) (N=19) (N=12) (N=17) (N=18)




Online Table III. General ECG characteristics and properties of spontaneous VF episodes in DPP-related IVF patients

ID Age Gender ECG PR QRS QTec HR VES morph. VESaxis VESCI
A 24 M ECG 160 90 450 110 LBBB Left 220
B 16 M ECG 160 80 390 75 LBBB Left 270
C 50 M ECG 170 100 390 100 LBBB Left 280
D 35 M ECG 160 105 370 100 LBBB Left 200
E 21 M ECG 190 90 420 90 LBBB Left 200

M, male; ECG, electrocardiogram; HR, heart rate; VES, ventricular extrasystole; morph., morphology; LBBB, left
bundle branch block; NA, not applicable; CI, coupling interval. Data are in milliseconds. Patient E corresponds

to the patient of Figure 1.



Online Table IV.

Inactivation voltage-dependence in CHO cells expressing Kv4.3 along with various subunits

Kv4.3 Kv4.3 Kv4.3 Kv4.3 Kv4.3 Kv4.3

alone +KChIP2 +KChIP2+DPP6  +NCS1 +NCS1+DPP6 +DPP6

Viz (mV)
SLOPE (mV)

N

-40.9+1.3  -42.3£1.9 -43.4+3.8 -38.3+3.7 -45.3+2.2 -53.4£2 4%*
-8.4+0.7 -5.0+£0.3 -6.1£0.5 -6.4+0.3 -8.2+0.8 -10.4+4.2
11 9 6 6 8 5

V12, half-maximal voltage of inactivation. Slope, slope factor for inactivation. N, number of cells studied.

**P<0.01 versus Kv4.3.
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Online Figurel , B c D
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Online Figure I. Twelve-lead ECG recordings from 4 male IVF patients (Patients A, B, C and D in Online Table II) who
are DPPG6 risk haplotype carriers and have been resuscitated from ventricular fibrillation.
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Online Figure I1. Effects of 10-mmol/L 4-aminopyridine (4-AP) on PC or VM I,. A and B, representative recordings of
PC (A) and VM (B) I;, before (top) and after (bottom) 5-minute perfusion with 10-mmol/L 4-AP. Currents were obtained

with 200-ms (PC) or 100-ms (VM) depolarizations to between -40 and +70 mV, from a holding potential of -50 mV (at
0.1 Hz). C and D, mean=SEM current density-voltage relations from PC (C) and VM (D).
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Online Figure 1l
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Online Figure III. A, TEA dose-response relation for PC I, inhibition at +50 mV. Curve represents best-fit sigmoidal dose-response
relation. B, I, inactivation time-constants at +50 mV before and after 100-mmol/L TEA. C, Time course of I, recovery from
inactivation in fresh PCs before and after 10-mmol/L TEA. Values are normalized currents during the test pulse (P,) as a function of
I;-I, interval, obtained with 100-ms P, test-pulses from -80 to +50 mV at 0.1 Hz. Best-fit biexponential functions are shown. D, I,
densities at +50 mV in fresh LV cells before (CTL) and after 100-mmol/L. TEA perfusion. Values are mean+SEM.
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Online Figure IV
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Online Figure IV. RV and PC I, and their responses to 10 mmol/L TEA. A, typical recordings of fresh RV-cell I, before (left) and
after (middle) 5-minute perfusion with 10-mmol/L TEA. Currents were obtained with 100-ms pulses to voltages from -40 to 70 mV,
from a holding potential of -50 mV. Right panel in A shows mean+SEM current density-voltage relations of RV I, before and after
10-mM TEA. B, representative I, recordings from freshly isolated PCs before (left) and after (middle) 10 mmol/L TEA. Right panel in
B shows meantSEM current density-voltage relations of PC I, before and after 10-mmol/L TEA from freshly-isolated PCs (same data
as in Figure 4E).
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Online Figure V
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Online Figure V. RV vs PC I, inactivation kinetics/voltage-dependence. A, Time-dependent inactivation of RV and PC I,,. Currents
during 100-ms depolarizations to +30 mV, with best-fit biexponentials. B, I, inactivation constants (tfast and tslow), obtained as
shown in A. *P<0.05 RV versus PC. C, voltage-dependence of I, inactivation. Values are mean+SEM normalized currents; curves
are best-fit Boltzmann relations. Data obtained with 200-ms test pulses to +50 mV preceded by 1-s conditioning pulses with a holding
potential of -80 mV. D, I, recovery from inactivation. Normalized currents as a function of I;-I, interval at 0.1 Hz. Best-fit
biexponentials are shown. Values are mean+SEM.
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Online Figure VI
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Online Figure VI. A&B. Voltage dependence of VM (A) and PC (B) I, inactivation time constants at +10-70 mV after 48-hour Adv-
GFP-CTL (CTL) or Adv-GFP-DPP6 (DPP6) infection. C&D, voltage-dependence of VM (C) and PC (D) I, inactivation, studied
with a 200-ms test pulse from -80 mV to +50 mV, preceded by 1-s conditioning pulses. Best-fit Boltzmann relations are shown.
Values are mean+SEM.
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Online Figure VII
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Online Figure VII. Time course of VM (A) and PC (B) I;, recovery from inactivation after 48-hour of Adv-GFP-CTL or
Adv-GFP-DPP6 infection. Values are mean+S.E.M. of normalized currents as a function of I;-I, interval, obtained with the
protocol shown in panel A at 0.1 Hz. Best-fit biexponential functions are shown.
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Online Figure VIII. A. Mean+S.E.M DPP6 mRNA expression in dog VM cells infected with Adv-GFP-CTL or Adv-
GFP-DPP6. N=5/group, *P<0.05, versus Adv-GFP-CTL. B. Mean+S.E.M DPP6 mRNA expression in dog VM cells

infected with Scr or DPP6-KD. N=4/group, *P<(0.03, versus Scr.
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Online Figure IX. A&D, I, inactivation constants at +50 mV in Scr or DPP6 KD adenoviral infected PCs (A) and VM cells
(D). Data were obtained with biexponential fitting of currents recorded as shown in Figure 6. B&E, voltage-dependence of PC
(B) and VM (E) [, inactivation. Data were obtained with a 200-ms test pulse from -80 mV to +50 mV preceded by 1-s
conditioning pulses. Currents were normalized to maximum; curves are best-fit Boltzmann relations. C&F, PC (C) and VM
(F) I, recovery from inactivation. Normalized currents as a function of I;-I, interval (obtained with protocol in Online Figure
VIIA); best-fit biexponential functions are shown. Values are mean+SEM.

21



Online Figure X

Rabbit anti-Kv4.3, 1:1000 a: CHO cells expressing Kv4.3
abcde .
b: CHO cells expressing KChIP2
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Online Figure X. Immunoblots of CHO-cell
membranes incubated with primary antibodies
against Kv4.3, DPP6, KChIP2 or NCS-1. Lane
a-e were total protein samples from CHO cells
overexpressing Kv4.3 (a), KChIP2 (b), NCS-1
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(c), DPP6 (d) or non-transfected CHO cells (e).

The positions of the bands quantified in our

Western blot experiments are shown by arrows.
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Online Figure XI
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Online Figure XI. A, Inactivation voltage-dependence of currents in CHO cells transfected with Kv4.3, Kv4.3+KChIP2,
Kv4.3+KChIP2+DPP6, Kv4.3+NCS-1, Kv4.3+NCS-1+DPP6, or Kv4.3+DPP6. Data were obtained with a 200-ms test-pulses to +50
mV preceded by 1-s conditioning pulses. HP was -80 mV. Best-fit Boltzmann relations are shown. B, time-dependent recovery from
inactivation, studied with paired-pulse protocol (inset) at 0.1 Hz. Best-fit monoexponential functions are shown. N=numbers of cells
studied. Values are mean+SEM.



Online Figure XlI
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Online Figure XII. Currents recorded before and after 5-mmol/L TEA in CHO cells transiently transfected with
Kv4.3 (A) or Kv4.3+DPP6 (B). Currents were recorded with 250-ms depolarizations from a HP of -70 mV at 0.1
Hz. C, mean+SEM percentage (%) inhibition by 5-mmol/L TEA at +30 mV. * P<0.05 versus Kv4.3-alone.
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Online Figure XIII
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Online Figure XIII. Interactions between
DPP6 and Kv4.3 in the absence or presence
of KChIP2 or NCS-1 when coexpressed in
CHO cells. A, Coimmunoprecipitation of
Kv4.3, KChIP2, DPP6, and NCS-1 from
total protein extracts of CHO cells
expressing Kv4.3 alone, Kv4.3+KChIP2,
Kv4.3+KChIP2+DPP6, Kv4.3+DPP6,
Kv4.3+NCS-1, Kv4.3+NCS-1+DPP6, or
DsRed. Proteins were immunoprecipitated
with monoclonal anti-Kv4.3 (IP: anti-Kv4.3)
and the immunoprecipitates were probed
with anti-DPP6, anti-Kv4.3, anti-KChIP2
and anti-NCS-1 antibodies. IP,
immunoprecipitate; S, supernatant. B,
Mean+SEM DPP6 to Kv4.3 band-intensity
ratios from Kv4.3+KChIP2+DPP6,
Kv4.3+DPP6 and Kv4.3+NCS-1+DPP6
immunoprecipitates. *P<0.05 versus
Kv4.3+DPP6.
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Online Figure XIV
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Online Figure XIV. A,
Immunofluorescent images of
CHO cells expressing Kv4.3 or
Kv4.3+DPP6. Red=Kv4.3,
green=wheat germ agglutinin
(WGA) membrane marker. B,
Total, membrane and
intracellular (I0) Kv4.3
fluorescence calculation in one
cell. a, WGA-staining. b, Anti-
Kv4.3-staining. ¢, image in b:

C D total Kv4.3-fluorescence was
24 3 obtained from area within blue
= * P<0.05 vs Kv4.3 * P<0.05 vs Kv4.3
4 2 translucent mask. d, inner/outer
2 e * cell-membrane borders outlined
“ 3 % s T in blue. e, intracellular (IC) and
g e membrane-zones indicated. f,
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= 2 = — green  line; IC  Kv4.3-
- - 5 fluorescence in area covered by
o e translucent green mask.
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E 1 E mean+SEM ratios of Kv4.3
© £ membrane/intracellular (C) or
O g membrane/total (D) density in
E CHO cells expressing Kv4.3
- [ 3 5 . 3 3 only,  Kv43+KChIP2,  or

% 1 © > 13 o Kv4.3+DPP6.*P<(.05 versus
e +0“§ & & &o‘g ;ﬁq Kv4.3.



Online Figure XV
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Online Figure XV. Top: Immunoblots for Kv4.3 and GAPDH from membrane (A) or total protein (B) fractions in CHO cells
expressing Kv4.3, Kv4.3+KChIP2, Kv4.3+KChIP2+DPP6, or Kv4.3+DPP6. Bottom: corresponding mean+=SEM Kv4.3 band-
intensities after normalization to GAPDH. N=5/group. *P<0.05, **P<0.01, ***P<0.001, versus Kv4.3 channels.
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Online Figure XVI
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Online Figure XVI. A, I, recordings from VMs infected with adenoviruses containing scrambled (Scr) or KChIP2
knockdown (KD) constructs. Currents were obtained with 100-ms depolarizations from -80 mV, preceded by a brief
(5-ms) pre-pulse to -35 mV to inactivate Iy,. B, Top, Western blots in VMs infected with SCr or KChIP2 KD
adenovirus; Bottom, mean+SEM KChIP2 bands normalized to GAPDH. *P<0.05 vs KChIP2 KD. C, mean+SEM I,
density-voltage relations.
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Online Figure XVII
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Online Figure XVII. Simulated DPP6-overexpression effects in a mathematical model of the PF action potential. A,
a family of model-derived currents upon depolarization to various potentials reproduces the essential features of

+
canine-PF Ito K -current. B, action potentials at 1 Hz for the PF model with Im at normal density (solid black line);

2.5%current-density (dashed line), and 5xcurrent-density (gray line) show progressive deepening of the phase 1 notch,
leading to very rapid repolarization from phase 1.



Online Figure XVIII
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Online Figure XVIII. A, Representative recordings of PC Iy, after 2-day culture, obtained with 1-s depolarizations
to voltages between -40 and 70 mV, from a holding potential -50 mV. B, mean+SEM I, inactivation constants (Tfast
and tg0w) from Day 0 and Day 2 cultured Purkinje cells. Numbers in columns indicate number of cells.
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