Heart and Vessels (2018) 33:802-819
https://doi.org/10.1007/s00380-018-1116-6

ORIGINAL ARTICLE

@ CrossMark

A mutant HCN4 channel in a family with bradycardia, left bundle
branch block, and left ventricular noncompaction

Ryosuke Yokoyama' - Koshi Kinoshita® - Yukiko Hata? - Masayoshi Abe' - Kenta Matsuoka' - Keiichi Hirono® -
Masanobu Kano* - Makoto Nakazawa® - Fukiko Ichida® - Naoki Nishida? - Toshihide Tabata’

Received: 29 April 2017 / Accepted: 5 January 2018 / Published online: 18 January 2018

© Springer Japan KK, part of Springer Nature 2018

Abstract

We found that a female infant presenting with left bundle branch block and left ventricular noncompaction carries uninvesti-
gated gene mutations HCN4(G811E), SCN5A(L1988R), DMD(52384Y), and EMD(R203H). Here, we explored the possible
pathogenicity of HCN4(G811E), which results in a G811E substitution in hyperpolarization-activated cyclic nucleotide-gated
channel 4, the main subunit of the cardiac pacemaker channel. Voltage-clamp measurements in a heterologous expression
system of HEK293T cells showed that HCN4(G811E) slightly reduced whole-cell HCN4 channel conductance, whereas it
did not affect the gating kinetics, unitary conductance, or cAMP-dependent modulation of voltage-dependence. Immuno-
cytochemistry and immunoblot analysis showed that the G811E mutation did not impair the membrane trafficking of the
channel subunit in the heterologous expression system. These findings indicate that HCN4(G811E) may not be a monogenic

factor to cause the cardiac disorders.
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Introduction

Hyperpolarization-activated cyclic nucleotide-gated chan-
nel 4 (HCN4) is the dominant type of the alpha subunit of
the mixed cation channel expressed in the sinoatrial node
(SAN) of the mature human heart [1]. This channel produces
the cardiac pacemaker current (/;) and is responsible for the
regeneration of cardiac action potentials [2, 3]. /; channel
malfunction due to HCN4 mutations may result in cardiac
function disorders including bradycardia, atrial fibrillation,
chronotropic incompetence, and exercise-induced prema-
ture beats [3—7]. Recently, the spectrum of disorders due
to HCN4 mutations has been expanded to the myocardial
structure disorders such as left ventricular noncompaction
(LVNC), a cardiomyopathy characterized by a noncom-
pacted left ventricular myocardial layer with hypertrabecu-
lations [8, 9]. It is unclear how HCN4 mutations lead to the
myocardial structural disorders. I; channel malfunction could
directly influence primordial cardiomyocytes throughout
the immature heart because the expression of HCN4 is not
restricted to the SAN at the early developmental stage [10].

In this study, we identified HCN4(G811E),
SCN5A(L1988R), DMD(S2384Y), and EMD(R203H),
uninvestigated gene mutations from a female infant
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presenting with left bundle branch block (LBBB) and
LVNC. She inherited HCN4(G811E) from her father pre-
senting with mild bradycardia. To investigate whether the
G811E mutation produces /; channel malfunction leading
to cardiac disorders, we compared whole-cell and single-
channel ion currents mediated by the channel consisting of
the wild-type (WT) and/or mutant HCN4 in heterologous
expression cells. Furthermore, we investigated whether the
G811E mutation affects the membrane trafficking of HCN4
channel subunit using immunocytochemistry and immuno-
blot analysis.

Materials and methods
Diagnosis

This study was approved by the Research Ethics Committee
of University of Toyama (#22-7). An infant was diagnosed
with LVNC by the criteria of Ichida et al.: (1) left ventricular
hypertrophy with deep endomyocardial trabeculations pre-
dominantly in the distal portion (apex) of the left ventricle,
and distributed over one wall segment of the left ventricle,
(2) a two-layered endocardium with a noncompacted to
compacted ratio of > 2.0, and (3) deep recesses filled with
blood from the ventricular cavity visualized by color Dop-
pler imaging [11].

Direct sequencing

After informed consent was obtained from the parents
according to the institutional guidelines, DNA was isolated
from the infant’s peripheral blood sample using a QIAamp
DNA Mini Kit (Qiagen, Hilden, Germany). We performed
direct sequencing using an ABI PRISM 3130 genetic ana-
lyzer (Life Technologies, Carlsbad, CA, USA).

Next-generation sequencing and in silico analysis

We performed next-generation sequencing (NGS) and in
silico analysis on the genomic DNA of the subject infant
according to our previous study [12]. We designed a cus-
tom AmpliSeq panel using Ion AmpliSeq Designer soft-
ware (http://www.ampliseq.com) to target all the exons of
the previously reported 73 genes associated with cardio-
myopathies and cardiac channelopathies (Table 1). NGS
was run on an Ion PGM system. Torrent Suite and Ion
Reporter Software 5.0 (Life Technologies) were used to
perform primary, secondary, and tertiary analyses, includ-
ing optimized signal processing, base calling, sequence
alignment, and variant analysis. In silico analysis using
databases and in silico prediction algorithms (Table 2)
were performed as follows (Supplemental Figure 1). First,

the minor allele frequency (MAF) of all detected variations
was consulted across the East Asian (EAS) population
of 4327 individuals in the Exome Aggregation Consor-
tium (ExAC) database and the Human Genetic Variation
Database (HGVD) containing 1208 Japanese individuals
(Table 3). All variations with an MAF of > 0.5% among
the EAS population of the EXAC database and HGVD
were filtered out by the MAF of the global populations
according to ExAC and 1000 Genomes Project (Phase 3)
(Table 4). For the resultant mutations, the MAFs of the
global population are summarized in Table 4. Second,
we excluded the variations that were judged to be benign
based on the functional and/or segregation analysis data
on the previously reported variations in both the Human
Genome Mutation Database (HGMD) and the ClinVar dis-
ease mutation database (Table 5). Finally, we evaluated
the pathogenic potential of the remaining variations using
4 in silico prediction algorithms, SIFT, MutationTaster2,
PolyPhen-2, and CADD with the criteria listed in Table 2.
The variations predicted to be pathogenic by 3 or more
of these algorithms were regarded as possibly pathogenic
mutations (Table 5).

Plasmid construction

WT human HCN4 cDNA (GenBank: NM_005477) was
subcloned into pReceiver-M12 vector containing the
N-terminal 3X FLAG epitope (GeneCopoeia, Rockville,
MD, USA) [FLAG-HCN4(WT)]. FLAG-HCN4(G811E)
was generated based on FLAG-HCN4(WT) using a site-
directed mutagenesis kit (SMK-101, Toyobo, Osaka, Japan).
FLAG-HA,; -HCN4(WT) and FLAG-HA, -HCN4(G811E)
were generated by inserting the HA (GGGSYPYDVPDY-
AGGG) sequence into the extracellular segment 3—segment
4 (S3-S4) loop (between S365 and E366, after nucleo-
tide position 1095) of HCN4(WT) and HCN4(G811E),

respectively.

Cell culture and transfection

HEK?293T cells were cultured in Dulbecco’s modified
Eagle’s medium (11995-040, Life Technologies) supple-
mented with 10% fetal bovine serum (FBS) at 37 °C in 5%
CO,. For electrophysiological analyses, cells were tran-
siently transfected with a 2:3 mixture of pPCAGGS-EGFP and
either FLAG-HCN4(WT), FLAG-HCN4(G811E), or a 1:1
mixture of FLAG-HCN4(WT) and FLAG-HCN4(G811E)
(total 250 ng per dish) using TransIT-293 (Mirus Bio, Madi-
son, WI, USA). For immunocytochemistry and immunoblot
analysis, cells were transfected with 250 ng/dish of FLAG-
HA, .-HCN4(WT) or FLAG-HA,; -HCN4(G811E).
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Table 2 Databases and algorithms used for interpreting variations

Name

URL

Population database

Exome Aggregation Consortium

1000 Genomes Browser

Reported disease-causing mutation database

ClinVar

Human Gene Mutation Database

Human Genetic Variation Database

http://exac.broadinstitute.org

https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/

http://www.ncbi.nlm.nih.gov/clinvar
http://www.hgmd.cf.ac.uk
http://www.genome.med.kyoto-u.ac.jp/SnpDB/index.html

Name URL Classification used in analysis
In-silico prediction algorithm
SIFT http://sift.jcvi.org Damaging
MutationTaster2 http://mutationassessor.org Disease causing
PolyPhen-2 http://genetics.bwh.harvard.edu/pph2 Probably damaging, possibly damaging
CADD http://cadd.gs.washington.edu Score, > 10

Table 3 Genetic mutations identified in the infant

Gene Transcript Coding Strand Ref. seq. Genotype Type Amino acid substitution MAF database
HGVD EAS
ACTN2 NM_001103.2 ¢c.1423G>A + G G/A Missense Asp475Asn 0.0548  0.09094
AKAP9  NM_005751.4 ¢.1389G>T + G G/T Missense Met4631le 0.2043  0.1745
AKAP9 NM_005751.4 ¢.4003_4004 insAAC + A A/AAAC Insertion Leul336GIn Nodata 0.2018
AKAP9 NM_005751.4 ¢.8375A>G + A A/G Missense Asn2792Ser 0.2024  0.1751
BMPRIA NM_004329.2 c4C>A + C A/A Missense Pro2Thr 0.7005 0.7194
COIL4A1 NM_001845.4 c.19G>C - C C/G Missense Val7Leu 0.6348  0.6212
DMD NM_004006.2 c.7151C>A - G G/T Missense Ser2384Tyr 0.0033  0.004671
DMD NM_004006.2 ¢.4529A>G - T T/C Missense Lys1510Arg 0.0254  0.01655
DSG2 NM_001943.3 ¢.2318G>A + G G/A Missense Arg773Lys 0.4837  0.4748
DSP NM_004415.2 ¢.5213G>A + G G/A Missense  Argl1738Gln 0.1719  0.1935
EMD NM_000117.2 ¢.608G>A + G G/A Missense  Arg203His 0.0041  0.000453
GAA NM_000152.3 ¢.596A>G + A G/G Missense His199Arg 0.5709  0.5293
GAA NM_000152.3 ¢.668G>A + G A/A Missense Arg223His 0.5681 0.5291
GAA NM_000152.3 ¢.1726G>A + G A/A Missense Gly576Ser 0.1888  0.1444
GAA NM_000152.3 ¢.2065G>A + G A/A Missense Glu689Lys 0.2658 0.3103
HCN4 NM_005477.2 ¢.2432G>A - C C/T Missense Gly811Glu No data  0.00047
JUP NM_002230.2 ¢.2089A>T - T T/A Missense Met697Leu 0.3976  0.3439
KCNEI  NM_000219.3 ¢.112A>G - T C/C Missense  Ser38Gly 0.7608 0.7218
MYLK NM_053025.3 ¢.3196_3198 delGAA — GTTC GTTC/G Deletion Glul066Leu No data 0.5042
MYLK NM_053025.3 ¢.2742C>A - G G/T Missense  Asp914Glu 0.4077  0.5562
MYLK NM_053025.3 ¢.782T>C - A A/G Missense Val261Ala 0.3755 0.4686
MYOZ2  NM_016599.4 c.29A>C + A A/C Missense Gln10Pro 0.0385  0.3358
SCN5A NM_198056.2 ¢.5963T>G - A A/IC Missense Leul988Arg 0.0129  0.003867
SCN5A NM_198056.2 ¢.1673A>G T C/C Missense p.His558Arg 0.0938  0.09926
STARD3 NM_006804.3 ¢.350G>A + G G/A Missense Argl17Gln 0.5391 0.3976
TMEM43 NM_024334.2 ¢.536T>C + T T/C Missense Met179Thr 0.5603 0.6735

Ref. seq. reference sequence, EAS minor allele frequency of East Asian
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Table4 MAF of the screened

. . Database Gene(amino acid substitution)
mutations according to the
online databases DMD(S2384Y) EMD(R203H) HCN4(GS811E) SCNS5SA(L1988R)
dbSNP rs185706283 rs144842093 15776656247 rs145009013
NCBI, ClinVar, GMAF 0.00160 0.00080 Not registered 0.00040
HGVD 0.0036 0.0045 Not registered 0.0137
ExAC
Total 0.00042 0.00005 0.00004 0.00031
East Asian 0.00467 0.00045 0.00047 0.00387
South Asian 0.00040 0 0 0
African 0 0 0 0
European (Finnish) 0 0 0 0
European (Non-Finnish) 0.00002 0.00002 0 0
Latino 0 0 0 0
Others 0.00158 0 0 0.00126
1000 genomes project®
Total 0.0016 0.0008 Not registered 0.0004
BEB 0.0077 0 Not registered 0
CDX 0.0070 0 Not registered 0
CHB 0 0.0125 Not registered 0.0049
CHS 0.0253 0 Not registered 0
FIN 0 0 Not registered 0
JPT 0 0.0066 Not registered 0.0048

BEB Bengali from Bangladesh, CDX Chinese Dai in Xishuangbanna, China, CHB Han Chinese in Beijing,
China, CHS Southern Han Chinese, FIN Finnish in Finland, JPT Japanese in Tokyo, Japan

*MAFs were shown only for the populations that contain at least single data. Minor alleles were not
detected in the other populations

Table 5 The results of in silico analysis

Gene(AA substitution) Database Prediction algorithm
HGMD ClinVar SIFT MutationTaster2 PolyPhen-2 CADD
DMD(S2384Y) Not registered Conflicting interpreta- Damaging Disease causing Probably damaging 22.80
tions of pathogenicity
EMD(R203H) Not registered Uncertain significance Damaging Disease causing Probably damaging 27.80
HCN4(GS811E) Not registered Not registered Damaging Polymorphism Probably damaging 12.04
SCNSA(L1988R) Not registered Likely benign Tolerated Polymorphism Benign 19.68

The in silico prediction algorithms report the disease-causing potential of a target genetic mutation or variation by a numerical value or the fol-
lowing statement (in order of severity): for SIFT, damaging or tolerated; for MutationTaster2, disease causing or polymorphism; for PolyPhen-2,

probably damaging, possibly damaging, or benign. Statements in bold indicate possible pathogenicity based on the criteria listed in Table 2

Electrophysiological analyses

Forty to 48 h after transfection, ruptured-patch whole-cell
voltage-clamp recordings were made from EGFP-positive
cells at 24-26 °C as described elsewhere [13]. The recording
chamber was perfused with saline containing (in mM) 140
NaCl, 5.4 KCl, 1.8 CaCl,, 1 MgCl,, 5 HEPES, and 5.5 p-glu-
cose (pH, adjusted to 7.4 with NaOH). A glass recording
pipette was filled with (in mM) 134 potassium p-gluconic
acid, 7.6 KCl, 9 KOH, 10 NaCl, 10 HEPES, 0.5 ethylene

@ Springer

glycol-bis(2-aminoethyl ether)-N,N,N’,N’-tetraacetic acid
(EGTA), 1.2 MgCl,, 4 ATP magnesium salt, and 0.2 GTP
disodium salt (pH, adjusted to 7.4 with KOH) and had a
tip resistance of 3—5 MQ. Current signals were acquired
with an EPC-9/2 amplifier (HEKA, Lambrecht, Germany)
controlled by PatchMaster software (version, 2.69 or 2.71;
HEKA). Series resistance was compensated electronically
by 60%. The command voltages were corrected for a liquid
junction potential between the saline and pipette solution.
Current signals were low-pass filtered at a corner frequency
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of 10 kHz and sampled at a rate of 20 or 100 kHz. To
assess the cAMP-dependent modulation of HCN4 channel,
8-(4-chlorophenylthio)adenosine 3',5'-cyclic monophos-
phate (8-CPT-cAMP; 1 uM; ab120424, Abcam, Cambridge,
UK), an cAMP analog was added to the pipette solution and
measured /-V relations 5 min after membrane rupture.

Forty-eight hour after transfection, single-channel
voltage-clamp recordings were made from EGFP-positive
cells in a cell-attached mode at 24-26 °C. To set the mem-
brane potential to ~ 0 mV, the cells were bathed in a K*
(150-153 mM)-rich solution consisting of (in mM) 130 or
140 KCl1, 10 NaCl, 10 HEPES, 10 EGTA (pH, adjusted to
7.4 with KOH). A glass recording pipette was coated with
silicone elastomer (Sylgard 184, Dow Corning, MI, USA)
at its taper and filled with the saline that was used as the
bath solution in the whole-cell recordings. The tip resistance
ranged 5-10 MQ. The osmolalities of the bath and pipette
solution were equalized (296-300 mOsmol/kg) by adding
sucrose to either or both of these solutions. Current signals
were low-pass filtered at a corner frequency of 10 kHz and
sampled at a rate of 100 kHz.

Immunocytochemistry

To label the extracellular side of HCN4, the cells were incu-
bated with an anti-HA antibody (sc-805, Santa Cruz Bio-
technologies, Inc.) (1:1000) in DMEM containing 10% FBS
(37 °C, 5% CO,, 1 h). Then, the following steps were per-
formed at 4 °C to minimize the endocytosis of the channel.
The cells were fixed with 4% paraformaldehyde for 30 min,
followed by blocking with 10% donkey serum for 1 h. To
detect the HCN4 proteins on the cell surface, the cells were
incubated with an Alexa Fluor 488-conjugated donkey anti-
rabbit antibody (1:500) for 1 h. Immunofluorescence was
captured using a TCS-SP5 confocal microscope (Leica,
Wetzlar, Germany).

Immunoblot analysis

Forty-eight hour after transfection, cells were incubated
with an anti-HA antibody (1:500, Y-11; Santa Cruz Bio-
technology, Inc.) in DMEM containing 10% FBS (37 °C,
5% CO,, 1 h). To prepare the whole-cell lysates, the cells
were lysed with 200 pl of a lysis buffer (Pierce IP Lysis
buffer, Thermo Fisher Scientific) and a protease inhibitor
on ice for 30 min. After centrifugation (16,000xg, 15 min),
the whole-cell lysates were treated with 10 pl of Anti-HA
Tag Magnetic Beads (MBL) in a rotator at 4 °C for 1 h. The
antibody—protein complex bound to the beads was extracted
by incubation with a 2x SDS sample buffer consisting
of 0.5% SDS, 100 mM Tris (pH 6.8), 20% glycerol, and
50 mM DTT at room temperature for 30 min. Electropho-
resis was performed at a constant voltage of 140 V for 1 h.

The protein-separated gel was transferred to a reactivated
PVDF membrane (Hybond-P, GE Healthcare). N-terminal
FLAG-tagged proteins were detected using Anti-DDDDK-
tag mAb-HRP-DirecT (MBL) according to the manufac-
turer’s instruction.

Statistical analyses

For each cell examined in the whole-cell mode, the ampli-
tude of the linear leak current evoked by a test potential
(E\) step was estimated by accumulation of 10 sets of
current responses to a 1/10-scaled voltage step recorded
immediately after each trial. The current amplitudes used
in the following analyses were corrected for the linear leak
components offline. The quasi-steady-state (q-s-s) ampli-
tude of a whole-cell HCN4 channel current was measured
as a difference from the mean current level during a 0.1-s
pre-stimulus period to the mean current level during the
last 0.1-s period of the test hyperpolarizing step and then
normalized to the whole-cell membrane capacitance (C,,)
estimated from the capacitive current as described elsewhere
[13] (g-s-s current density). Whole-cell conductance medi-
ated by fully activated HCN4 channels per unit membrane
capacitance (gw/C,,) Was estimated from linear regression
to the linear region (— 60 to — 10 mV) of the g-s-s current
density—E. plot. Whole-cell chord conductance mediated
by HCN4 channel at each E,., was estimated, employing
the mean value in Table 7 as the reversal potential (E,.,) of
HCN4 channel current. Voltage for half-maximal activation
(V,ap) and slope factor (k) were estimated from the Boltz-
mann function (gwc = a/[1 + exp(V} 5 — Ee)/kl + b, where
a, E, and b are scale factor, test potential, and offset) fit-
ted to the chord conductance-E,. plot. Time constant of
activation (z,.) was estimated from the single-exponential
function fitted to the rising time-course of an HCN4 channel
current. The peak amplitude of a whole-cell HCN4 channel
tail current was measured as a difference from the mean
current level during a 0.1-s pre-stimulus period to the peak
level of the tail current. The E,,, of HCN4 channel current
was estimated by linear regression to the peak tail current
amplitude—E, plot for an E,. range from — 60 to — 10 mV.
Linear regression and exponential curve fitting were done
using Excel (for Mac 2008 or 2011; Microsoft, Redmond,
WA, USA) and Igor Pro (versions, 6.22 and 6.32A; WaveM-
etrics, Lake Oswego, OR, USA).

For analyzing the data of the single-channel recordings,
the trace was low-pass-filtered at a corner frequency of
500 Hz offline. The amplitude of a single-channel current
was measured as a difference from the mean current level
during a 0.1-s period prior to the single-channel event to
the mean steady-state current level during the event. Sin-
gle-channel conductance mediated by HCN4 channel was
estimated by linear regression of the single-channel current
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amplitude—E,. plot. The open probability of HCN4 chan-
nel was measured as the fractional ratio of the total dura-
tion of single-channel events to the total recording time
(22.5 s). The duration was estimated from the number of the
data points where the current level exceeded the midpoint
between the basal current level and the steady-state current
level of single-channel events.

Each numerical data group is expressed as
mean + SEM throughout the text, table, and figures unless
otherwise stated. When the majority of the data groups
appeared to have normal distributions (P > 0.05, Shap-
iro—Wilk test), an unpaired ¢ test was used to examine the
differences; otherwise, Wilcoxon rank sum test was used. A
difference with a P below 0.05 is regarded significant. Sta-
tistical examination was performed with JMP Pro (version,
11; SAS Institute, Cary, NC, USA).

Fig. 1 Clinical observations of A
an infant with LVNC and her

father. Twelve-lead electrocar-

diograms (4 months of age)

(a) and echocardiograms of

the left ventricle (6 months of

Results
Clinical background

A 3-day-old female infant was diagnosed to have a mus-
cular ventricular septal defect (VSD) from heart murmur.
At 4 months of age, complete LBBB was found (Fig. la).
At 6 months of age, the VSD was closed spontaneously
while LVNC (Fig. 1b) and heart failure were observed.
Heart failure could not be improved with diuretics and an
angiotensin converting enzyme inhibitor. Left ventricular
dilation was also observed with cardiac catheterization.
The cardiac function of the infant measured at 8 months
of age is summarized in Table 6. At the age of 5 years,
intermittent LBBB with an occasionally normal or narrow
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Table 6 Cardiac function of the infant at 8 months of age

Parameter Mean value

Mean SVC pressure 3 mmHg

Mean IVC pressure 3 mmHg

mPAP 14 mmHg

RV pressure 22/6 mmHg

LV pressure 74/8 mmHg

RVEF 0.57

LVEF 0.48

CI 6.8 /min/m’

LVEDV 36.09 (281% of normal)

SVC superior vena cava, IVC inferior vena cava, mPAP mean pulmo-
nary artery pressure, RV right ventricular, LV left ventricular, RVEF
right ventricular ejection fraction, LVEF left ventricular ejection frac-
tion, CI cardiac index, RVEDV right ventricular end-diastolic volume,
LVEDYV left ventricular end-diastolic volume calculated by the equa-
tion for left ventricular mass [51]

QRS pattern was observed. Her father (~ 50 bpm) and
paternal grandmother showed mild bradycardia while the
father has never experienced any cardiac events. In addi-
tion, the corrected QT intervals of the infant (425 ms) and
her father (419 ms) and mother (407 ms) were within the
normal ranges (Fig. 1c).

Genetic analysis

In search of genetic mutations underlying the develop-
ment of LVNC in the infant, we performed NGS tar-
geted for the 73 major genes related to cardiomyopathies
and cardiac channelopathies (Table 1). The NGS analy-
sis revealed that the infant possesses 26 variants in 19 of
the 73 genes (Table 3). To pick up the variants that could
be relatively important for the development of LVNC,
we filtered the variants based on the MAF (Tables 3,
4) and the pathogenicity predicted by multiple in silico
algorithms (Supplemental Figure 1, Tables 2, 5). As a
result, SCN5A(L1988R) (NM_198056.2:¢.5963T>Q),
HCN4(G811E) (NM_005477.2:¢c.2432G>A),
DMD(S2384Y) (NM_004006.2:c.7151C>A), and
EMD(R203H) (NM_000117.2:c.608G>A,) were screened.
Sanger sequencing of the infant and her family’s genomic
DNA showed that these mutations did not occur de novo
and that the infant inherited the SCN5A, HCN4, and EMD
mutations from her father and the DMD mutation from her
mother (Fig. 1c, Supplemental Figure 2). SCN5A encodes
the main subunit of Nay 1.5 channel responsible for the car-
diac fast Na* current. SCN5A(L1988R) is reported predomi-
nantly in the East Asian populations. SCN5A(L1988R) is
not likely to be an arrhythmogenic factor because this variant
is found in the healthy controls of Japanese [14] and Korean
[15] cohorts. Consistently, this mutation was predicted to

be non-pathogenic by three of the four in silico algorithms
(Table 5). Furthermore, our voltage-clamp measurement
in HEK293T cells show that the L1988R mutation did not
change the density or time- or voltage-dependence of the
Na* current mediated by SCN5A channel (Supplemental
Figure 3). On the other hand, in silico analyses suggested
HCN4(G811E), DMD(S2384Y), and EMD(R203H) as pos-
sibly pathogenic mutations (Table 5). In addition, the infant
had no missense mutation in the previously reported LVNC-
related genes (Table 1) [16—-18].

HCN4, DMD, and EMD encode the main subunit of
I; channel, dystrophin, and emerin, respectively. In the
following analyses, we focused on whether and how
HCN4(G811E) affects I; channel function (for the possible
contributions of DMD(52384Y) and EMD(R203H) to the
infant’s cardiac symptoms, see “Discussion”). This mutation
causes a G811E amino acid substitution in the C-terminus of
HCN4 channel subunit (Fig. 1d). G811 is conserved in the
corresponding genes of many mammals (Fig. le).

Electrophysiological properties
of HCN4(G811E)-containing channels

We analyzed whole-cell hyperpolarization-activated HCN4
channel currents in cells transfected with HCN4(WT),
HCN4(GS811E), or a 1:1 mixture of these genes (WT, GE,
and GE/WT cells, respectively) in a ruptured-patch whole-
cell mode. The GE and GE/WT cells mimicked the cellular
environments of the homo- and heterozygous HCN4(G811E)
carriers, respectively.

To analyze the activation gating of the channels, the E,
was jumped from a holding potential of — 20 mV to a more
negative E. (Fig. 2a). HCN4 channels were activated with
E.,’s more negative than — 70 mV in all the cells (Fig. 2b).
The absolute whole-cell HCN4 channel conductance per unit
membrane capacitance when the channels were fully acti-
vated (gwc/C,,) Was estimated from the slope of the linear
region of the current density—FE,. plot. This parameter was
significantly smaller in the GE and GE/WT cells than in the
WT cells (Fig. 2b inset, Table 7). There was no significant
difference in the gy,/C,, between the GE and GE/WT cells
(Fig. 2b inset, Table 7). This result suggests that homozy-
gous or heterozygous inheritance of HCN4(G811E) causes
the loss of function of HCN4 channel.

The Vs and k estimated from the Boltzmann function
fitted to the chord conductance—E, plot (Fig. 2¢) were not
significantly different between the WT, GE, and GE/WT
cells except for a slight difference in k between the WT and
GE cells (Table 7). This result suggests that the G811E
mutation does not much affect the voltage-dependence.

The 7, estimated from the single-exponential function
fitted to the rising phase of HCN4 channel current was not
significantly different between the WT, GE, and GE/WT
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Fig.2 The GS811E mutation reduced whole-cell HCN4 channel
conductance. a Representative whole-cell current responses of the
labeled cells to voltage stimuli schematically shown above the traces.
The corresponding stimulus and response are drawn in the same
color. To minimize cell damage, the durations of strongly hyperpo-
larizing voltage steps were shortened. b Mean quasi-steady-state
(g-s-s) HCN4 channel current density plotted against .. The data
were obtained from 10 WT, 11 GE, and 10 GE/WT cells in this and
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following panels. Asterisk P < 0.05 compared with the WT cells
(unpaired f test). Inset, mean whole-cell HCN4 channel conductances
at full activation. Asterisk and NS, P < 0.05 and P > 0.05, respec-
tively (unpaired ¢ test). ¢ Mean chord whole-cell HCN4 channel con-
ductance plotted against E. The data are normalized to the maxi-
mum for each cell. Sigmoid curves, Boltzmann functions with V,,¢’s
and k’s whose values are set to the means of the corresponding cells
(Table 7)

Table 7 Summary of the

X R . Parameter 8-CPT- Cells
electrophysiological properties cAMP*
of whole-cell HCN4 channel WT GE GE/WT
currents
8gwc/C,, (nS/pF) - 2.34 +0.40 (10) 1.56 + 0.16 (11)* 1.44 + 0.33 (10)*
Viarr V) - —98.1 +3.0(10) —-101.3+£2.5(11) —99.9 +2.8(10)
+ -895+1.2(11) -855+19(9)
k - 10.6 + 0.55 (10) 12.6 + 0.64 (11)* 11.6 + 0.85 (10)
+ 11.6 +0.52 (11) 12.1 +0.32 (9)
Ty at—140mV (s) — 0.47 + 0.04 (10) 0.48 +0.02 (11) 0.50 +0.02 (10)
+ 0.33 +0.02 (11) 0.35+0.04 (9)
E,., (mV) - -335+12() —343+1.4(10) —-339+12()
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Tgeact At — 40 mV (s)

0.80 +0.10 (7)

0.70 = 0.09 (6)

*P < 0.05 as compared with the WT cells (unpaired ¢ test)

4+ and —, in the presence and absence of §-CPT-cAMP (1 uM) in the pipette solution, respectively. Inte-

gers, number of the examined cells
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cells for all the E.’s (— 140 to — 80 mV) (not illustrated; as
an example, the mean 7, at a E, . of — 140 mV is shown in
Table 7). This result suggests that the G811E mutation does
not affect the time-dependence of activation.

To examine whether the G811E mutation affects the
ion-selectivity of HCN4 channel, we measured the reversal
potential (E,.,) of HCN4 channel current. To this end, we
activated HCN4 channel with a conditioning hyperpolar-
izing step of a fixed potential and then measured the peak
amplitude of an HCN4 channel tail current, varying E,
(Fig. 3a). The E_, estimated from the linear function fitted
to the peak HCN4 channel tail current amplitude-E,_ rela-
tion was not significantly different between the WT, GE, and
GE/WT cells (Table 7). This result suggests that the G811E
mutation does not alter the ion-selectivity.

To examine whether the G811E mutation affects the
time-dependence of deactivation of HCN4 channel, we
measured the fractional population of the HCN4 channels
that remained active after a — 40 mV voltage step lasting for
1-6 s (F, see Fig. 3 legend) (Fig. 3b). The time constant of
deactivation (74, estimated from the single-exponential
function fitted to the plot of F,; against — 40-mV step dura-
tion was not different between the WT and GE cells (Fig. 3c,
Table 7). This result suggests that the G811E mutation does
not affect the time-dependence of deactivation.

It is known that cAMP binding to the cNBD of HCN4
subunit facilitates the activation of /; channel [19]. This
cAMP-dependent modulation is thought to be important
for the sympathetic regulation of heart beat [20]. A previ-
ous study showed that the C-terminus region distal to the
cNBD (amino acids 719-1012) may influence the cAMP-
dependent modulation [21]. Because the three-dimensional
model of the whole C-terminus of HCN4 is not available,
it is unclear whether the site of G811E mutation is located
close enough to interact with the cNBD and to affect the
cAMP-dependent modulation in the assembled tetramer.
Thus, here we directly examined the effect of the G811E
mutation on the cAMP-dependent modulation through an
electrophysiological approach. In both the WT and GE
cells, a 5-min intracellular perfusion with a 8-(4-chloro-
phenylthio)adenosine 3',5'-cyclic monophosphate (8-CPT-
cAMP, 1 uM)-containing pipette solution positively shifted
the V,,; but not the k (Fig. 4a, b, Table 7). A similar posi-
tive shift is reported for /; in an SAN-derived macropatch
exposed to cAMP [22, 23]. The extent of this positive shift
was similar between the WT and GE cells because there
was no significant difference in V,,; between the 8-CPT-
cAMP-treated WT and GE cells (Table 7). The intracellular
perfusion with the 8-CPT-cAMP-containing solution also
accelerated activation, changing the 7, in both the WT and
GE cells (Table 7). A similar acceleration is reported for
I; in an SAN-derived macropatch exposed to cAMP [23].
The extent of this acceleration was similar between the WT
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Fig.3 The G811E mutation did not alter the ion-selectivity or time-
dependence of deactivation of HCN4 channel. a To estimate the E
of HCN4 channel current (Table 7), we measured its tail currents at
various E’s using the voltage protocol schematically shown above
the traces. Each set of traces indicates the representative whole-cell
current responses of the labeled cells. b, ¢ Evaluation of the time-
dependence of deactivation of HCN4 channels. b We measured
hyperpolarization-activated currents before and after a — 40-mV
voltage step to deactivate HCN4 channel for 1-6 s. Schematic, volt-
age protocol. A set of traces, representative whole-cell current
responses of the labeled cells. ¢ Mean fraction of the HCN4 chan-
nel that remained active at the end of the — 40-mV step (F,,) plotted
against the duration of — 40-mV step. F, was given by an equation

Fact = (Iinst,Z - inst,l)/([q—s—s - inst,l)’ where Iinst,l’ Iinst,Z’ and Iq—s—s are

the levels of the instantaneous currents evoked by the first and sec-
ond hyperpolarizing steps and the mean level over the last 0.1-s of the
first hyperpolarizing step, respectively. Exponential curves, single-
exponential functions with 7,.,.’s whose value are set to the means of
the corresponding cells (Table 7)

and GE cells because there was no significant difference in
the 7, between the 8-CPT-cAMP-treated WT and GE cells
(Table 7). These results suggest that the G811E mutation
does not affect the cAMP-dependent modulation of activa-
tion gating.

To explore the possible cause of the reduction in gwc/C,,
due to the G811E mutation, we made single-channel record-
ings from the WT and GE cells in a cell-attached mode.
HCN4 single-channel currents could be discerned as

events occurring more frequently with more negative E.’s
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Fig.5 Single-channel activity was similar between HCN4(WT) and
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Fig.4 The G811E mutation did not affect the cAMP-dependent
modulation of activation gating. a, b Mean normalized whole-cell
HCN4 channel conductance of the WT (a) and GE (b) cells intra-
cellularly perfused with the pipette solution with or without 8-CPT-
cAMP (1 uM) plotted against E,_,. HCN4 channel was activated with
the same voltage stimuli as in Fig. 2a. The data in the presence of
8-CPT-cAMP were obtained from 11 WT and 9 GE cells. The data in
the absence of 8-CPT-cAMP were reproduced from Fig. 2. Sigmoid
curves, Boltzmann functions with V, ¢’s and k’s whose values are set
to the means of the corresponding cells (Table 7)

(Fig. 5a). The plot of the mean single-channel current ampli-
tude against E, of the GE cells was similar to that of the
WT cells (Fig. 5b). Single-channel conductance mediated by

@ Springer

HCN4(G811E) channels. a Representative current responses of the
labeled cells recorded at the labeled E,.’s in a cell-attached mode.
A downward deflection indicates an inward single-channel current.
b Mean single-channel current amplitude plotted against E. Each
point indicates the mean of 10-12 events of 3 WT cells or 10-13
events of 3 GE cells. Lines, linear functions fitted to the collection
of all the data obtained from theses WT and GE cells. ¢ Mean single-
channel conductances. P > 0.05 between the cells (Wilcoxon rank
sum test). d Mean open probabilities at the labeled E.’s. P > 0.05
between the WT and GE cells (unpaired 7 test)

HCN4 channels was not significantly different between the
WT and GE cells (32.7 + 2.0 pS, n =3 and 34.4 + 1.2 pS,
n = 3, respectively) (Fig. 5c). As well, the open probabil-
ity of the channels was not significantly different between
the WT and GE cells at a E,_; of — 80 mV (1.32 + 1.09%,
n=3and 1.45 + 0.97%, n = 3, respectively) or — 140 mV
(3.70 £ 0.85%, n = 3 and 4.09 + 1.83%, n = 3, respectively)
(Fig. 5d). These results suggest that the reduction in gyw/C,,
due to the G811E mutation cannot be ascribed to a differ-
ence in unitary activity between the WT and HCN4(G811E)-
containing channels.
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Cell surface expression of HCN4(WT)
and HCN4(G811E)

To examine the cell surface expression levels of the HCN4
subunits, we constructed the expression plasmids with an
HA-tag sequence at their extracellular S3—S4 loops to allow
efficient staining of the extracellular side of the subunits. We
performed immunofluorescent labeling without permeabi-
lization to minimize staining of the intracellularly residing

Fig.6 Cell surface expres- A
sion level was similar between
HCN4(WT) and HCN4(G811E)
subummits. a Confocal (upper)
and bright-filed (lower) micro-
scopic images of HEK293T
cells expressing HA-tagged
HCN4(WT) and HA-tagged
HCN4(G811E). Scale bars

50 pm. b, ¢ Immunoblot
analysis of the surface expres-
sion levels of HCN4 subunits
using anti-FLAG antibody. b
Immunoblots of the whole-cell
extracts (input) and bead-bound
fractions of the cells transfected
with FLAG-HA, -HCN4(WT)
or FLAG-HA,,-HCN4(G811E)
(WT or GE, respectively.) ¢
Comparison of the density ratio
of the bead-bound fraction to
the whole-cell extracts. The
values are expressed, taking the
density ratio of the HA-tagged
HCN4(WT)-expressing cells as
1. Column and error bar, mean
and + SD, respectively; n, 3

WT

Input

subunits. In both the HCN4(WT)- and HCN4(G811E)-
expressing cells, the fluorescent signal was detected on
the plasma membrane and its intensity was not discerned
between these cells (Fig. 6a).

To quantify the cell surface expression level, we per-
formed densitometry on the immunoblots of the whole-cell
extracts (Fig. 6b, input) and the surface-expressed proteins
that were isolated as the anti-HA antibody-bound frac-
tions (Fig. 6b, beads). We calculated the density ratio of

GE

1.2+
Beads

WT GE GE GE -

kDa

WT GE GE GE
-

0.8
0.6 -
0.4 -
0.2
0 I
WT GE
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the bead-bound fraction to the whole-cell extracts for each
of the cell groups [1 group of HCN4(WT)-expressing cells
and 3 groups of HCN(G811E)-expressing cells]. The rela-
tive density ratio of the HCN4(G811E)-expressing cells
was 0.91 + 0.30 (mean + SD) when the density ratio of the
HCN4(WT)-expressing cells was taken as 1. These results
suggest that HCN4(G811E) subunit can be trafficked to the
cell surface as efficiently as HCN4(WT) subunit.

Discussion

The G811E mutation may slightly reduce HCN4
channel current density although the underlying
mechanism remains unclear

In this study, we identified HCN4(GS811E),
SNC5A(L1988R), DMD(S2384Y), and EMD(R203H) in a
female infant presenting with LBBB and LVNC (Fig. la—c).
HCN4(G811E) was inherited from her father (Supplemen-
tal Figure 2) and possibly her paternal grandmother who
showed mild bradycardia, a symptom often found in mutant
HCN4 carriers [35, 8, 9, 24-26]. We performed functional
analyses to examine whether the G811E mutation causes a
change in the channel function that may lead to the cardiac
disorders.

The whole-cell recordings showed that the G811E muta-
tion slightly reduced whole-cell HCN4 channel conductance
(Fig. 2b, Table 7) while the G811E mutation did not affect
the voltage- or time-dependence of activation, ion-selectiv-
ity, time-dependence of deactivation, or cAMP-dependent
modulation of activation gating (Figs. 2, 3, 4). The whole-
cell HCN4 channel conductance at full activation was simi-
lar between the GE and GE/WT cells (Fig. 2b, Table 7). This
result suggests that the G811E mutation might exert a simi-
lar action in homozygous and heterozygous HCN4(G811E)
carriers. The single-channel recordings showed that a func-
tional HCN4 channel consisting of 4 WT or mutant subunits
mediates the same amount of ion current (Fig. 5). Immu-
nocytochemistry and immunoblot analysis showed that the
G811E mutation did not impair the membrane trafficking of
HCN4 subunit (Fig. 6).

Although there was a difference in the whole-cell HCN4
channel conductance, the different was small at membrane
potentials near the activation threshold (Fig. 5b). Because I;
exerts its action on cardiac action potentials at these levels of
the membrane potential (see below), the effect of the G811E
mutation on the action potentials might be negligible. There-
fore, G811E mutation might not be a monogenic factor to
cause the cardiac disorders of the infant. It should be noted
that the effect of G811E mutation on HCN4 channel function
described above was assessed in the heterologous expression
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system; the mutation could exert different effects on HCN4
channel function in the cardiomytocytes in vivo.

In this study, we could not clarify how the G811E muta-
tion produces the difference in the whole-cell HCN4 channel
conductance. This issue awaits future investigations.

It is noteworthy that the threshold voltage for activation
measured in this study was relatively negative in all the cell
groups (~ — 70 mV, Fig. 2b). This was presumably because
our recordings were made at room temperature. As shown
in previous studies in heterologous expression systems, the
I-V plot of HCN4 current measured at room temperature
is typically shifted by — 25 mV from that measured at a
temperature of 37 °C [8, 9]. Thus, the threshold voltage of
HCN4(G811E)-containing channel and the WT channel
is thought to be around — 45 mV at a body temperature.
HCN4(G811E)-containing channel as well as the WT chan-
nel may operate in vivo because HCN4 channel is activated
at voltages observed during the diastolic depolarization
(— 40 to — 60 mV) in human SAN pacemaker cells under a
physiological condition (37 °C) [27].

SCN5A(L1988R) may not be an arrhythmogenic
factor

Our whole-cell recordings showed that the L1988R mutation
did not change the density or kinetics of SCN5SA channel
current. The previous studies report that SCNSA(L1988R)
is a common minor variant found in the healthy popula-
tions in East Asia (see “Results”). These facts suggest that
SCNS5A(L1988R) may not be an arrhythmogenic factor.

Possible contribution of DMD(52384Y)
and EMD(R203H) to the development of the cardiac
disorders

At the present, it is difficult to experimentally examine
the pathogenicities of DMD(S2384Y) and EMD(R203H)
because in vitro assays to examine the cellular function of
the product proteins have not been established. Instead, here
we summarize the current knowledge of DMD and EMD
mutations obtained in clinical and molecular studies. DMD
encodes dystrophin, a very large protein that connects the
cytoskeleton of a muscle fiber to the extracellular matrix.
In general, DMD mutations causing defects in dystrophin
may lead to dystrophinopathies including Duchenne mus-
cular dystrophy and Becker muscular dystrophy [28]. Such
a mutation could also cause LVNC because some dystro-
phinopathy patients manifest LVNC [29-31]. As to the
particular case of DMD(S2384Y), this mutation causes an
amino acid substitution at the central rod domain of dys-
trophin. This domain is thought to be dispensable for the
protein’s function because deletions in this domain cause
only very mild phenotypes [28]. Consistently, the infant’s
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mother carrying DMD(S2384Y) but not HCN4(G811E)
or EMD(R203H) did not show any muscular and myocar-
dial abnormalities. EMD encodes emerin, a nuclear protein
that mediates membrane anchorage to the cytoskeleton.
Although the precise function of emerin is unclear [32], it
is known that emerin binds various partner proteins [33] and
that some EMD mutations cause Emery—Dreifuss muscular
dystrophy, which is characterized by muscular atrophy and
cardiomyopathy with conduction disturbance [34]. However,
it is reported that phenotypes due to missense mutations in
EMD are usually mild as compared with severe phenotypes
due to mutations causing protein truncation [32]. Consist-
ently, the infant’s father did not show LVNC presentation
despite EMD is an X-chromosomal gene and he possesses
only the mutational variant in his genome. These facts sug-
gest that DMD(S2384Y) or EMD(R203H) by itself might
not be enough to develop LVNC.

Polygenic mechanisms may underlie the cardiac
disorders

Our findings suggest that HCN4(G811E) might not be a
monogenic factor to cause the cardiac disorders while could
produce cardiac disorders with the aid of DMD(S2384Y),
EMD(R203H), and/or other gene mutations that were not
included in the panel of our exome analysis.
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