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Abstract

PR interval is the period from the onset of P wave to the start of the QRS complex on electrocardiograms. A recent
genomewide association study (GWAS) suggested that GAREM 1 was linked to the PR interval on electrocardiograms. This
study was designed to validate this correlation using additional subjects and examined the function of Gareml! in a mouse
model. We analyzed the association of rs17744182, a variant in the GAREM1 locus, with the PR interval in 5646 subjects
who were recruited from 2 Korean replication sets, Yangpyeong (n =2471) and Yonsei (n = 3175), and noted a significant
genomewide association by meta-analysis (P =2.39 x 10~%). To confirm the function of Garem! in mice, Gareml siRNA
was injected into mouse tail veins to reduce the expression of Gareml. Gareml transcript levels declined by 53% in the
atrium of the heart (P = 0.029), and GaremI-siRNA injected mice experienced a significant decrease in PR interval (43.27
ms vs. 44.89 ms in control, P = 0.007). We analyzed the expression pattern of Garem1 in the heart by immunohistology and
observed specific expression of Garem! in intracardiac ganglia. Garem1 was expressed in most neurons of the ganglion,
including cholinergic and adrenergic cells. We have provided evidence that GAREM] is involved in the PR interval of
ECGs. These findings increase our understanding of the regulatory signals of heart rthythm through intracardiac ganglia of
the autonomic nervous system and can be used to guide the development of a therapeutic target for heart conditions, such as
atrial fibrillation.

Introduction

Atrial fibrillation (AF) is a type of abnormal heart rhythm
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that is characterized by rapid and irregular beating, with a
lifetime risk of development that ranges from 20 to 25% [1].
AF can be detected during a physical examination on an
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electrocardiogram (ECG), for which prolongation of PR
interval is a risk factor [2]. PR interval is the period that
extends from the sinoatrial node (SA node) to the ven-
tricular myocardium, primarily through the atrioventricular
node (AV node) [3]. ECG measurements are influenced by
various mechanisms that involve several genetic and
environmental factors, with ~50% heritability [4—6].

Recently, genome-wide association studies (GWASs) on
ECGs have been performed in several ethnic groups,
identifying many genetic loci [7-11]. In particular, five loci
(SCN5A-SCNI0A, NKK2-5, CAVI/CAV2, SOX5, and
TBX5) have been reported to be associated with PR interval
[7, 8, 12—14]. We have also conducted GWASs on ECGs in
Korean and Japanese populations [15, 16], discovering a
novel locus, 1517026156 (an SLCS8AI variant), that corre-
lates significantly with PR interval at P <5 x 1078
(P=2.58 x 10~'). In addition, there is a potential asso-
ciation between rs17744182 in GAREMI and PR interval
(P=6.25x%x10"% [15].

Gareml, Grb2-associated regulator of Erk/Mapkl, was
originally identified as the tyrosine-phosphorylated protein
FLJ21610 (or FAMS59A) in phosphoproteomic studies on
epidermal growth factor (EGF) signaling [17]. On stimu-
lation of EGF, Gareml is phosphorylated at 2 tyrosine
residues (Tyr-105 and Tyr-453), becoming recognized by
the SH3 domains of Grb2, and activates ERK/MAPK sig-
naling in COS-7 and Hela cells [18]. No functional study
has supported a link between Gareml and PR interval.

In this study, to examine the genetic association between
GAREM]1 and PR interval, we conducted two additional
association analyses using 2471 Korean subjects from the
Yangpyeong replication set and 3175 subjects from the
Yonsei replication set and meta-analyzed the association
results with previous findings. Further, to determine whe-
ther Gareml functions in PR interval, we measured the
effects of Gareml silencing on ECG findings in mice and
analyzed the expression pattern of Gareml in mouse heart
tissue.

Materials and methods
Subjects and ECG measurements

Our association analysis between PR interval and
rs17744182 (a GAREM1 variant) was performed in subjects
aged 40-70 years, excluding those with concurrent use of
medications, such as p-blockers, that interfered with ECG
measurements. We also excluded subjects with myocardial
infarction or any cerebrovascular accident in the past
3 months; significant arrhythmia, such as sinus node dys-
function, atrial fibrillation, and bundle branch; or
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atrioventricular block. Patients with pacing rhythm were
also excluded.

The Yangpyeong study population has been described
[19]. The Korean Multi-Rural communities Cohort Study
(MRCobhort) recruited subjects between 2005 and 2010 to
examined risk factors for cardiovascular disease as a part of
the Korean Genome Epidemiology Study (KoGES). We
drew 3566 subjects from the Yangpyeong area (the eastern
part of Gyeonggi-do province), for 3132 of whom genotype
data were available. After applying the exclusion criteria,
2471 subjects were ultimately included for this analysis.

The Yonsei replication set comprised 3807 subjects who
participated in baseline health examinations for a
community-based cohort study in Seoul between April 2010
and November 2012. Of them, 3175 subjects met the
inclusion criteria and were used for this analysis.

PR interval values were obtained from a supine 12-lead
ECG using digital electrocardiographic recorders: an FCP-
2101 (Fukuda Denshi Co.) for the Yangpyeong replication
set and a MAC 2000 (General Electric Healthcare, Mil-
waukee, Wisconsin, USA) for the Yonsei replication set. PR
interval was measured for the period from the onset of P
wave to the onset of ventricular depolarization. Ultimately,
the ECG signals were reviewed by cardiologists.

Basic clinical parameters, such as weight, height, and
blood pressure, were measured in both replication sets
(Yangpyeong and Yonsei) using standard protocols. Written
informed consent was obtained from all Yangpyeong study
subjects, and study project was approved by the institutional
review board of the Korea National Institute of Health. And
the Yonsei study subjects were withdrawn from Cardio-
vascular Genome Center Cohort, Yonsei University College
of Medicine, Korea and the Institutional Review Board of
Severance Hospital approved the study protocol.

Genotyping and imputation

The genotype data for the Yangpyeong replication set were
generated using the Korean Chip (K-CHIP), which was
designed by the Center for Genome Science, Korea
National Institute of Health (KNIH), based on the UK
Biobank Axiom® Array, and manufactured by Affymetrix
(Santa Clara, CA, USA). The genotype quality control
criteria were as follows: genotype call rate > 0.95, minor
allele frequency (MAF)>0.01, and Hardy—Weinberg
equilibrium (P> 1 x 107%); related individuals were
excluded by computing pairwise identity-by-state values.
SNP imputation was performed with IMPUTE2 [20] using
Phase 1 of the 1000 Genomes Project as a reference panel.
Variants with an INFO score > 0.8 and MAF > 0.01 were
retained for analysis. The total number, gone through the
procedure of genotype quality control were 7,734,874
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SNPs, and the genotype data of rs17744182 SNP among
them was extracted and used for the association analysis.

The rs17744182 SNP was genotyped in Yonsei replica-
tion subjects using a TagMan probe assay, and the fluor-
escence level of PCR products was measured on a 7900HT
Fast Real-Time PCR System (Applied Biosystems, Foster,
CA, USA).

Animal research and ethics statement

All BALB/c mice (Japan SLC, Inc., Shizuoka, Japan) were
used at age 7-9 weeks for the experiments. They were
housed and handled in a pathogen-free facility in the Col-
lege of Pharmacy at Kyung Hee University per the Guide
for the Care and Use of Laboratory Animals. The mice were
maintained on a 12-h light/dark cycle at a constant tem-
perature with free access to food (LabDiet 5L79, St. Louis,
MO, USA) and water. Every effort was made to minimize
the number of killed animals and their suffering. Animals
were anesthetized by intraperitoneal (i.p.) injection of tri-
bromoethanol (Avertin, 18 ml of working solution per kg
body weight), the working solution of which was diluted to
25 pg/ml in 0.9% NaCl from a stock solution (1 g/ml 2,2,2,
tribromoethanol dissolved in tertiary amyl alcohol), and
killed by cervical dislocation after the experimental proce-
dure. The experiment was approved by the local committee
for the Care and Use of Laboratory Animals, Kyung Hee
University (license number: KHUASP(SE)-16-036).

In vivo delivery of Gareml siRNA

The selection and in vivo delivery of siRNA have been
described [21-23]. In brief, 5 GaremlI siRNAs were synthe-
sized by Genolution (Seoul, Korea), 1 of which was selected
for injection into mouse tail veins. To determine their silencing
efficacy, 20 nM of the siRNAs was transfected into NIH3T3
cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA) per the manufacturer’s instructions. TRP53 siRNA was
used as a positive control for the in vitro transfection experi-
ment. The Gareml siRNA and scrambled control siRNA
sequences are shown in Supplementary Table 1.

For in vivo delivery into mice, a polyethylenimine
compound, in vivo-jetPEI™ (Polyplus, 201-10G, Illkirch-
Graffenstaden, France), was used as the transfection
reagent. On the basis of the manufacturer’s instructions, 50
pg of siRNA and 6.5 pl of in vivo-jetPEI (N/P charge ratio
of 6) were diluted with 50 pl 10% glucose solution and 50
pl sterile H,O. The solution was vortexed gently and left for
15 min at room temperature. The mixture was injected into
the tail veins of 7-9-week-old BALB/c mice, and 6 h later,
the treated mice were used for experiments, such as elec-
trocardiography measurements, collection of tissues for
mRNA quantitation, and western blot.

ECG measurement and data analysis

The ECG protocol has been described [24]. ECGs were
recorded using a computerized data acquisition and analysis
system. Mice (7-9 weeks, female, 20-25 g) were anesthe-
tized with tribromoethanol (Avertin, 18 ml of working
solution per kg body weight), as described above. After
complete induction of anesthesia (< 3 min), acupuncture
needle (DB106; 0.20 x 15 mm; DongBang Acupuncture,
Inc., Sungnam, Korea) electrodes were inserted sub-
cutaneously according to the lead II ECG scheme (into the
right forelimb and both hind limbs) (Supplementary Fig. 1).
The diaphragm signal was amplified through a bridge
amplifier and recorded on a PowerLab system (LabChart 7,
AD Instruments, Bella Vista, Australia). The mean values
for heart rate, PR, P wave, QRS duration, QT, and RR
interval were calculated from the ECG data for each mouse,
which were collected for 5min. The PR segment was
obtained by subtracting the P wave length from the PR
interval, and the QTc interval was the value that was cor-
rected by the heart rate according to Bazett’s formula (QTc
= QT/(RR)*>, RR interval = 60/heart rate) [25]. The ECG
signals were reviewed by a cardiologist.

Quantitative real-time PCR

Total RNA was extracted from mouse tissues using TRIzol
(Invitrogen, Carlsbad, CA, USA). complementary DNA
(cDNA) was synthesized from 500 ng of total RNA using
the PrimeScript™ RT kit (TaKaRa, Shiga, Japan) per the
manufacturer’s protocol. Quantitative real-time PCR ana-
lysis was performed using SYBR Green I (TaKaRa, Shiga,
Japan) on an ABI Step One Real-Time PCR system
(Applied Biosystems, Foster, CA, USA) using the follow-
ing program: 45 cycles at 95 °C for 10's, 60°C for 15's, and
72 °C for 20 s. The following primer sequences were used:
forward, 5-AAGCCCCACCCTGTCTTACT-3/, reverse,
5'-AGGACTTCCAAATGGGGACT-3'. The data were
expressed as the average relative mRNA level in each
group. Relative mRNA expression was calculated as fol-
lows: the Ct value of Gapdh was subtracted from that of
Gareml, and the delta Ct (ACt) value was converted to the
linear term 2—ACt.

Western blot

Total proteins were extracted from mouse tissues using
PRO-PREP protein extraction solution (Intron Biotechnol-
ogy, Gyeonggi-Do, Korea) per the manufacturer’s instruc-
tions. Protein concentrations were measured by Bradford
assay [26]. Total proteins (10 to 40 pg) were separated by
8-10% SDS-PAGE and transferred to a nitrocellulose
membrane (Pall, Ann Arbor, MI, USA). The membrane was
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blocked in 5% skim milk for 30 min at room temperature
and subsequently incubated with antibody overnight at 4 °C
(Supplementary Table 2). The blot was then incubated with
horseradish peroxidase-conjugated secondary antibody
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) for
1 h at room temperature. Protein signals were detected using
Luminol (Santa Cruz Biotechnology, Inc., Santa Cruz, CA,
USA) and exposed to x-ray films (Agfa-Health Care NV,
Mortsel, Belgium). Relative band densities were determined
using Image] (v.1.46) [27], and total proteins were nor-
malized to actin.

Immunohistochemistry

To detect our proteins of interest by immunohistochemistry,
mouse heart tissue (7-9-week-old, male, 20-25g) was
harvested and fixed with 4% paraformaldehyde in
phosphate-buffered saline, pH 7.4 for 24 h. The tissue was
dehydrated in a series of ethanols and xylene and embedded
in paraffin. Tissue sections (4-um thickness) were prepared
on a Leica RM2125 microtome (Leica Biosystems, Nus-
sloch, Germany) and hydrated in xylene and a series of
ethanols. After deparaffinization and rehydration, the sec-
tions were immersed for 15 min in methanol that contained
3% hydrogen peroxide to block endogenous peroxidase
activity. All slides were pretreated with citrate buffer
(10 mM; pH 6.0) for antigen retrieval by heating the slides
in a microwave oven at 97°C for 20 min. A cooling period
of 20min preceded the incubation with the primary
antibody.

Following a blocking step in Protein Block Serum-Free
solution (Dako, California, USA), the specimens were
incubated with a primary antibody (Supplementary Table 2)
overnight at 4 °C. Then, the EnVision™ system (Dako,
California, USA) was used to stain per the manufacturer’s
instructions. All stains were developed with diaminobenzi-
dine. Before the slides were mounted, all sections were
counterstained for 1 min with hematoxylin and dehydrated

in alcohol and xylene. The stained slides were observed
under a Nikon Eclipse Ci upright microscope (Tokyo,
Japan).

For immunofluorescence, antigen-retrieved tissue sec-
tions, as described above, were blocked in 2.5% normal
horse serum (Vector Laboratories, Burlingame, CA, USA)
and incubated with primary antibody overnight at 4 °C. The
primary antibodies are listed in Supplementary Table 2. The
sections were then incubated with VectaFluorTM Ready-to-
Use DyLight dye-labeled secondary antibody (DyLight 594
Goat Anti-Rabbit IgG; DyLight 488 Goat Anti-Goat IgG;
Vector Laboratories, Burlingame, CA, USA) and mounted
using VectaShield Mounting Media with DAPI (Vector
Laboratories). Images were acquired with a ZEISS LSM
700 confocal microscope (ZEN 2012 LE, Oberkochen,
Germany).

Statistical analysis

The association between the GAREMI variant and PR
interval were analyzed by linear regression, adjusted for
age, sex, recruitment area, BMI, systolic blood pressure,
and height. A meta-analysis of the association results of this
study and previous findings was performed by inverse-
variance method under the assumption of fixed effects using
Cochran’s Q test to determine between-study heterogeneity
[28]. All statistical analyses were performed in PLINK
v1.09 [29]. A forest plot for a meta-analysis of 5 PR interval
association studies was constructed using R, version 3.2.0.

All data between case and control groups were analyzed
by Mann—Whitney U-test, because it is generally considered
to be more powerful than the ttest [30]. The statistical
analysis was performed using SPSS (PASW Statistics 22.0).
The number of mice that were used for each group is noted
in the parentheses in the figures. All data were reported as
mean + SEM. P <0.05 was considered to be statistically
significant.

Table 1 Clinical characteristics

Replication analysis

Japanese 1 Japanese 2 Yangpyeong Yonsei

of subjects Variables Previous report®
KARE

n (% male) 6805 (50.4%)
Age (years) 51.6 (8.7)
BMI (kg/m?) 24.6 (3.1)
SBP (mm Hg) 116.4 (17.9)
Height (cm) 160.6 (8.7)
PR interval (ms) 163.2 (35.9)

2285 (31.9%) 5010 33.3%) 2471 (35.8%) 3175 (30.7%)

49.8 (13.9) 56.7 (13.4) 57.2 (8.4) 59.2 (6.8)
222 (3.2) 22.6 (3.2) 24.8 (3.1) 24.7 (2.9)
120.1 (16.8) 126.1 (19.1) 122.0 (16.6) 119.0 (14.5)
160.4 (8.3) 158.6 (8.7) 158.4 (8.2) 159.2 (7.8)
158.1 (21.4) 158.7 (22.0) 167.1 (22.3) 166.5 (21.3)

Data are presented as mean (standard deviation)

BMI body mass index, SBP systolic blood pressure

“Hong et al. [15]
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Results
GAREM]I is associated with PR interval

To determine whether the GAREM1 locus is associated with
PR interval, two additional association analyses were per-
formed in 2471 Korean subjects from the Yangpyeong
replication set and 3175 subjects from the Yonsei replica-
tion set.

Study N Beta (SE) P-value

KARE* 6.805 1.84(0.41) 7.91E-06 —
Japanesel" 2,285 0.88 (0.62) 0.157 —_—

Japanese2* 5,010 1.23(0.42) 240€E-03 —
Yangpyeong 24N 1.10 (0.74) 0.138 ——
Yonsei 3175 0.66 (0.54) 0.223 —_—

Summary 126(0.23)  239E-08 >

Cochrane's Q statistic P = 0.46

. _ T T T T 1
Heterogeneity (/) = 0.00 o o : i 5 56

Beta (SE)

Fig. 1 Forest plot of the meta-analysis of rs17744182 using five PR
interval association analyses Forest plot shows the study-specific
association results (Beta (SE)) for three previous studies (marked by *)
and the two new studies, presented as boxes and bars. The contribution
of each study to the meta-analysis is indicated by the size of the
square. The result of the meta-analysis of the five analyses is shown as
a diamond (Hong et al. [15]). A full color version of this figure is
available at the Journal of Human Genetics journal online.
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43 —|
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Fig. 2 Decrease in mRNA and protein expression of Gareml siRNA-
injected mice. a Decrease in mRNA in Gareml siRNA-injected mouse
tissues. The relative expression of mRNA in each tissue is presented as
the fold-change in relative mRNA levels in mice 6 h after injection
with control siRNA and Gareml siRNA. b Reduction of protein
expression in heart tissue of Gareml siRNA-injected mice. Garem1
levels in atrium and ventricle tissue are shown for siRNA-injected mice
by western blot. The positive control was prepared from lysates from

The clinical characteristics of the subjects in the new
association studies and three earlier reports are described in
Table 1. rs17744182, located in the first intron of GAREM1,
was examined in the linear regression model as an inde-
pendent variable of PR interval, controlling for age, sex,
body mass index, systolic blood pressure, and height as
covariates.

The association P-values between rs17744182 and PR
interval did not pass the level of significance in Yang-
pyeong (P =0.138) and Yonsei (P =0.223) set. However,
the meta-analysis of the five association studies, including
three previous reports, showed a significant genome-wide
association (beta+SE =1.26 +£0.23, P=2.39 x 1078).
The forest plots of rs17744182 in each study are shown in
Fig. 1.

Silencing of Garem1 decreases PR interval

To confirm the function of Gareml in PR interval, we
silenced this gene by injecting siRNA into mice, as
described [21-23]. Five Gareml siRNAs were synthesized
and tested for their silencing efficacy in NIH3T3 cells, and
the most effective siRNA (Supplementary Table 1) was
selected for in vivo injection. The siRNA was mixed with
polyethylenimine and injected into mouse tail veins. Then,
we measured Gareml mRNA levels 6 h later by quantitative

€
*

32 =
2
£ 10
3
- [JControl siRNA
g € 08 =4
22 &=
=06 o
25 B Garem! siRNA
E Zoa =4
L~
&
E o2
2]
o

0o 1 - - _

Atrium Ventricle *P<0.05

NIH3T3 cells transfected with Gareml cDNA plasmid (kindly
provided by Professor Hiroaki Konish), with actin as the loading
control. ¢ Gareml protein levels in atrium and ventricle are presented
as the average of 4 independent protein band densities from siRNA-
injected mice. Number in parentheses indicates the pair number of
mice used for real-time PCR A and western blot c. Error bars show the
mean + SEM. P values were calculated by Mann—Whitney U-test. *P
< 0.05 vs. respective controls
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Fig. 3 Decrease in PR interval in Gareml siRNA-injected mice. a
Representative ECG signal 6h after Gareml siRNA (lower) and
control siRNA (upper) injection in mice. The values are the average
PR, P wave, and PR segment. b—i Comparison of each ECG value
between Gareml siRNA-injected mice and control. The bar graphs

real-time PCR, comparing them between Gareml siRNA-
and control siRNA-injected mice. Gareml mRNA levels
decreased significantly in heart by 27% (P < 0.05, control
siRNA N=4 and Gareml siRNA N=4) and in lung by
25% (P < 0.05, control siRNA N =4 and Gareml siRNA
N = 4), although they did not change significantly in liver or
kidney (Fig. 2a).

We also performed western blot using the atrium and
ventricle of the heart. Garem1 expression in the atrium was
higher than in the ventricle in normal mice and declined

SPRINGER NATURE

show the mean ECG recordings for heart rate, RR interval, PR interval,
P wave, PR segment, QRS duration, QT interval, and QTc interval for
each group. Error bars show the mean + SEM. P values were calcu-
lated by Mann—Whitney U-test. *P < 0.05, **P < 0.01, ***P < 0.005
vs. respective controls

significantly in the atrium on injection of Gareml siRNA
(53% in atrium, P = 0.029 and 18% in ventricle, P = 0.114)
(Fig. 2b, ¢).

To estimate the change in cardiac conduction on siRNA
injection, an ECG was taken from GaremI-siRNA mouse.
Gareml siRNA-injected mice had a significantly lower RR
interval (141.25 vs. 153.49 ms in control, P = 0.001, control
siRNA N =27 and Gareml siRNA N = 31) and PR interval
(43.27 vs. 44.89 ms in control, P =0.007, control siRNA
N =27 and Gareml siRNA N =31) and increased heart
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Fig. 4 Immunohistochemical
staining of Garem1 and neuronal
markers (ChAT and TH) in
cardiac ganglion of normal mice
a Gareml immunostaining
(brown) in heart tissue of normal
mice. The ganglia in the box (ii)
are located in atrial adipose
tissue. Garem1-positive cells
reside in the cardiac ganglion
neighboring the pulmonary vein
region (a-iii to a-v). To provide
detailed views of each ganglion,
the box (ii) in a-i is enlarged in
a-ii, and the boxes (iii, iv, v) in
a-ii are enlarged in a-iii, a-iv,
and a-v, respectively. The
ventricle was tested as a
negative control (a-vi). b
Choline acetyltransferase
(ChAT) immunostaining in
cardiac ganglion. ChAT is a
marker of parasympathetic
neural cells. ¢ Tyrosine
hydroxylase (TH)
immunostaining in cardiac
ganglion. TH is a marker of
sympathetic neural cells. d
Garem] immunostaining in a
serial slide to b and ¢. The
panels (a-iii, iv, v, viand b, ¢, d-

magnified view (scale bars: 25
um). PV pulmonary vein, LA left
atrium, LV left ventricle, VS
ventricular septum, RV right
ventricle, AO aorta

rate (426.82 vs. 393.51 bpm in control, P =0.002, control ECGs. We noted a significant decrease in PR segment
siRNA N =27 and Gareml siRNA N =31). (34.35 vs. 36.21 ms in control, P =0.011, control siRNA

The PR interval consists of the P wave and PR segment, = N =27 and Garem! siRNA N = 31) compared with control
as shown in Fig. 3a. We then examined which component  groups but not in the length of the P wave (Fig. 3b—i). The
of the PR interval was altered by Gareml silencing in the =~ PR segment corresponds to the period in which electric
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Fig. 5 Colocalization of Garem1 and neuronal markers (ChAT or TH)
in cardiac ganglion of normal mice In the cardiac ganglion,
Garem] staining overlaps with neuronal markers. a Most Garem!-

signals are delayed at the AV node, before they travel
through the ventricular branches to induce cardiac depo-
larization [31]. Fig. 3a shows representative ECG diagrams
in Gareml and control siRNA-injected mice.

Gareml protein is expressed in intracardiac ganglia of
the atrium

Because the SA and AV nodes reside in the atria and
because more Gareml is expressed in the atria compared
with the ventricle, we studied the expression pattern of
Gareml in mouse heart tissue by immunohistochemistry.
Notably, Gareml was specifically expressed in cardiac
ganglia, which influence sinus and atrioventricular nodal
function. As shown in Fig. 4a, Gareml protein was stained
within intracardiac ganglia in adipose tissue that was adja-
cent to the pulmonary vein. The intracardiac ganglia that are
involved in neural control of the heart comprise cholinergic
(parasympathetic) and adrenergic (sympathetic) neurons
[32]. Choline acetyltransferase (ChAT) and tyrosine
hydroxylase (TH) are markers of parasympathetic and
sympathetic elements, respectively. On the basis of these
neuronal markers, we confirmed that the Gareml-positive
region is consistent with cardiac ganglia, including ChAT-
and TH-positive cells (Fig. 4b, c).

To examine the expression of Gareml in adrenergic and
cholinergic neurons, we analyzed the ganglia by immuno-
fluorescence (Fig. 5). Gareml was simultaneously expres-
sed in cholinergic and adrenergic cells. Notably, ChAT-

SPRINGER NATURE

positive neurons (red) stain for ChAT (green), indicating that most
Garem1-expressing neurons are of cholinergic origin. b Few Gareml-
positive cells (red) show TH (green) staining

positive (cholinergic) ganglion cells were more abundant than
TH-positive (adrenergic) cells in cardiac ganglia.

Discussion

GAREM!] is involved in the regulation of the PR interval on
an ECG, as evidenced by the following: the association
between rs17744182 in GAREMI and PR interval, the
change in PR interval in Garem! siRNA-injected mice, and
the specific expression of Gareml in intracardiac ganglia.

Heart rhythm on an ECG is largely regulated by the
cardiac autonomic nervous system (ANS) [32]. The auto-
nomic innervation of the heart involves the extrinsic and
intrinsic cardiac ANSs [33]. The intrinsic cardiac ANS is a
complex network that is composed of ganglionated plexi
(GP) that are concentrated within epicardial fat pads. GP
serves as “integration centers” that modulate the connection
between the extrinsic (vagosympathetic and sympathetic
trunk) and intrinsic (ganglionated plexi) cardiac ANSs in
the regulation of heart thythm [34-38]. Cardiac GP are also
critical in the initiation and maintenance of AF. Several
clinicians have demonstrated that AF can be eliminated by
ablating GP [39—41]. In our study, the specific expression of
Gareml in cardiac GP suggests that GAREMI1 is one of
molecules that modulate the activity of the cardiac ANS in
cardiac GP [18].

Intrinsic cardiac GP contain parasympathetic and sym-
pathetic neural elements [42]. Clinical and experimental
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Normal Mice
Cardiac GP

Parasympathetic activity f
Sympathetic activity t

PR interval 1 , Heart Rate |

Fig. 6 Diagram of the potential function of Gareml in intracardiac
ganglionated plexi The blue circle expresses domination of cholinergic
cells, whereas the red triangle indicates the small number of adrenergic
cells within cardiac GP. In normal mice, Gareml protein is expressed

studies have proposed that the balance between cholinergic
(parasympathetic) and adrenergic (sympathetic) cardiac
inputs is important for the regulation of heart rhythm [37].
In addition, Petraitiene et al. reported that the distribution of
adrenergic and cholinergic fibers in intrinsic nerves differs,
depending on the intracardiac location of GP [43]. By his-
tology, Jiang et al. showed that ChAT-positive ganglion
(parasympathetic) cells and TH-positive ganglion (sympa-
thetic) cells are contained in the GP of dogs, the former of
which were more abundant [44]. Their observation is con-
sistent with our findings, and because Garem1 is expressed
in cholinergic and adrenergic cells, most Garem!-positive
neurons reside in cells of cholinergic origin in the mouse
GP.

As a novel adaptor in EGF receptor signaling, Gareml1
has been shown to be related to the activation of Erk in non-
neuronal cells [18, 45, 46]. Erk activation also occurs in
several neuronal cells that are stimulated by neuro-
transmitters, including acetylcholine, glutamate, and dopa-
mine [47, 48], and MAPKs, including Erk, are important
regulators of several neuronal functions, such as survival
[49], differentiation [50], and synaptic plasticity [S1]. The
mechanism that underlies the regulation of heart rhythm
through Gareml1 is unknown. However, we speculate that
Gareml in cardiac GP affects heart rhythm by delivering
signals from extrinsic neurons to the SA or AV node via the
adrenergic/cholinergic receptor-mediated signal transduc-
tion pathway. This hypothesis can be tested using Gareml
knockout mice—preferably a cardiac ganglion-specific

Gareml siRNAinjected Mice
Cardiac GP

Gareml siRNA

O cholinergic neuron cell
A adrenergic neuron cell
Gareml expressed neuroncell

Gareml silenced neuroncell

Parasympathetic activity ’
Sympathetic activity 1

PRinterval | , Heart Rate 1

in most cells of the ganglion. In Gareml siRNA-injected mice, the low
level of Garem! predominantly decreases parasympathetic activity due
to the large number in the ganglion. As a result, heart rate is enhanced
and PR interval is reduced

knockout line—to determine the function of Gareml in
adrenergic or cholinergic receptor-mediated signaling.

Another hypothesis is that Garem1 functions similarly in
sympathetic and parasympathetic neurons in the cardiac
ganglion, but the effects of Gareml appear to be more
robust on parasympathetic activity, due to the abundance of
cholinergic neurons in cardiac ganglion. Figure 6 depicts a
model of cardiac GP in Gareml siRNA-injected mice.
Under normal conditions, parasympathetic activity is
greater than sympathetic activity in GP, because cholinergic
cells predominate over adrenergic cells in them. However,
in Gareml-siRNA treated mice, Garem1 levels decrease in
both types of cells in GP, resulting in a greater decline in
parasympathetic activity relative to sympathetic activity,
shortening the PR interval and increasing heart rate.

The limitation of this study includes the absence of
experimental evidence that supports the implication of the
sequence variant rs17744182 in the expression of GAREM .
The experiment requires human cardiac tissue, sample of
which we have not obtained yet. However, based on a
bioinformatic in silico analysis, rs17744182 might functions
in the expression of GAREM1. According to the ENCODE
database (www.encodeproject.org), rs17744182 is related to
a histone modification and a transcription factor-binding
motif. Moreover, although there are no eQTL data on this
SNP in the Genotype-Tissue Expression (GTEx) database
(www.gtexportal.org), rs60451418, located ~28kb from
rs17744182, regulates GAREM1 expression in lung tissue,
and these SNPs are in linkage disequilibrium (% = 0.65).
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The second limitation of this study is the lack of an
examination of general circulation in Gareml siRNA-
injected mice. Therefore, we cannot exclude the possibility
that the changes in heart rate and PR interval in our mice
were influenced by fluctuations in general circulation, such
as blood pressure, in addition to the direct effect of Garem1
on ECG through cardiac GP.

In this study, we have demonstrated that rs17744182 in
GAREM]1 is associated with PR interval on an ECG with
genomewide significance (P=2.39x10"®) by a meta-
analysis of five studies, that silencing of Gareml in mice
reduces PR interval, and that Gareml is specifically
expressed in intracardiac ganglia. These findings suggest
that GAREM| regulates heart thythm by modulating cardiac
GP function, implicating it as a novel target for the treat-
ment of heart diseases, including AF.
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