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Abstract:

Phospholamban p.Argl4del is reported to cause hereditary cardiomyopathy with malignant ventricular
tachycardia (VT) and advanced heart failure. However, the clinical courses of Japanese cardiomyopathy pa-
tients with phospholamban p.Argl4del remain uncharacterized. We identified five patients with this variant.
All patients were diagnosed with dilated cardiomyopathy (DCM), developed end-stage heart failure and expe-
rienced VT requiring implantable cardioverter defibrillator discharge. Four patients survived after implantation
of a left ventricular assist device (LVAD), while one patient who refused LVAD implantation died of heart
failure. Based on the severe course of the disease, we propose genetic screening for phospholamban p.Argl4

del in DCM patients.
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Introduction

PLN, which encodes phospholamban, is a gene responsi-
ble for inherited cardiomyopathy (1). The PLN p.Argl4del
(R14del) is a high-penetration pathogenic variant that exhib-
its phenotypes of dilated cardiomyopathy (DCM) or arrhyth-
mogenic right ventricular cardiomyopathy (ARVC) (2).
Compared to DCM patients without R14del, R14del DCM
patients show a higher prevalence of appropriate implantable
cardioverter-defibrillator (ICD) discharge, cardiac transplan-
tation, and a family history of sudden cardiac death (SCD)
at 50 years old (2). According to a cohort from the Nether-
lands, which has the largest number of R14del carriers, R14
del was identified in 12% ARVC and 15% DCM cases, all
of whom were heterozygous (3), indicating that this variant
is autosomal dominant. Based on the bias in the presence of
carriers, R14del is suggested to be a founder mutation origi-
nating in the northern part of the Netherlands (4).

Because of its poor prognosis and high prevalence, a re-
search network including many researchers and clinicians

has been established to elucidate the genotype-phenotype re-
lationship in R14del cardiomyopathy and develop a disease-
specific treatment in Europe and the United States (5). How-
ever, R14del is poorly recognized in Japan, and the clinical
features of this variant in the Asian ethnicity have not been
reported.

In the present study, we searched for cardiomyopathy pa-
tients with R14del in a Japanese cardiovascular genome co-
hort and identified five with this variant.

Case Report

Methods

To identify cardiomyopathy patients with PLN Rl4del
variants, we analyzed the genomes of 396 patients with in-
trinsic cardiomyopathy at our hospital between 2010 and
2018 (including 211 DCM and 8 ARVC cases). Written in-
formed consent was obtained from all patients before enroll-
ment. This study was approved by the Institutional Review
Board of Osaka University (accession number: 680).
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Table 1. List of Cardiomyopathy-related Genes.
ABCC9 ACTCI1 ACTN2 ANKRDI BAG3 CACNAIC CRYAB CSRP3 DES DMD
DSC2 DSG2 DSP EMD EYA4 FHL1 FHL2 FKTN FLNC GLA
ILK JPH2 JUP LAMA4 LAMP2 LDB3 LMNA  MYBPC3 MYH6 MYH7
MYL2 MYL3 MYLK3 MYPN NEXN PKP2 PLN PRKAG2 PSENI PSEN2
PTPNI11 RAFI1 RBM20 RIT1 RYR2 SCNSA SGCB SGCD TCAP TMEM43
TNNCI TNNI3 TNNT2 TPM1 TTN TTR VCL

Genetic analyses were performed as

Table 2. The Procedure of Filtering Rare Pathogenic Variants Causing Cardiomyopa-
thy from 5 Patients with R14del.

Filtering criteria Pt. 1 Pt. 2 pPt. 3 Pt. 4 Pt. 5
(i) Exonic variants excluding synonymous 14,972 14,794 15,546 15,247 15,276
ones or splice-site variants
(i1) Variants included in 57 genes in Table 1 127 123 127 104 116
(iii) Variants with a minor allele frequency 3 2 2 4 4
<0.1% in multiple variation databases
(iv) Variants listed as DM/DM? in HGMD 1 1 1 1 1

or P/LP in ClinVar

The number of variants remained after each filtering criteria is shown. We used the Human Genome Variation
Database version 2.3 (HGVD), the Tohoku Medical Megabank Organization 3.5kJPNv2 (Tommo) and ge-
nome aggregation database v2.1.1 (gnomAD) as variation databases in filtering criteria (iii).

DM: disease causing mutation, DM?: likely disease causing mutation, P: pathogenic, LP: likely pathogenic

previously de- (Fig. 1). The parents of Patient 5 did

not show cardiac

scribed (6). In brief, genomic DNA was extracted from the
peripheral blood, followed by whole-exome sequencing. We
searched the sequencing results for rare pathogenic variants
in 57 cardiomyopathy-related genes that were listed as
causative genes for cardiomyopathy (7, 8) (Table 1). Rare
pathogenic variants were identified by applying the follow-
ing criteria: (i) exonic variants excluding synonymous vari-
ants or splice-site variants; (ii) variants included in the gene
list; (iii) variants with a minor allele frequency <0.1% in
multiple variation databases; (iv) variants listed as disease-
causing mutations or likely disease-causing mutations in the
Human Gene Mutation Database (2018.1), or pathogenic
mutations or likely pathogenic mutations in ClinVar (clinvar
_20170905).

Results

We identified five patients with the R14del variant. The
procedure of pathogenic variant filtering and the list of the
rare variants identified in these patients are shown in Ta-
bles 2 and 3, respectively. Since no other
cardiomyopathy-causing variant was identified, R14del was
considered the causative variant in each case.

known

Case Series

The family pedigree charts of these patients (Fig. 1),
clinical courses (the median follow-up period from the onset
was 9 years) (Fig. 2) and the main clinical characteristics
and examination findings at the initial diagnosis (Table 4)
are shown.

Four patients (1, 2, 3 and 4) had family histories of
DCM, and three (1, 2 and 3) had family histories of SCD

symptoms or abnormal findings in the available medical re-
cords.

At the initial visit, four out of five patients had already
developed heart failure symptoms, such as dyspnea or
edema, while one patient had syncope due to ventricular
tachycardia (VT) (Table 4). All of them had clinical features
of DCM, but none of them had developed clinical symptoms
before 25 years old, which was consistent with the previous
findings (3). The median age of the onset was 44 years old,
with a wide range reported (20s to 50s). All patients had de-
veloped end-stage heart failure by 47 years old, within 10
years of the onset. Of note, although Patients 1 and 2 were
mother and daughter, the onset was significantly earlier in
Patient 2 than in Patient 1. All patients received guideline-
based standard medical treatments. Patient 1 refused further
invasive treatment after ICD implantation and ultimately
died of heart failure at 64 years old. The other four patients
underwent left ventricular assist device (LVAD) implantation
after registration for heart transplantation. Finally, Patients 2
and 3 underwent heart transplantations, and the other two
patients were on the waiting list and continued their outpa-
tient visits.

Remarkably, all patients had malignant ventricular ar-
rhythmias (defined as VT requiring cardiopulmonary resus-
citation or an appropriate implantable cardioverter-
defibrillator intervention) and underwent ICD or cardiac re-
synchronization therapy defibrillator (CRTD) implantation,
as shown in Fig. 2. The median age at the first VT was 46
years old. Patients 2, 3 and 4 underwent ICD or CRTD im-
plantation for secondary prevention because they experi-
enced cardiopulmonary arrest due to VT outside the hospi-
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Table 3. List of Rare Variants on Cardiomyopathy-related Genes.

Patient Position . Conse- CADD HGVD Tommo gnomAD HGMD Cli'n.Var
ID (hgl9) Ref ~Alt  Zygosity Gene quence phred frequency frequency frequency class . Cl.l 1?1ca1

significance

Pt 1 6:118880120 AAG - Heterozygous PLN p-R14del . 7.1E-6 DM Pathogenic

Pt. 1 12:33030874 C T Heterozygous  PKP2 p-G314R 23.8 .

Pt. 1 14:23865557 G A Heterozygous MYH6 p-R789C  16.42 . 7.1E-6

Pt.2 2:179399484 G C Heterozygous TTN  p.S24888C 16.29 0.0006 . .

Pt.2 6:118880120 AAG - Heterozygous PLN p-R14del . 7.1E-6 DM Pathogenic

pPt.3 2:179487494 G A Heterozygous  TTN p-P5874L 23 . .

Pt. 3 6:118880120 AAG - Heterozygous PLN p-Rl4del . . . 7.1E-6 DM Pathogenic

Pt. 4 2:179497119 G T Heterozygous  TTN p-T5436N  13.54  0.0004 0.0006 7.1E-6 .

pPt. 4 6:118880120 AAG - Heterozygous PLN p-Rl4del . 7.1E-6 DM Pathogenic

Pt. 4 7:151273505 C T Heterozygous PRKAG2  p.G59S 26.3

Pt 4 10:112541500 C T Heterozygous RBM20 p.A378V  13.97 .

Pt. 5 2:179469726 C T Heterozygous  TTN p-V89951  19.17 7.5E-5 Uncertain
significance

Pt.5 2:179636100 A Heterozygous  TTN  p.W2606R  21.6

Pt. 5 6:118880120 G C Heterozygous FKTN p.E456D  13.57 Uncertain
significance

Pt.5 9:108397527 AAG - Heterozygous  PLN p-R14del 7.1E-6 DM Pathogenic

Variants remained after filtering criteria (iii) in Table 2 are shown with their annotation.

CADD phred score was obtained using CADD v1.3.
DM: disease causing mutation

tal. Appropriate ICD therapy was administered to all of the
patients. Patient 1 experienced only anti-tachycardia pacing,
while Patients 2, 3, 4 and 5 experienced ICD/CRTD dis-
charge repeatedly. VT did not always occur with worsening
heart failure. For Patients 3 and 5, it occurred at Ney York
Heart Association class I and II, respectively. As shown in
Fig. 1, acute circulatory failure caused by frequent ventricu-
lar tachycardia greatly affected the decision for LVAD im-
plantation.

Regarding the examination findings at the diagnosis, elec-
trocardiograms (ECGs) showed characteristic similarities
consistent with previous reports (9). A low voltage was ob-
served in 3 patients (60%), and a reduced R amplitude [de-
fined as R waves <3 mm for at least 5 of 6 limb leads or <5
mm for 5 of 6 precordial leads (9)] was observed in 4 pa-
tients (80%), while repolarization abnormalities were found
in only 1 patient (20%) (Fig. 3 and Table 4). All patients
presented with a sinus rhythm and a narrow QRS duration.
Echocardiography showed left ventricular dilatation and a
markedly reduced left ventricular ejection fraction (LVEF) in
all cases (Fig. 1). The size of the left ventricle varied from
case to case. Histopathological findings showed interstitial
fibrosis in all cases to varying degrees, and the diagnosis
was consistent with DCM.

Discussion

In this case series, we summarized the clinical findings of
five DCM patients carrying the PLN variant R14del in Ja-
pan. All patients exhibited malignant VT that resulted in
end-stage heart failure.

R14del was first identified in a Greek family in 2006 (10)
and has since been reported to be a pathogenic variant caus-
ing hereditary cardiomyopathy in the United States (11),
Germany (9), Canada (12) and China (13). Based on
genomic allele frequencies, 6 of every 100,000 people are
carriers of this variant worldwide. Carriers are particularly
concentrated in the northern part of the Netherlands (4). All
Dutch patients had the same haplotype, suggesting a founder
effect (14). However, the origin of this variant and its spread
around the world have not been fully clarified. Our five
cases were not concentrated in a specific region. Although
we did not perform a haplotype analysis, a further analysis
of the haplotypes of the five patients may aid in identifying
the origin of R14del in Japan.

We identified 5 patients with R14del variants among 211
DCM patients (2.4%). According to a meta-analysis of more
than 8,000 patients with DCM (15), the entire frequency of
PLN variants was 2%, and R14del was the most common
among them. However, it is not appropriate to simply com-
pare these values, as our cohort mainly consisted of patients
with severe heart failure requiring advanced treatment be-
yond optimal medical therapy. Although R14del is reported
to have high penetration, a substantial portion of Rl4del
carriers are asymptomatic without any abnormalities on
medical examinations, and the phenotypes of symptomatic
carriers, such as the age of the onset, vary among individu-
als (3, 10). Therefore, either of the parents of Patient 5
might have been an asymptomatic carrier of Rl4del, and
rare variants other than Rl14del (Table 3), which may have
some pathogenic effect, may influence the phenotypes of
each patient. Further surveys are needed to discuss the
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Figure 1. Pedigree with proband.

prevalence of R14del in patients with DCM or the variety of
phenotypes among carriers of R14del in Japan.
Phospholamban is a small molecule consisting of 52
amino acids. It regulates calcium transport. It is located in
the cardiac sarcoplasmic reticulum (SR) and is reversibly
phosphorylated by cAMP-dependent protein kinase (16).
Dephosphorylated phospholamban binds to sarco/endoplas-
mic reticulum Ca**-ATPase 2a (SERCA2a) and inhibits its
Ca™ reuptake to the SR, while phosphorylated phospholam-
ban loses its inhibitory effect against SERCA2a (10). Al-
though R14del phospholamban itself inhibits SERCA2a
more weakly than the wild type in vitro (17), heterozygous
R14del phospholamban behaves as a super inhibitor of
SERCA2a in cardiomyocytes (10). While the detailed
mechanism remains unclear, it results in sarcoplasmic Ca™
overload. Long-term abnormalities in Ca™ transients may
consequently lead to myocardial fibrosis and subsequently

0O O e O
/

/’ : Proband
HO:
Mo :
HO:

Cardiomyopathy
Sudden death
ECG abnormality

heart failure. Several PLN variants other than R14del are re-
ported to cause DCM, including Arg9Cys (18), Arg9
Leu (19), Arg9His (19), Arg25Cys (20) and Leu39stop (21).
All variants lead to the development of heart failure, but
only Rl4del and Arg25Cys are associated with ventricular
arrhythmias. The complexity of the interaction with the
abovementioned SERCA2a is speculated to result in the
unique phenotype of Rl4del, even though all variants except
Leu39stop lead to suppression of SERCA?2a activity.

Owing to this abnormal function of mutant phospholam-
ban, Rl4del cardiomyopathy exhibits a unique phenotype.
First, it is characterized by a low voltage on an ECG despite
left ventricular dilatation (2, 8), which is consistent with our
case series. Three and four of the five ECGs fulfilled the
low voltage and poor R progression criteria, respectively.
These ECG abnormalities are considered to reflect cardiac
fibrosis in R14del cardiomyopathy, which is a frequent find-
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Figure 2. The clinical courses of the five patients. ‘Malignant VT’ is defined as VT that requires
cardiopulmonary resuscitation or an appropriate implantable cardioverter defibrillator discharge.
‘VT storm’ is defined as multiple episodes of malignant VT in a single day. CRTD: cardiac resynchro-
nization therapy defibrillator, ICD: implantable cardioverter defibrillator, LVAD: left ventricular
assist device, VT: ventricular tachycardia

Table 4. Baseline Characteristics.

Characteristic Pt.1 Pt.2 Pt.3 pt.4 Pt.5

Age 56 29 44 57 35
Sex F F M F F
Disease onset HF HF HF HF VT
Family history

DCM + + + + -

SCD <45y - - + - -
Symptoms

Syncope - - - - +

NYHA 11 I I 11 1
ECG abnormalities

Low voltage - - - + +

Reduced R amplitude - + + + +

Repolarization abnormalities + - -
TTE

LVDd/LVDs (mm) 53/44  68/59  74/71 54/48 46/43

IVS/PW (mm) 9/6 917 10/10 8/8 8/6

LVEF (%) 35 35 9 24 30

‘Low voltage’ is defined as QRS peak-to-peak amplitude in leads I, II, and III <0.5 mV,
the sum of the amplitudes <1.5 mV, and amplitude in all precordial leads <1.0 mV (3).
‘Reduced R amplitude’ is defined as R waves <3 mm for at least five of six limb leads
or <5 mm for five of six precordial leads (8). ‘Repolarization abnormalities’ is defined
as fulfilling the major or minor criteria as described in the modified ARVC/D task force
criteria (18).

ARVC/D: arrhythmogenic right ventricular cardiomyopathy/dysplasia, DCM: dilated
cardiomyopathy, ECG: electrocardiogram, IVS: interventricular septum, LVDd: left
ventricular end-diastolic dimension, LVDs: end-systolic dimension, LVEF: left ventric-
ular ejection fraction, PW: posterior wall, SCD: sudden cardiac death, TTE, transtho-
racic echocardiography
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Figure 3. Findings of 12-lead electrocardiograms at the initial visit (or oldest available).

ing on histological examinations (10), as was noted in the
present five cases. This ECG finding may be a clue suggest-
ing the presence of R14del in patients with idiopathic DCM.

The high prevalence of ventricular arrhythmias and heart
failure after adolescence is also characteristic of R14del car-
diomyopathy, as was observed in our case series. The Dutch
research group reported R14del clinical features in a cohort
of 295 carriers (3). In the cohort, malignant ventricular ar-
rhythmias and end-stage heart failure were observed in 36%
and 24% of 125 symptomatic R14del carriers, respectively,
during the 42-month observation period. Regarding the tim-
ing of ICD implantation, the cohort identified 2 risk factors
of malignant VT: LVEF <45% and a history of sustained/
nonsustained VT. They suggested setting these two risk fac-
tors as indications for ICD implantation (3). All of our pa-
tients were implanted with an ICD or CRTD, which worked
correctly at least once, and in most cases, repeatedly. If Pa-
tients 2 and 3 had been treated according to these indica-
tions, they might not have experienced cardiopulmonary ar-
rest due to malignant VT. In addition, the timing of LVAD
implantation should be carefully considered because of the
possibility of unexpected circulatory disruption due to VT.
Once patients develop circulatory collapse, they may miss
the chance to undergo LVAD implantation. Therefore, we
propose performing the operation early rather than attempt-
ing other more conservative treatments when patients require
repeated inotropic support.

In addition, family care, including genetic counseling, is
also important in hereditary cardiomyopathy. Most of the
patients in our study had a family history of DCM, and
three had a family history of sudden death. As shown in the
Dutch cohort and in our series, the disease may not be de-
tected before patients have children because of its relatively
late onset. Indeed, three of our patients had children, and in
fact, the daughter had a more severe course of illness than

the mother in the parent-child case. Considering the risk of
sudden cardiopulmonary arrest due to ventricular arrhyth-
mias, even in asymptomatic patients, in the Dutch co-
hort (3), risk stratification of asymptomatic family members
is an important and valuable reason for genetic testing. The
European Society of Cardiology guidelines recommend ge-
netic testing for familial DCM with a severe course, citing
the PLN variant as an example (22). We also consider ge-
netic screening to be valuable in the management of patients
with DCM and their families. Furthermore, based on our ex-
perience with five cases of PLN Rl14del, attention should be
paid to the severe course of the disease, including SCD,
when this variant is detected.

At present, there is no silver bullet for treating R14del
cardiomyopathy. A homozygous Rl4del knock-in mouse
model exhibited severe cardiac phenotype similar to that in
humans and failed to respond to standard medical ther-
apy (23). However, subcutaneous administration of PLN an-
tisense oligonucleotides rescued their phenotype, according
to the latest report (24). In the future, such gene therapy
may be used as precision medicine.

In conclusion, we reported the clinical course of five pa-
tients with DCM caused by the PLN Rl4del variant. The
onset of the disease occurs after adolescence, and its clinical
course is characterized by severe heart failure with malig-
nant ventricular arrhythmias, which are associated with a
poor prognosis. We propose genetic screening, including
PLN R14del, in DCM patients, especially those with marked
ventricular arrhythmias.

The authors state that they have no Conflict of Interest (COI).
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