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Phospholamban (PLN) is a key regulator of cardiac muscle contractility and has
become a central focus in the study of cardiac disease. Variants in the PLN gene
have been identified in patients with a wide range of phenotypes, including
hypertrophic, dilated, and arrhythmogenic cardiomyopathies. The growing
number of identified variants highlights the previously underappreciated role
of PLN in cardiac pathophysiology. This review offers a comprehensive
examination of the genetic landscape of PLN and evaluates the mechanistic
effects of specific variants on cardiac function, aiming to uncover potential
genotype-phenotype correlations. The rapidly expanding body of knowledge in
this areais driving the development of advanced diagnostic and prognostic tools,
as well as highly targeted therapeutic strategies. These advances underscore the
importance of recognizing PLN's role in cardiac disease and the value of genetic
testing for accurate diagnosis, prognosis, effective management, and early risk
prediction for family members.
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1 Introduction

Cardiac muscle contraction and relaxation rely on tightly regulated calcium cycling.
Contraction is initiated by Ca®" influx through transmembrane voltage-gated calcium
channels, which subsequently induces a sharp release of Ca** from the sarcoplasmic
reticulum (SR) via ryanodine receptor activation. This rise in cytosolic Ca®" enables
its binding to troponin C, which displaces tropomyosin from actin filaments and
promotes actin-myosin interaction and contraction (Bers, 2002). Relaxation is achieved
primarily through the reuptake of Ca?* into the SR by the sarcoplasmic/endoplasmic
reticulum Ca*"-ATPase isoform 2a (SERCA2a), whose activity is controlled by
phospholamban (PLN) (MacLennan and Kranias, 2003).

The PLN gene (OMIM: 172405) encodes a highly conserved protein that is primarily
expressed in cardiac muscle and to a lesser degree in skeletal and smooth muscles (Fujii et al.,
1991; Tada and Toyofuku, 1998; Tada et al., 1998). PLN is expressed early in development,
indicating its essential role in cardiac physiology (Ganim et al., 1992; Simmerman and
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Schematic figure illustrating the pathway from PLN gene to protein and its localization at the SR membrane. Key factors and modifications involved in
each step of the process are indicated. Post-translational modifications occur at lysine 3 (ubiquitination), cysteine 36 (palmitoylation), cysteines 41 and
46 (nitrosylation). GR, glucocorticoid nuclear receptor; TR, thyroid hormone receptor; COP-I, Coat Protein Complex |; ARF, ADP-ribosylation factor;

Jones, 1998). At the transcriptional level, PLN expression is known
to be regulated by various transcription factors, including thyroid
hormone receptors, glucocorticoid nuclear receptor, nuclear factor
YA (NF-YA) and NF-YB, and the zinc finger protein ZBTB20
(Yabuki et al., 1998; Haghighi et al., 2008; Belakavadi et al., 2010;
Ren et al., 2024), while post-transcriptionally its mRNA is stabilized
by the RNA-binding protein Human Antigen R (HuR) (Hu et al,,
2020). PLN is a 52-amino-acid transmembrane protein, localizing
at the SR membrane and regulating SERCA2a activity (Tada and
Toyofuku, 1998; Tada et al., 1998). Although information regarding
trafficking of the protein to the SR is limited, the di-arginine motif
in the cytoplasmic domain of PLN was shown to be required for
retrograde trafficking between the Golgi to ER/SR compartments
(Sharma et al., 2010) (Figure 1).

At the functional level, PLN regulates SERCA2a in a
phosphorylation-dependent manner (MacLennan and Kranias,
2003; Kranias and Hajjar, 2017). When dephosphorylated, PLN
inhibits SERCA2a by reducing its affinity for Ca*", thereby delaying
SR Ca?" reuptake and relaxation. PLN phosphorylation at serine
16 (Ser16) by cAMP-dependent protein kinase (PKA) and at
threonine 17 (Thrl7) by Ca®'-calmodulin-dependent protein
kinase (CaMKII) relieves this inhibition, leading to enhanced
SR Ca®* uptake and cardiac relaxation, particularly during -
adrenergic stimulation (MacLennan and Kranias, 2003). PLN
acetylation, S-palmitoylation, and nitrosylation have emerged as
additional post-translational modifications that modulate PLN
function by influencing its membrane association, oligomerization,
or interaction with SERCA2a, while ubiquitination regulates PLN
protein levels (Froehlich et al., 2008; Irie et al., 2015; Zhou et al,,
2015; Nakagawa et al.,, 2016; Keceli et al., 2019; Rogers et al,,
2023; Mushala et al., 2024). Cytosolic Ca** levels also influence
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PLN-SERCA2a interactions, with elevated Ca** promoting PLN
dissociation and SERCA2a activation (MacLennan and Kranias,
2003; Kranias and Hajjar, 2017). Structural studies have provided
evidence to suggest that PLN adopts multiple conformational states
which affect its inhibitory function on SERCA2a (Gustavsson et al.,
2011; Gustavsson et al., 2013; Raguimova et al., 2020; Weber et al.,
2021; Weber et al., 2024). In contrast to the initial, more simplistic,
view that SERCA2a represents the sole binding partner of PLN, a
more complex regulatory network has now been established through
the identification of multiple and multifunctional binding proteins,
signifying an essential contribution of PLN in cardiac function
through multiple pathways (Vafiadaki et al., 2009; Haghighi et al.,
2014; Kranias and Hajjar, 2017; Mattiazzi and Kranias, 2024).

The fundamental role of PLN in the heart is further corroborated
by the detrimental effects PLN variants can have. To date, multiple
pathogenic PLN variants have been identified in patients with a
range of clinical cardiac phenotypes that include arrhythmogenic
(ACM), dilated (DCM) and hypertrophic cardiomyopathy (HCM)
(Kranias and Hajjar, 2017; Vafiadaki et al,, 2023; Mattiazzi and
Kranias, 2024).

According to the latest international guidelines and statements
on genetic testing for cardiac disease, of the American Heart
Association (AHA), the European Society of Cardiology (ESC), and
the European Heart Rhythm Association (EHRA)/Heart Rhythm
Society (HRS)/Asia Pacific Heart Rhythm Society (APHRS)/Latin
American Heart Rhythm Society (LAHRS) (Musunuru et al., 2020,
Wilde et al., 2022; Arbelo et al., 2023), PLN is in the recommended
shortlist of genes to be tested in patients with a confirmed or
suspected diagnosis of inherited HCM, DCM or ACM, or in
individuals at high risk due to a previously identified pathogenic
variant in their family.
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The implementation of these guidelines is gradually leading to
a marked increase in the number of novel PLN variants identified.
Herein, we provide a comprehensive and critical overview of
all human PLN variants known to date, including extensively
characterized ones and/or described in the literature, as well
as those reported solely across publicly available databases. The
expanding research evidence on their respective pathogenetic
mechanisms, is fueling the intense exploration of targeted precision
medicine therapies, while genotype-phenotype correlations are
geared towards guiding the development of diagnostically and
prognostically valuable tools. Our study reveals a previously
unanticipated extent of PLN contribution to cardiac disease
worldwide, highlighting the need for heightened clinical awareness
on the value of PLN genetic testing, as well as the interpretation
and clinical integration of these results towards enhanced diagnosis,
prognosis and clinical management of cardiomyopathy patients and
their family members.

2 Published pathogenic PLN variants

The discovery of the first pathogenic PLN variants in 2003
(Haghighi et al.,, 2003; Schmitt et al., 2003), sparked interest in
this gene and initiated a long path of research and discovery.
Approximately half of the published pathogenic PLN variants have
been characterized at the molecular/cellular/functional level, albeit
the extent of characterization varies. The findings offer a deep
understanding of the complex molecular mechanisms, implicated
in PLN disease pathogenesis, and have led to the more effective
treatment and clinical management of PLN cardiomyopathy patients
(Hof et al,, 2019). The key conclusions from these pathogenic PLN
variants and their implications, are critically discussed by genomic
location (coding or promoter region) and type of variation (deletion,
missense, nonsense or insertion) (Table 1).

2.1 Pathogenic coding PLN variants

The majority of published pathogenic PLN variants lie in
the coding region, and they include missense and nonsense
substitutions, as well as small deletions or insertions. While missense
substitutions represent the most frequent type of variant, only a few
have been well characterized.

2.1.1 Pathogenic deletion variants

The PLN deletion c.40_42delAGA, p. Argl4del (or Rl4del)
(OMIM: 172405.0003) has been the most extensively studied variant
across clinical, cellular and molecular levels (Doevendans et al.,
2019). It was originally identified in a large Greek family with
DCM and arrhythmia symptoms (Haghighi et al., 2006) and has
now been reported in >1,500 patients worldwide, with the vast
majority being in the Netherlands (Hof et al., 2019). PLN-Argl4del
has only been found in the heterozygous state, with patients
exhibiting a spectrum of highly variable phenotypes that range from
asymptomatic to ACM or DCM that may progress to heart failure
or sudden cardiac death (Hof et al., 2019). PLN-Argl4del represents
a prime example of the significant clinical impact that the in-depth
characterization of a genetic variant can have.
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Clinical research on PLN-Argl4del has demonstrated that these
patients exhibit certain distinct clinical characteristics including
low-voltage electrocardiograms (ECGs), negative T waves in left
precordial leads and a high prevalence of malignant ventricular
arrhythmias (van der Zwaag et al., 2012; van Rijsingen et al., 2014;
Hof etal., 2019). These findings have been used for the development
of multiple impactful clinical diagnostic and prognostic tools.
Deep learning models have been developed that significantly
improve ECG-based PLN-Argl4del automated detection of this
rare group of patients (Lopes et al., 2021; Bleijendaal et al., 2021).
At the prognostic level, multivariant clinical prediction algorithms
have been aimed at identifying PLN-Argl4del patients at high
risk of malignant ventricular arrhythmia, who should therefore
be considered for primary prevention implantable cardioverter
defibrillator (ICD) implantation (Verstraelen et al., 2021). The
delineation of PLN-Argl4del as a distinct disease entity has
increased the rate of PLN-Argl4del patient identification, leading to
better clinical management. Furthermore, it enabled the formation
of an international patient community and the establishment of the
patient-led PLN Foundation (Kranias et al., 2018; Doevendans et al.,
2019), which has since been actively facilitating and promoting
PLN-Argl4del research towards finding a cure.

At the basic and translational research level, a multitude of
in vitro and in vivo tools have been employed to decipher the
PLN-Argl4del driven pathogenesis, including animal models
ranging from zebrafish to mouse and patient-derived induced
pluripotent stem cell cardiomyocytes (iPSC-CMs) (Haghighi et al.,
2006; Karakikes et al., 2015; Eijgenraam et al., 2020; Badone et al.,
2021; Cuello et al., 2021; Feyen et al., 2021; Grote Beverborg et al.,
2021; Haghighi et al., 2021; Raad et al., 2021; Dave et al., 2022;
Vafiadaki et al.,, 2022; Cleary et al., 2023; Rogalska et al., 2023;
Stege et al., 2023; Cleary et al., 2024; Foo et al., 2024; Maniezzi et al.,
2024; Vafiadaki et al, 2024). The results pinpoint defects in
molecular mechanisms, including PLN structural changes, protein
interaction aberrations, Ca®* handling dysregulation, mitochondrial
dysfunction, (UPR) activation,
autophagy defects, SR disorganization and protein aggregation
[reviewed in (Vafiadaki et al., 2023; Stege et al., 2024; Deimen et al.,
2022)]. Standard heart failure therapy involving eplerenone

unfolded protein response

or metoprolol was shown to be ineffective in PLN-Argl4del
heterozygous mice (Eijgenraam et al., 2020), underscoring the need
for the development of novel therapeutic strategies targeting PLN-
Argl4del. Excitingly, within 20 years since the discovery of this
rare variant, a multitude of novel therapeutic approaches are being
developed, including gene therapy, gene editing (CRISPR/Cas9
and TALENS), antisense oligonucleotides, and small molecules
(Karakikes et al., 2015; Feyen et al., 2021; Grote Beverborg et al,,
2021; Dave et al., 2022; Eijgenraam et al., 2022).

pathogenic (ACMG based
classification: PVS1, PS2, PM2) deletion variant was reported in
PLN (c.95_98del, p. Phe32SerfsTer7) in a heterozygous patient with
complex clinical features due to dual diagnosis of cardiomyopathy
and Perrault syndrome (Du et al., 2024). Notably, along with this
PLN variant, a pathogenic variant was detected in Required for
Meiotic Nuclear Division 1 homolog (RMNDI1) which might be
responsible for the Perrault syndrome (Du et al, 2024). PLN-
Phe32SerfsTer7 was predicted to disrupt the translational reading

Recently, another criteria

frame, leading to nonsense-mediated mRNA decay. However, there
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TABLE 1 PLN variants published to date and key phenotypic features. Classification is based on ClinVar’'s 29 April 2025 release. VUS: variant of unknown
significance, N/A: not available.

Type of

variant

PLN variant

Classification

NEIE

Clinical
phenotype

Effect on
protein

Reference

c.40_42delAGA, Pathogenic Heterozygote | Asymptomatic, PLN structural Haghighi et al. (2003),
p.Argl4del ACM or DCM changes, protein van der Zwaag et al.
with arrhythmias interaction (2012), Hof et al. (2019),
aberrations, Ca*" Haghighi et al. (2006),
handling Karakikes et al. (2015),
dysregulation, Eijgenraam et al. (2020),
mitochondrial Badone et al. (2021),
dysfunction, Cuello et al. (2021),
UPR activation, Feyen et al. (2021),
autophagy Grote Beverborg et al.
defects, SR (2021), Haghighi et al.
disorganization (2021), Raad et al. (2021),
and protein Dave et al. (2022),
aggregation Vafiadaki et al. (2022),
Deletion Cleary et al. (2023),
Rogalska et al. (2023),
Stege et al. (2023),
Cleary et al. (2024),
Foo et al. (2024),
Maniezzi et al. (2024),
Vafiadaki et al. (2024)
€.95_98delTTAT, | Pathogenic Heterozygote | HCM Predicted to Du et al. (2024)
p.Phe32SerfsTer7 result in
nonsense-
mediated mRNA
decay but no
evidence
provided
c.23C>T, N/A Not specified = DCM Not known Sousa et al. (2019)
p.Thr8lle
c.25C>T, Pathogenic Heterozygote = DCM Loss of function, Schmitt et al. (2003),
p-Arg9Cys increased Schmitt et al. (2009),
propensity for Haetal. (2011),
oligomerization, Ceholski et al. (2012b),
decreased Abrol et al. (2015),
binding to Truszkowska et al. (2015),
SERCA2, Fish et al. (2016),
decreased Nelson et al. (2018),
SERCA2 Vicente et al. (2022),
inhibition, Weber et al. (2024)
aberrant Ca*"
handling, lack of
phosphorylation,
structural
changes
Missense c.26G>T, Likely Pathogenic | Heterozygote = DCM Loss of function, Medeiros et al. (2011),
p.Arg9Leu lack of Ceholski et al. (2012a),
phosphorylation, Ceholski et al. (2012b),
structural Truszkowska et al. (2015),
changes Weber et al. (2024)
c26G>A, Likely Heterozygote | DCM Loss of function, Medeiros et al. (2011),
p-Arg9His Pathogenic/VUS lack of Ceholski et al. (2012a),
phosphorylation Sousa et al. (2019),
Weber et al. (2024)
c43G>A, Likely Heterozygote = DCM Gain of function, Pugh et al. (2014),
p-Alal5Thr Pathogenic/VUS increased SERCA Armanious et al. (2024)
inhibition,
reduced
phosphorylation
and
dephosphorylation
at Serl6
(Continued on the following page)
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TABLE 1 (Continued) PLN variants published to date and key phenotypic features. Classification is based on ClinVar's 29 April 2025 release. VUS: variant
of unknown significance, N/A: not available.

Type of

variant

PLN variant

Classification

Clinical
phenotype

Effect on
protein

Reference

c.46T>G, N/A Not specified HCM Not known Walsh et al. (2017b)
p-Serl6Pro
c.50C>A, N/A Heterozygote DCM Not known Mollanoori et al. (2018)
p.Thr17Asn
c.53T>C; VUS Not specified HCM Partial loss of Burns et al. (2017),
p-lle18Thr function, reduced Lopes et al. (2015),
inhibition of Armanious et al. (2024)
SERCA, lack of
PKA
phosphorylation
c.61C>A, \40N Heterozygote DCM Gain of function, Pugh et al. (2014),
p.Pro21Thr increased SERCA Armanious et al. (2024)
inhibition,
reduced
phosphorylation
and
dephosphorylation
at Serl6,
increased helical
structure
c.73C>T, Likely Heterozygote DCM, HCM and | Gain of function, Behr et al. (2015),
p-Arg25Cys Pathogenic/VUS Bruganda SERCA2 Liu et al. (2015),
syndrome super-inhibition, Lopes et al. (2015)
elevated diastolic
Ca?", increased
RyR Ser2814
phosphorylation
c.121T>A, VUS Not specified HCM Not known Walsh et al. (2017b)
p.Cys41Ser
c.145G>A, VvuUs Heterozygote HCM Not known Xu et al. (2015)
p-Val49Met
c.152T>C, VUsS Not specified HCM Not known Walsh et al. (2017b),
p-Leu51Pro Lopes et al. (2015)
c4G>T, p.Glu2Ter = Pathogenic Homozygote DCM and severe | Loss of function, Lietal. (2019)
heart failure no PLN protein
expression
c.116T>G, Pathogenic/Likely | Heterozygote Asymptomatic Loss of function, Haghighi et al. (2003),
Nonsense p-Leu39Ter Pathogenic Homozygote hypertrophy, no PLN protein Landstrom et al. (2011),
HCM or severe expression, no Medeiros et al. (2011),
DCM with cardiac | SERCA2 Sanoudou et al. (2015),
arrhythmias inhibition Walsh et al. (2017a),
Walsh et al. (2017b),
Mazzone et al. (2024)
Insertion c.9_10insA, Pathogenic Heterozygote Wolf-Parkinson- | Frameshift and Truszkowska et al. (2015)
p-Val4SerFsTer15 White syndrome | premature
with unconfirmed | termination,
diagnosis of produces protein
cardiomyopathy | of 17 amino acids
but with only the
initial 3 residues
corresponding to
PLN, no evidence
provided
(Continued on the following page)
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TABLE 1 (Continued) PLNvariants published to date and key phenotypic features. Classification is based on ClinVar’'s 29 April 2025 release. VUS: variant

of unknown significance, N/A: not available.

PLNvariant Classification State

Type of

variant

Effect on Reference

protein

Clinical
phenotype

¢.37_38insA, N/A

p.Argl3LysfsTer7

Heterozygote

Frameshift
alterations and
premature
termination after
7 amino acids but
no evidence
provided

DCM Pugh et al. (2014)

c.61_62insCT,
p-Pro21LeufsTer19

N/A

Heterozygote

Frameshift
alterations and
premature
termination after
19 amino acids
but no evidence
provided

HCM Lopes et al. (2015)

€.63_64dupTC,
p-GIn22LeufsTer19

Pathogenic/Likely
pathogenic/VUS

Not specified

Frameshift Walsh et al. (2017b)
alterations and
premature
termination after
19 amino acids
but no evidence

provided

HCM

¢.138dupT,
p.lle47 TyrfsTer14

N/A

Not specified

HCM Changes the last Walsh et al. (2017b)
6 amino acids of
PLN and extends
the protein by 8
residues but no
evidence

provided

=77 A>G N/A

Heterozygote

Increased Minamisawa et al. (2003)

promoter activity

HCM

-42 C>G N/A

Promoter

Heterozygote

HCM and
healthy

Decreased Medin et al. (2007)

promoter activity

-36 A>C N/A

Heterozygote

Increased
promoter activity

DCM and
healthy

Haghighi et al. (2008)

are no data available regarding the impact of this mutation on PLN
protein expression levels, or its potential functional consequences
in the cardiomyocytes.

2.1.2 Pathogenic missense variants

The missense variant ¢.25C>T, p. Arg9Cys (OMIM:
172405.0001) (Schmitt et al., 2003) along with the nonsense variant
c.116T>G, p. Leu39Term (OMIM: 172405.0002) [(Haghighi et al.,
2003); see below] were the first PLN variants to be discovered in
DCM patients, linking PLN genetic changes to cardiac disease. The
familial PLN-Arg9Cys has only been encountered in heterozygosity
and exhibits autosomal dominant inheritance (Schmitt et al., 2003;
Truszkowska et al., 2015; Fish et al, 2016). Detailed analysis
at the molecular, cellular and animal model levels has shown
that PLN-Arg9Cys represents a loss-of-function variant, with a
dominant-negative effect on wild-type PLN. It interferes with
PKA-mediated PLN phosphorylation and consequently disrupts
the regulatory function of PLN resulting in sustained SERCA2
inhibition, development of DCM, heart failure and premature death.

Frontiers in Cell and Developmental Biology 06

Recent studies on iPSC-CMs, recapitulated disease mechanisms
associated with PLN-Arg9Cys, exhibiting aberrant Ca?* handling,
blunted B-adrenergic signaling, hypertrophy and fibrosis-related
changes along with alterations in cellular metabolism and
proteostasis disruption (Ceholski et al., 2018; Yu et al, 2024).
Interestingly, exposing these cells to functional challenges
exacerbated the PLN-Arg9Cys defects, leading to autophagic
overload, structural remodeling and functional deficiencies
(Yu et al,, 2024). These research insights are guiding efforts towards
the development of targeted therapeutic approaches for PLN-
Arg9Cys carriers. Autophagy inducing agents tested on patient-
derived PLN-Arg9Cys iPSC-CMs gave promising results, rescuing,
at least in part, functional defects including structural remodeling,
Ca*t handling and contractile function (Yu et al., 2024).

In the same nucleotide position of PLN two more variants,
¢.26G>T, p. Arg9Leu and ¢.26G>A, p. Arg9His, have been identified,
in heterozygosity, following mutation screening of Polish, Brazilian
and Portuguese DCM patient cohorts (Medeiros et al, 2011;
Truszkowska et al., 2015; Sousa et al., 2019). Similar to PLN-
Arg9Cys, the Arg9Leu and Arg9His variant proteins do not get

frontiersin.org
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FIGURE 2

Diagrammatic representation of published PLN variants and associated clinical phenotypes. Each circle represents a different published PLN variant in
the specific amino acid, and each square a different phenotype. Protein phosphorylation residues and transmembrane domain are indicated in dashed
line boxes. PLN cytoplasmic residues 2—18 interact with a cytoplasmic fragment of SERCA2 while residues 20-30 and 31-52 bind to different
transmembrane regions of SERCA2 (Kimura et al,, 1996; Kimura et al., 1998; MaclLennan et al., 1998; Asahi et al., 1999;

Asahi et al., 2003; Toyoshima et al., 2003)
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FIGURE 3

Functional effects of PLN variants. The schematic depicts the PLN and SERCA2 protein complex at SR membrane, where it regulates Ca®* homeostasis
and cardiac function. Alterations mediated by the different PLN variants are shown, based on currently available experimental evidence.

phosphorylated, most likely due to structural alterations in the
region around the PKA phosphorylation site (Medeiros et al., 2011;
Ceholski et al., 2012a). Interestingly however, only PLN-Arg9Leu
failed to inhibit SERCA activity as, similarly with PLN-Arg9Cys, this
variant results in altered hydrophobicity that impacts its function
(Ceholski et al., 2012a; Ceholski et al., 2012b). In contrast, the
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inhibitory effect of Arg9His was indistinguishable from the wild-
type PLN probably due to similar physicochemical properties of the
substituted amino acid (Ceholski et al., 2012a).

A different heterozygous substitution, PLN ¢.73C>T, p.
Arg25Cys, has been identified by multiple studies in patients
presenting DCM and cardiac arrhythmias, HCM or Brugada
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TABLE 2 Functional effects and experimental evidence on currently characterized PLN variants.

PLN variant

c.40_42delAGA, p.Argl4del

Functional effect

Uncertain

Evidence type

In vitro, animal models, patient material

10.3389/fcell.2025.1626242

Reference

Haghighi et al. (2006), Karakikes et al. (2015),
Eijgenraam et al. (2020), Badone et al. (2021),
Cuello et al. (2021), Feyen et al. (2021),

Grote Beverborg et al. (2021), Haghighi et al. (2021),
Raad et al. (2021), Dave et al. (2022), Vafiadaki et al.
(2022), Cleary et al. (2023), Rogalska et al. (2023),
Stege et al. (2023), Cleary et al. (2024), Foo et al.
(2024), Maniezzi et al. (2024), Vafiadaki et al. (2024)

¢.25C>T, p.Arg9Cys

Loss of function

In vitro, animal models, patient material

Schmitt et al. (2003), Schmitt et al. (2009), Ha et al.
(2011), Ceholski et al. (2012b), Abrol et al. (2015),
Nelson et al. (2018), Vicente et al. (2022), Weber et al.

(2024)
¢.26G>T, p.Arg9Leu Loss of function In vitro Medeiros et al. (2011), Ceholski et al. (2012a),
Ceholski et al. (2012b), Weber et al. (2024)
¢.26G>A, p.Arg9His Loss of function In vitro Medeiros et al. (2011), Ceholski et al. (2012a),
Weber et al. (2024)
c43G>A, p.Alal5Thr Gain of function In vitro Armanious et al. (2024)
¢.53T>C; p.Ile18Thr Partial loss of function In vitro Armanious et al. (2024)
¢.61C>A, p.Pro21Thr Gain of function In vitro Armanious et al. (2024)
¢.73C>T, p.Arg25Cys Gain of function In vitro Liu et al. (2015), Nelson et al. (2018)
c4G>T, p.Glu2Ter Loss of function Patient material Lietal. (2019)

¢.116T>G, p.Leu39Ter Loss of function

In vitro, patient material

Haghighi et al. (2003)

syndrome patients with QRS duration (Behr et al., 2015; Liu et al.,
2015; Lopes et al, 2015). Functional analysis by adenoviral
overexpression in adult rat cardiomyocytes demonstrated that the
PLN-Arg25Cys protein causes SERCA2 super-inhibition, resulting
in suppressed Ca®* kinetic parameters and depressed myocyte
contractility (Liu et al., 2015). The molecular mechanisms associated
with this included increased interaction of PLN-Arg25Cys with
SERCA2a, most likely due to structural alterations (Liu et al,
2015; Nelson et al.,, 2018), leading to elevated diastolic Ca** and
consequent activation of CaM kinase II (CaMKII). Although the
latter did not affect PLN phosphorylation, it caused enhanced RyR
phosphorylation at the Ser2814 site with consequent increases
in SR Ca** leak which promoted arrhythmogenesis under stress
conditions (Liu et al., 2015). These findings provided initial evidence
to support the hypothesis that the increased PLN inhibitory function
may impact both SR Ca’" uptake and Ca®" release, expanding
our understanding of cardiomyocyte Ca?* homeostasis regulatory
mechanisms (Liu et al., 2015; Wagner et al., 2015).

Over the years, an increasing number of heterozygous missense
PLN variants have been detected including c.23C>T, pThr8lle;
c.43G>A, p. Alal5Thr; c.46T>G, p. Ser16Pro; c.50C>A, pThr17Asn;
¢.53T>C; p. lle18Thr; c.61C>A, p. Pro21Thr; c.121T>A, Cys41Ser;
c.145G>A, p. Val49Met and c.152T>C, Leu51Pro (Pugh et al,
2014; Lopes et al, 2015; Xu et al,, 2015; Burns et al., 2017;
Walsh et al., 2017b; Mollanoori et al., 2018; Sousa et al., 2019).
Among them, structural and functional evaluation has been pursued
only for Alal5Thr, Pro21Thr, and Ile18Thr, albeit to a limited
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extent. Both former variants exhibited increased inhibition of
SERCA activity and reduced rates of both PLN phosphorylation
and dephosphorylation, whereas the latter variant caused reduced
SERCA inhibition and no PKA phosphorylation (Armanious et al.,
2024). While no structural changes were observed for Alal5Thr and
Ile18Thr, the PLN Pro21Thr variant had increased helical structure,
an alteration that could be correlated with its gain-of-function effect
on SERCA activity (Armanious et al., 2024).

Overall, missense variants represent the most populated
category of PLN variants. Their downstream molecular implications
vary considerably, while in many instances they remain
unknown. As the patient population carrying these variants
increases, genotype-phenotype studies will be valuable to unveil
diagnostically, prognostically and/or therapeutically relevant
correlations.

2.1.3 Pathogenic nonsense variants

The PLN nonsense variant c.116T>G, p. Leu39Term (also
encountered in the literature as Leu39stop and Leu39X) was
initially reported in a Greek family with DCM (Haghighi et al.,
2003) but has since been identified in additional populations, with
patients exhibiting clinical phenotypes ranging from asymptomatic
hypertrophy to HCM or severe DCM with cardiac arrhythmias
(Chiu et al., 2007; Landstrom et al., 2011; Medeiros et al., 2011;
Alfares et al., 2015; Sanoudou et al., 2015; Walsh et al., 2017a;
Walsh et al., 2017b; Mazzone et al., 2024). This familial PLN variant
has been encountered in both heterozygous and homozygous state,
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TABLE 3 PLN variants, clinical characteristics and cases reported to date.

10.3389/fcell.2025.1626242

Type of PLN variant Domain Clinical Penetrance  Number of Reference
variant location phenotype reported
cases
c.40_42del AGA, Cytoplasmic Asymptomatic, | 30-60 years, Incomplete >1,500 Haghighi et al.
p-Argl4del ACMor DCM | arrhythmias (2003),
with may occur at van der Zwaag
arrhythmias earlier age etal. (2012),
van Rijsingen
etal. (2014),
Cheung et al.
(2019),
Hof et al.
Deletion (2019),
Jiang et al.
(2020),
Tabata et al.
(2021),
Verstraelen et al.
(2025)
c.95_98delTTAT, Cytoplasmic HCM 14 years Unknown 1 Du et al.
p-Phe32SerfsTer7 (2024)
¢.23C>T, p.Thr8lle Cytoplasmic DCM Unknown Unknown Not specified Sousa et al.
(2019)
c.25C>T, Cytoplasmic DCM 20-35 years Complete 10 Schmitt et al.
p.Arg9Cys (2003),
Truszkowska etal.
(2015),
Fish et al.
(2016)
c.26G>T, Cytoplasmic DCM 30-50 years Unknown 4 Medeiros et al.
p.Arg9Leu (2011),
Truszkowska etal.
(2015)
c.26G>A, Cytoplasmic DCM 43 years Incomplete >7 (Not Medeiros et al.
p-Arg9His specified in (2011),
Sousa et al.) Sousa et al.
(2019)
c43G>A, Cytoplasmic DCM 4 years Unknown 1 Pugh et al.
p-Alal5Thr (2014)
Missense c46T>G, Cytoplasmic HCM Unknown Unknown 1 Walsh et al.
p.Serl6Pro (2017b)
c.50C>A, Cytoplasmic DCM 44 years Unknown 1 Mollanoori etal.
pThr17Asn (2018)
c.53T>C; Cytoplasmic HCM Unknown Unknown >1 (Not Burns et al.
p.Ile18Thr specified in (2017),
Lopes et al.) Lopes et al.
(2015)
c.61C>A, Cytoplasmic DCM 60 years Unknown >1 (Not Pugh et al.
p-.Pro21Thr specified in (2014),
Sousa et al.) Sousa et al.
(2019)
c.73C>T, Cytoplasmic DCM, HCM 45 years >5 (Not Behr et al.
p.Arg25Cys and Bruganda specified in (2015),
syndrome Lopes et al.) Liu et al.
(2015),
Lopes et al.
(2015)
c.121T>A, Transmembrane, HCM Unknown Unknown 1 Walsh et al.
p.Cys41Ser (2017b)
(Continued on the following page)
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TABLE 3 (Continued) PLN variants, clinical characteristics and cases reported to date.

10.3389/fcell.2025.1626242

Type of PLN variant Domain Clinical Age of Penetrance = Number of Reference
variant location phenotype onset reported
cases
c.145G>A, Transmembrane| HCM Unknown Unknown 1 Xu et al. (2015)
p-Val49Met
c.152T>C, Transmembrane| HCM Unknown Unknown >1 (Not Walsh et al.
p-Leu51Pro specified in (2017b),
Lopes et al.) Lopes et al.
(2015)
c4G>T, p.Glu2Ter Cytoplasmic DCM and 36 years Unknown 6 Lietal. (2019)
severe heart
failure,
arrhythmias
c116T>G, Transmembrane| Asymptomatic | 17-51 years Incomplete 28 Haghighi et al.
p.Leu39Ter hypertrophy, (2003),
HCM or Landstrom et al.
severe DCM (2011),
with cardiac Medeiros et al.
Nonsense arrhythmias (2011),
Sanoudou et al.
(2015),
Walsh et al.
(2017a),
Walsh et al.
(2017b),
Mazzone et al.
(2024),
Burns et al.
(2017)
c.9_10insA, Cytoplasmic Wolf- 31 years Unknown 1 Truszkowska et al.
p-Val4SerFsTer15 Parkinson- (2015)
White
syndrome with
unconfirmed
diagnosis of
cardiomyopathy
c.37_38insA, Cytoplasmic DCM 39 years Family history | 1 Pugh et al.
Insertion p.Argl3LysfsTer7 of DCM (2014)
c.61_62insCT, Cytoplasmic HCM Unknown Unknown Not specified Lopes et al.
p-Pro21LeufsTer19 (2015)
¢.63_64dupTC, Cytoplasmic HCM Unknown Unknown 1 Walsh et al.
p-GIn22LeufsTer19 (2017b)
¢.138dupT, Transmembrane, HCM Unknown Unknown 1 Walsh et al.
pIle47TyrfsTer14 (2017b)
=77 A>G Promoter HCM 56 years Unknown 1 Minamisawa et al.
(2003)
-42 C>G Promoter HCM and 67 years Incomplete 3 Medin et al.
Promoter healthy (2007)
=36 A>C Promoter DCM and 18-44 years Incomplete 24 Medin et al.
healthy (2007),
Haghighi et al.
(2008)

with the existence of genetic modifiers potentially contributing
in this wide phenotypic variability (Sanoudou et al, 2015).
Examination of explanted cardiac tissue from a homozygote patient
revealed more than 50% reduction in PLN mRNA levels and no
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detectable PLN protein, indicating that PLN-Leu39Ter is a null
variant (Haghighi et al., 2003). These findings were corroborated

by cellular studies following overexpression of recombinant
PLN-Leu39Ter in HEK293 and adult rat cardiomyocytes which
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determined absence of stable PLN-Leu39Ter protein expression and
consequent lack of SERCA2a activity inhibition (Haghighi et al.,
2003). Recently, the absence of PLN-Leu39Ter protein was
demonstrated to be due to its rapid proteosomal degradation
following its translation (Rohner et al., 2021).

Another nonsense PLN variant, c.4G>T, p. Glu2Ter, has been
identified in a 36 year old patient with DCM and severe heart
failure (Li et al., 2019). This variant exhibited autosomal recessive
inheritance. The mutation was present in homozygous state in the
identified patient, while heterozygous carriers of the family had
normal cardiac function. The p. Glu2Ter variant did not affect PLN
expression at the mRNA level but it reduced PLN protein levels to
about 50% in unaffected heterozygotes and abolished PLN protein
expression in the homozygous patient (Li et al., 2019). Absence of
the PLN protein was therefore proposed to be causative of the severe
cardiac phenotype observed in this patient.

2.1.4 Pathogenic insertion variants

Several PLN insertion variants have been reported so far,
however, their functional significance has yet to been explored
experimentally. All variants pertain a single or double base insertion
that causes open reading frameshift changes with consequent
inclusion of premature stop codon and protein termination. Among
them, the single base insertion c¢.37_38insA, p. Argl3LysfsTer7,
which causes frameshift alterations and premature termination after
7 amino acids, was identified in a patient with clinical diagnosis and
familial history of DCM (Pugh et al., 2014). The single base insertion
c.138dup, p. Ile47TyrfsTerl4 was identified in an HCM patient
(Walsh et al., 2017b). This variant occurs at the C-terminal end of
the protein and would be expected to change the last 6 amino acids,
removing the termination codon and extending the protein by 8
residues. Given that this insertion occurs within the transmembrane
domain of PLN, a region that is critical both for its interaction
with SERCA2 and its SR membrane localization (Kimura et al.,
1996; Asahi et al., 1999; Abrol et al., 2014), expression of this
protein variant would be expected to severely disrupt PLN function.
Another single base insertion (c.9_10insA, p. Val4SerFsTer15) has
been reported in a case with Wolf-Parkinson-White syndrome but
with unconfirmed diagnosis of cardiomyopathy. As this insertion
occurs close to the amino terminal sequence of the protein, it is
expected to cause a frameshift and premature termination after
15 amino acids, leading to a protein of just 17 amino acids
in length but with only the initial 3 residues corresponding to
PLN (Truszkowska et al., 2015). Apart from these single base
insertions, two cases of two base pair insertions (c.63_64dup, p.
GIn22LeufsTer19 and c.61_62insCT, p. Pro21LeufsTer19) have been
reported in patients with HCM (Lopes et al., 2015; Walsh et al.,
2017b). Both variants were predicted to cause frameshift alterations
and introduction of a premature termination after 19 amino acids.
Collectively, while several insertion variants have been identified, it
remains to be determined if PLN protein can be expressed in their
presence, and if so, to delineate the impact on PLN function.

2.2 Non-coding pathogenic PLN variants

Only three variants in the promoter region of PLN have been
published to date (=77 A>G, OMIM: 172405.0004, —42 C>G,
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OMIM: 172405.0005 and -36 A>C, OMIM: 172405.0006)
(Minamisawa et al., 2003; Medin et al., 2007; Haghighi et al,
2008). They were all found in heterozygous state in patients
with DCM (Haghighi et al., 2008) or HCM (Minamisawa et al.,
2003; Medin et al., 2007). In vitro analysis in cell culture systems
determined that the —=77 A>G and —36 A>C variants increase PLN
promoter activity by 50% and 24% respectively, while the presence
of —42 C>G had the opposite effect causing nearly 50% decrease
in promoter activity (Minamisawa et al., 2003; Medin et al., 2007;
Haghighi et al., 2008). These changes may be due to alterations in
transcription factor binding on the variant sequence, as indicated
in the case of —36 A>C which resulted in enhanced binding of the
glucocorticoid nuclear receptor (Haghighi et al., 2008). However,
both the —-42 C>G and the -36 A>C variants have also been
detected in unaffected (up to the time of genetic testing) individuals
(Medin etal., 2007). As a consequence, although one could speculate
a tentative effect on PLN expression levels, the precise contribution
of these non-coding variants in disease pathogenesis is currently
unclear (Santos et al., 2009; Hirtle-Lewis et al., 2013).

3 PLN variants reported in genetic
databases

Beyond the published PLN variants, the increasing awareness
and application of cardiogenetic testing is leading to a rapidly
expanding list of PLN variants in public repositories. Diving into
this information can offer valuable insights. The ClinVar database
(https://www.ncbi.nlm.nih.gov/clinvar/; search performed on 11th
March 2025) has 145 entries of short (<50bps) PLN variants. Among
them, the vast majority (n = 82) is listed as variants of unknown
significance (VUS), 12 as pathogenic/likely pathogenic (P/LP) and
10 as conflicting (for 6 of which the conflict was between P/LP and
VUS). In this list of PLN ClinVar P/LP/VUS/conflicting variants,
the majority (n = 47) involves missense alterations, 12 frameshift
and 3 nonsense. Interestingly, 29 UTR alterations are also listed,
all of which are currently categorized as VUS (with the exception
of 1 conflicting: VUS vs. benign), and 27 of which were detected
in patients with either DCM or HCM. In some of these cases, the
inheritance pattern of DCM in the family is described as dominant.
The majority (n = 24) of the 29 PLN UTR alterations involved the 3’
UTR sequence, however, there is currently no experimental evidence
regarding their contribution in disease pathogenesis. Although our
ability to determine the clinical impact of variants in the 3’ UTRs
of genes remains poor, it is well established that they comprise the
bulk of noncoding sequences present in exomes, and are important
for regulation of messenger RNA (mRNA) processing, stability,
translation and subcellular localization (Mayr, 2019). Investigating
the implications of these UTR variants at the molecular and clinical
level could impact the design and interpretation of PLN genetic
test results.

In addition to these short (<50 bps) PLN variants, copy number
variants (CNVs) are also listed in the database (n = 12), including
both copy number loss (n = 7) and copy number gain (n = 5).
However, as these type of variants encompass large genomic regions
(>1kb), affecting multiple genes, their effect would be non-PLN
specific and therefore difficult to interpret at the clinical level.
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Similarly to the information available in ClinVar, gnomAD
(https://gnomad.broadinstitute.org/) lists a large number of PLN
variants beyond what is described in the literature (search performed
on 11th March 2025). In specific, 193 variants are listed, of
which only 47 are reported as overlapping with the PLN ClinVar
variants. Notably, among the 193 variants, 65 involve missense
changes, 10 frameshift, and strikingly, 95 involve UTR changes.
Unlike the ClinVar data, most of the UTR variants in gnomAD
are located in the 5’ UTR region (n = 56). Although the role of
PLN UTR variants remains hypothetical and without experimental
validation, such 5" UTR variants are increasingly associated with
cardiovascular disease in literature reports and investigated as
therapeutic targets (Liang et al, 2017; Roberts et al, 2020;
Soukarieh et al., 2022).

The predicted impact of many of these novel coding variants
on PLN protein structure will require molecular and cellular
approaches similar to those employed to date for published PLN
variants. However, the even greater number of UTR variants,
points to the need for additional research avenues that will delve
into the under-recognized class of non-coding UTR variants,
and characterize their tentative role in PLN cardiomyopathies’
pathogenesis, as well as their diagnostic value and therapeutic
potential (Whiffin et al., 2020).

4 Discussion

The present study has compiled information from all published
PLN variants as well as in-depth analysis of the reported PLN
variants in the ClinVar and gnomAD genetic databases, revealing
the complex genetic contribution of PLN to cardiac disease.
Among the rapidly increasing number of published PLN variants,
the vast majority are missense, while nonsense variants appear
to be rare (Figure 2). Several small insertions have been detected,
all of which result in frameshift alterations that cause premature
termination of protein. On the contrary, the small PLN deletions
described cause either premature termination due to open reading
frame alterations or single amino acid residue deletion, as in the
case of PLN-Argl4del. The same trend of variant type frequencies
is observed in the P/LP/VUS PLN variants submitted to the ClinVar
and gnomAD databases.

The majority of published pathogenic variants are located
within the N-terminal region of PLN (amino acids 1-30;

n = 16), and fewer at the transmembrane domain (amino
acids 31-52; n = 6) (Figure2). A similar trend, yet less
prominent, is observed among the P/LP/VUS/Conflicting

ClinVar (40 N-terminal vs. 27 transmembrane) and the non-
synonymous gnomAD (45 N-terminal vs. 31 transmembrane)
PLN variants.

Furthermore, although there does not appear to be a distinct
“variant hotspot,” specific residues may be more prone to
mutagenesis. For example, multiple different alterations have been
observed at a single amino acid position (Arg9), namely, Arg9Cys,
Arg9Leu and Arg9His. Intriguingly, despite the fact that substitution
occurs at the same position, not all variants have the same impact on
the protein. This may be directly associated with physicochemical
properties of the substituted amino acid and/or structural changes
ensued. In specific, hydrophobic substitutions, such as Arg9Cys
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and Arg9Leu, increase propensity of oligomerization and eliminate
SERCA inhibition while the aromatic substitution Arg9His does not
impact SERCA activity (Ceholski et al., 2012a; Ceholski et al., 2012b;
Abrol et al., 2015). According to a recent NMR spectroscopy study,
the extent of PLN inhibition on SERCA activity correlates with
the tilt angle of PLN’s transmembrane domain and PLN-Arg9Cys,
Arg9Leu and Arg9His variants were shown to impact this on varying
degrees (Weber et al., 2024). Nevertheless, unresponsiveness to
B-adrenergic stimulation due to lack of phosphorylation of all
three variants represents a common mechanism contributing to
disease (Ceholski et al., 2012a; Ceholski et al., 2012b; Abrol et al.,
2015). Similarly to the published Arg9 variants, three or
more different variants have been submitted to ClinVar and
gnomAD for the PLN amino acid positions Ilel2, Arg25,
GIn29, 1le40, Ile47, Met50 and Leu51, all of which are missense
or frameshift.

The fact that PLN variants lead to multiple forms of
cardiomyopathies, along with the various clinical manifestations
associated with single variants, such as Argl4del, Arg25Cys and
Leu39Ter, suggest the absence of a clear genotype-phenotype
correlation. However, close examination of the location of the
variants suggests a potential topological correlation with the
type of disease ensued. In specific, variants causing DCM are
only occurring in the N-terminal and cytoplasmicc region of
PLN, while HCM-causing variants are primarily found towards
the C-terminal and within the transmembrane domain of PLN
(Figure 2). An exception to this, are variants on residues Pro21,
Arg25 and Leu39 that have been described in both DCM and HCM
patients. In these cases, genetic or non-genetic factors, as discussed
below, may act as modifiers of disease. While the contribution
of such modifiers cannot be excluded, additional contributing
mechanisms may underlie the intriguing topological distinction
between the type of disease (DCM vs. HCM). In particular, the
location of each variant may have a differential impact on PLN
functional properties. This may include alterations in PLN structure,
phosphorylation and/or protein interactions (Figure 3). Indeed,
based on evidence from PLN-Arg9Cys, PLN-Argl4del and PLN-
Arg25Cys, structural alterations are caused by these three variants
(Hughes and Middleton, 2014; Liu et al., 2015; Vostrikov et al.,
2015; Nelson et al., 2018; Vafiadaki et al., 2022). While their
interaction to SERCA2 is impaired by all (Abrol et al, 2015;
Liu et al, 2015; Vafiadaki et al., 2022), only PLN-Arg9Cys and
PLN-Argl4del have been reported to exhibit additional aberrant
interactions to proteins implicated in regulation of SERCA2 or
PLN phosphorylation (Rigatti et al., 2015; Vafiadaki et al., 2022).
In support of this, phosphorylation of PLN-Arg9Cys and PLN-
Argl4del is abrogated while no change has been observed in
the phosphorylation status of PLN-Arg25Cys (Schmitt et al,
2003; Ceholski et al.,, 2012b; Liu et al.,, 2015; Vafiadaki et al.,
2022). These findings suggest that the presence of multiple,
simultaneous alterations in critical PLN functional parameters
may contribute towards development of a more severe spectrum
of disease (i.e., DCM) in PLN-Arg9Cys and PLN-Argl4del, while
a milder phenotype (i.e., HCM) is associated with PLN-Arg25Cys.
It remains to be determined whether this differential topological
effect on disease manifestation may be applicable to other
PLN variants.
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4.1 The pathogenic PLN variants involve
predominantly loss of protein function

While the impact of published variants on PLN function has
been characterized in only a small subset, it appears that the majority
of pathogenic variants result in loss-of-function (Table 2). This
observation, along with the fact that they are mainly found in
heterozygous state, suggests a PLN dosage effect, with reduction in
PLN function being central to disease pathogenesis as the presence
of the wild-type PLN allele does not appear to suffice for normal
cardiac function. A representative example is the particularly severe
phenotype in the case of the dominant-negative variant Arg9Cys,
with progressive heart failure requiring heart transplantation in
early adult life, which has been described across unrelated families
(Schmitt et al., 2003; Truszkowska et al., 2015; Fish et al., 2016). An
exception to this loss-of-function effect appears to be the nonsense
variant Glu2Ter, which has been observed in homozygosity in
a 36years old individual with severe DCM and heart failure,
whereas heterozygous carriers were reported to have normal cardiac
function (Li et al., 2019). It remains to be determined whether
a single copy of this variant can lead to late onset disease or
whether other mechanisms, such as incomplete penetrance, may be
contributing to this apparent lack of cardiac phenotype. Another
intriguing variant is Leu39Ter, which associates with a dosage-
dependent effect correlating to disease severity. Heterozygotes
exhibit HCM due to partial PLN functionality, while homozygotes
develop severe DCM at a young age due to complete loss of
PLN function (Landstrom et al., 2011).

To date, the only reported gain-of-function variants comprise
Alal5Thr, Pro21Thr and Arg25Cys, which have all been shown
to result in increased SERCA inhibition. It is of interest that
they are closely located along the length of the protein, with
both Pro21Thr and Arg25Cys causing an increase in PLN
helical structure that possibly indicates a common pathogenic
mechanism (Liu et al, 2015; Armanious et al., 2024). PLN-
Argl4del is another putative gain-of-function variant that was
initially proposed to cause SERCA super-inhibition although
subsequent studies challenged this observation (Haghighi et al.,
2006; Badone et al., 2021; Maniezzi et al., 2024). Thus, the impact of
PLN-Argl4del on SERCA activity remains to be clarified.

4.2 The role of genetic modifiers in PLN
cardiomyopathies

The phenotype of carriers with pathogenic PLN variants is
highly variable, with evidence of both incomplete penetrance and
variable expressivity. Patients may present with DCM, HCM or
ARVC, while the age of onset and the disease severity ranges from
asymptomatic all the way to sudden cardiac death (SCD) or end-
stage heart failure (HF) at a young age (Table 3). The phenotypic
variability is evident even among carriers of the same PLN variant,
such as PLN-Argl4del (Hof et al,, 2019). Although the potential
role of non-genetic parameters including exercise, chronic stress,
personality traits, lifestyle factors and major disease manifestations
has been assessed, no significant association has been established
to date (van Drie et al., 2023; van Lint et al., 2023; Mahmoud et al.,
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2025). Meanwhile, the implication of genetic modifiers has long been
suspected, and evidence to support this is being explored.

A tentative effect of individual modifier genes has also been
proposed in relation to different PLN variants. For example,
although PLN-Leu39Ter heterozygosity has been reported to lead
to HCM, in the presence of three additional genetic variants in
DCM/arrhythmia associated genes, a PLN-Leu39Ter heterozygote
patient presented with DCM and sustained ventricular tachycardia
(Sanoudou et al, 2015). Similarly, PLN-Arg25Cys has been
identified in patients presenting with HCM or Brugada. However
in the presence of both PLN-Arg25Cys and a LMNA variant severe
DCM was observed, with the patient requiring heart transplantation
(Behr et al., 2015; Liu et al., 2015; Lopes et al., 2015).

These observations in PLN cardiomyopathy patients are well-
aligned with increasing evidence supporting the coexistence of
multiple genetic variants in a proportion of DCM patients
(Haas et al, 2015; Pankuweit and Richter, 2015). In specific,
it was recently proposed that the overall genetic landscape
underlying DCM and HCM is significantly different, with increased
coexistence of genetic variants correlating with disease severity and
predisposition to DCM, compared to HCM (Puckelwartz et al,
2021). For example, BAG3 Cys151Arg was proposed to serve as
an important genetic modifier variant in DCM, by modulating
risk on the DCM-HCM spectrum, and impacting DCM risk in
carriers of pathogenic truncating titin variants (Park et al., 2024).
Similarly, a variant of unknown significance in the myosin heavy
chain 7 gene (MYH7 p. Ile1927Phe) was shown to contribute to
the development of severe HCM in the presence of truncating
MyBPC3 variants (Escriba et al., 2023).

5 Conclusion and perspective

PLN has a well-established and central role in cardiac function
and disease. Pathogenic PLN variants, span missense, nonsense,
small deletions, and insertions that are associated with a range
of cardiomyopathy phenotypes. Although only some of these
variants have been functionally characterized, their analysis has
contributed to elucidation of key pathogenic mechanisms, such as
altered Ca** handling, structural disruption, and aberrant protein
interactions. In public genetic databases many more novel PLN
variants have been submitted, including predicted P/LP, even
though experimental validation is pending. The increasing use
of genetic testing as part of the Cardiology Clinics’ routine is
anticipated to unveil a greater number and frequency of PLN
variants. Importantly, pathogenic PLN variants are associated with a
spectrum of cardiomyopathy-related phenotypes. Detailed mapping
of these variants, careful characterization of their biological role,
and investigation of genotype-phenotype correlations, has the
potential to transform healthcare for patients with PLN variants,
by enhancing predictive, diagnostic, and prognostic accuracy, as
well as the precision of future therapeutic approaches. Towards
this, the development of targeted interventions, guided by the
unique properties of specific PLN variants, represents a promising
avenue to address the unmet clinical needs of the patients and
ultimately mitigate PLN-related cardiac diseases. For Cardiology
clinics to reap the full potential of these fascinating developments,
close interaction with genetics experts and genetic counselors
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is recommended (Musunuru et al, 2020; Wilde et al., 2022;
Morales et al., 2023; Goehringer et al., 2025; Sanoudou et al., 2025).
Meanwhile, as current understanding of genetic, epigenetic and
epitranscriptomic variation evolves, and the artificial intelligence
milieu matures, more sophisticated all-encompassing clinical
prediction/classification/prognostic/prevention tools are foreseen
(Kalozoumi et al., 2012; Leptidis et al., 2022; Sel et al., 2024).
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