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HIGHLIGHTS

o The p.Argl4del variant of PLN causes cardiomyopathy, leading to severe heart failure. Initially, the primary disease
pathology was attributed to SERCA2a superinhibition. However, recent studies showed partial or complete loss of
SERCA2a inhibition in PLN-R14del and revealed a more prominent role for abnormal PLN protein distribution as underlying
disease mechanism.

e This review will reassess the disease mechanisms of PLN-R14del cardiomyopathy and explore its implications for novel
therapeutic approaches. Therapies solely addressing calcium handling may be less effective than anticipated, whereas
targeting the PLN-R14del-mediated S/ER cluster formation may offer a more promising therapeutic strategy.

o Additional studies are required to further dissect the underlying molecular mechanisms to uncover novel targets for
innovative treatments for PLN-R14del cardiomyopathy.

SUMMARY

The phospholamban (PLN) pathogenic gene variant, p.Argl4del (PLN-R14del), can lead to dilated and arrhythmogenic
cardiomyopathy, resulting in heart failure. PLN-R14del cardiomyopathy has been conceptualized as a disease caused by
sarco/endoplasmic reticulum calcium adenosine triphosphatase 2a (SERCA2a) superinhibition. However, recent studies
raised controversy regarding the effect of PLN-R14del on SERCA activity and revealed a prominent role for abnormal PLN
protein distribution and sarco/endoplasmic reticulum disorganization as underlying disease mechanism. Strategies targeting
sarco/endoplasmic reticulum malformation may, therefore, prove more effective than SERCA activity modulation. This
review reassesses the disease mechanisms of PLN-R14del cardiomyopathy and emphasizes the importance of dissecting the
underlying molecular mechanisms to uncover targets for innovative treatments. (JACC Basic Transl Sci 2024;9:1041-1052)
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ABBREVIATIONS
AND ACRONYMS

ACM = arrhythmogenic
cardiomyopathy

DCM = dilated cardiomyopathy

DWORF = dwarf open reading

frame

hiPSC-CM = human induced
pluripotent stem cell-derived

cardiomyocyte

HEK-293 cells = human

embryonic kidney 293 cells

LV = left ventricle

PKA = protein kinase A

R14 = amino acid arginine at

position 14

RV = right ventricle

S/ER = sarco/endoplasmic

reticulum

SERCA2a = sarco/endoplasmic
reticulum calcium adenosine

triphosphatase 2a

WT = wild type

he p.Argi4del mutation in the gene

encoding phospholamban (PLN)

represents the most prevalent
pathogenic variant (termed PLN-R14del)
identified within PLN and is under extensive
investigation. The mutation can cause both
dilated cardiomyopathy (DCM) and arrhyth-
mogenic cardiomyopathy (ACM), often
resulting in severe heart failure.'* Hence,
the clinical cardiac phenotype comprises a
combination of cardiac dilatation with
reduced ejection fraction, often with malig-
nant ventricular arrhythmias leading to sud-
den cardiac death.* At the histological level,
cardiac fibrosis or fibrofatty-
replacement is observed in tissues from pa-
tients with end-stage heart failure due to
PLN-R14del cardiomyopathy. On a structural
level, a distinctive feature is the presence of

severe

perinuclear PLN aggregates in cardiomyo-
cytes. These PLN aggregates have not been
observed in cardiac tissues of other DCM pa-
tients and are therefore regarded as a hall-
mark of this disease. Importantly, a recent in-depth

investigation revealed that these aggregates consist
of malformed sarco/endoplasmic reticulum (S/ER)
clusters.” Therefore it is rather the local clustering
of S/ER membranes that provides the strong PLN
staining and not PLN aggregation per se.

So far, 2 founder PLN-R14del mutations have been
identified, both leading to the development of
analogous disease phenotypes in carriers. One
founder mutation has its origin in Greece, whereas
the other emanates from the Netherlands,"” exerting
an exceptionally pronounced disease impact in the
latter country. In the Netherlands, the prevalence of
the PLN-R14del mutation is noteworthy, accounting
for 15% of DCM and 12% of ACM patients.*° The high
prevalence can also be attributed to the pathogenic
autosomal dominant inheritance pattern of the PLN-
Ri14del allele. Since its discovery, carriers have been
identified in the United States,” Canada,® China,°
Japan,'® the United Kingdom," Norway," Spain,"
Germany,”> and Belgium'' as well, and further
expansion is anticipated. Because of the high disease
prevalence and life-threatening disease severity, a
successful treatment is warranted. Unfortunately,
there are no disease-specific treatments yet. Instead,
patients receive standard heart failure medication, an
implantable cardioverter-defibrillator when at risk of
sudden cardiac death, or a left ventricular assist de-
vice when cardiac function is severely impaired with
heart transplantation, often as a last resort.
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THE EFFECT OF PLN-R14DEL ON SERCA FUNCTION

PLN localizes to the S/ER membrane and has a regu-
latory function in cardiomyocyte calcium handling.
The S/ER is the major intracellular calcium store and
in cardiomyocytes it releases calcium into the cytosol
on action potential stimulation via calcium-induced
calcium release,'* which involves the opening of
S/ER membrane localized ryanodine receptor calcium
channels.” Cytosolic calcium binds to the myofila-
ment proteins to cause sarcomere shortening and
cardiomyocyte contraction. To establish subsequent
relaxation, cytosolic calcium is transported back into
the S/ER by the sarco/endoplasmic reticulum calcium
adenosine triphosphatase 2a (SERCA2a) pump.'® PLN
negatively regulates SERCA2a activity by diminishing
its affinity for calcium. Therefore, PLN is often
regarded as a SERCA2a inhibitor. The inhibitory ac-
tion of PLN can be reduced via beta-adrenergic stim-
ulation, thereby allowing faster relaxation of the
heart muscle. This process is mediated via protein
kinase A (PKA) induced phosphorylation of PLN at
cytosolic residue serine-16, which results in a
conformational change in PLN and alteration of the
PLN/SERCAZ2a interaction leading to increased SER-
CA2a activity. The amino acid arginine at position 14
(R14) of PLN is an essential residue of the PKA
consensus phosphorylation motif (R—B—X—S/T),16 and
deletion of R14 abolishes PKA phosphorylation of
serine-16 in PLN." Based on this mechanism, it was
hypothesized that the non-phosphorylatable PLN-
R14del protein would result in constitutive SERCA2a
inhibition, so called SERCA2a superinhibition.

The effect of the p.Argi4del mutation has been
evaluated in several mouse models. A transgenic
mouse model overexpressing the mutant PLN protein
provided evidence for PLN-Ri4del-induced SERCA
superinhibition and thus reduced calcium reuptake
into the S/ER.> However, when PLN-Ri4del was
overexpressed in a PLN-knockout background (in
absence of wild-type [WT] PLN, WT-PLN) the SERCA
superinhibitory effect was absent.’® In a humanized
PLN-R14del mouse model, SERCA inhibition by PLN-
Ri14del was observed in right ventricular (RV) car-
diomyocytes only, whereas calcium handling in left
ventricular (LV) cardiomyocytes was unaffected by
the This is
SERCA, PLN, and other known associated proteins
were shown to be similarly expressed in the RV and
LV." Differential gene expression of some ion
channels and ion-regulated proteins were

19,20

mutation. surprising because

observed,'?”" but it will require further investigations
to explore whether these differences can explain the
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PLN-R14del-mediated calcium uptake dissimilarity in
LV and RV cardiomyocytes from these mice. The
observed abnormal calcium handling in RV car-
diomyocytes may cause the increased propensity to
arrhythmias in these mice, but it cannot be excluded
that other remodeling effects that are also present in
these mice may be involved. The use of the human
PLN sequence in the above-described mouse model
can be advantageous for certain studies, such as the
exploration of gene repair. However, a potential
drawback is that the interspecies interaction between
human PLN and mouse SERCA or other proteins may
not precisely mirror the interaction between these
proteins in the normal context when species origin is
identical. The substitution of the highly conserved
N27 amino acid residue in PLN into K27 in primates is
in this respect intriguing and human PLN has been
shown to cause stronger SERCA2a inhibition in
mice.?” Moreover, this residue may be important for
interactions with other proteins in a species-specific
manner as well.

Opposing findings to the humanized mouse model
have been observed in a knock-in mouse with a
compatible PLN-R14del mutation in the murine locus,
potentially due to these species-specific differences.
The ability of mouse PLN to inhibit SERCA2a was lost
in this PLN-R14del mouse model, in both heterozy-
gous and homozygous mice.>”> Moreover, a dose-
dependent effect of the mutation was shown, with
the strongest diminishment of SERCA2a inhibition in
cardiomyocytes derived from homozygous mice and
an intermediate effect in cardiomyocytes derived
from heterozygous mice.” Most interestingly, over-
expression of the SERCA activator DWORF (dwarf
open reading frame, a small S/ER protein) was able to
stimulate S/ER calcium uptake in WT mice, but not in
homozygous PLN-Ri4del mice. This observation
confirmed the presence of already enhanced SERCA
activity in homozygous PLN-R14del mice, instead of
SERCA superinhibition. Nevertheless, DWORF
strongly delayed heart failure development and
extended life span in PLN-R14del mice.” This study
revealed that DWORF overexpression did not exert its
cardioprotective effects via SERCA stimulation for
this specific disease, instead it diminished PLN-
Ri4del-induced abnormal S/ER formation. It was
implied that abnormal clustering of PLN occurred via
sequential stages, in which the cluster size increases
and starts to disorganize the entire distribution of the
S/ER. DWORF overexpression restrained PLN cluster
size, thereby diminishing S/ER malformation. By
intervening in the process of S/ER malformation,
DWORF reduced cardiomyocyte cell death and
improved cardiac function in PLN-R14del mice. This
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indicates that altered calcium handling is not the
main driver of disease development. Similarly, se-
lective stimulation of SERCA2a via the small molecule
PST3093, was not able to further stimulate S/ER cal-
cium reuptake in mouse heterozygous PLN-Ri4del
cardiomyocytes and in human induced pluripotent
stem cell-derived cardiomyocytes (hiPSC-CMs) from
human patients carrying the PLN Arg.14del
variant.”>”* These data suggest that the PLN-R14del
protein results in loss of SERCA2a inhibition, rather
than generating a SERCA superinhibitor.

A zebrafish model has also been generated with
deletion of the R14 codon of PLN.?* However, the
situation in zebrafish is more complex due to gene
duplication. Two different Pin genes (Plna and PInb)
encoding 2 different protein isoforms are present in
zebrafish, which are less conserved to mouse and
human PLN.?® In the published study, the Ri4-
deletion was introduced only in Plna. In these
zebrafish, an increase in diastolic calcium level, pro-
longation of the calcium transient, and an increase in
1, the time constant for calcium decay, were
observed.?”” The nonselective SERCA2a activator,
istaroxime, which also stimulates the cardiac Na*/K*
adenosine triphosphatase, was able to improve 1 in
these zebrafish cardiomyocytes.” This appears to
contrast observations in mouse PLN-R14del and hu-
man iPSC-derived cardiomyocytes, which showed
already enhanced SERCA activity that could not be
further stimulated by  selective SERCA2a
activators.?*?*

The effect of PLN-R14del on SERCA2a function was
also investigated in studies with human embryonic
kidney 293 (HEK-293) cells and hiPSC-CMs. Coex-
pression of either WT-PLN or PLN-Ri4del with
SERCA1 in HEK-293 cells resulted in moderate SERCA
inhibition, but a combination of both WT-PLN and
mutant-PLN caused a superinhibitory effect on
SERCA activity.” However, different cotransfection
ratios and combinations may cause different PLN and
SERCA1 protein levels, hence data are difficult to
interpret without proper quantification. Force gen-
eration was reduced in engineered heart tissue
generated from PLN-Ri4del patient-derived hiPSC-
CMs compared to the mutation-corrected isogenic
control hiPSC-CMs.*” Nevertheless, calcium handling
parameters were similar between PLN-Ri4del
patient-derived hiPSC-CMs and control hiPSC-CMs.
Therefore, it was suggested that differences in force
could not be attributed to major alterations in calcium
handling, but impairment of the S/ER-mitochondria
compartment was suggested. Further investigations
with the selective SERCA2a stimulator PST3093,
showed that calcium dynamics of control hiPSC-CMs
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TABLE 1 Publications on SERCA Function in Different Models for PLN-R14del Cardiomyopathy
Year Group Model Species” PLN-R14del Effect on SERCA Function Ref. #
2006 Kranias Transgenic PLN-R14del mouse M SERCA superinhibition when WT-PLN is present. 2
HEK-293 cells H SERCA superinhibition when WT-PLN is present.
2012 Kranias R14del mouse model in M No SERCA superinhibition in absence of WT-PLN. s
PLN-KO background
2012 Young Proteoliposomes H Partial loss-of-function in presence and absence of WT-PLN. 28
2014 Middleton Phospholipid membranes H Reduced inhibitory effect on SERCA. 29
2015 Veglia DPC-d38 micelles and lipid H Loss-of-function mutant (compared to WT-PLN). €Y
membranes
2021 Hansen hiPSC-CMs H SERCA function largely unaffected. 27
2021 Zaza hiPSC-CMs H Loss-of-function. 24
2021 Bakkers PLN-R14del zebrafish V4 Longer Ca®* transients and slower decay (indicative of enhanced SERCA 2
inhibition).
2021 Kranias hPLN-R14del mouse H Prolonged t in RV (not LV) cardiomyocytes, indicative of enhanced SERCA 1
inhibition. The propensity to arrhythmia may be increased.
2022 Kranias and hPLN-R14del mouse H Increased binding to SERCA and HAX-1, which may enhance SERCA 42
Sanoudou inhibition (not directly tested).
2023 Kranias and hPLN-R14del mouse H Prolonged t in RV cardiomyocytes (indicative of enhanced SERCA 20
Sadayappan inhibition). Normal calcium handling in LV cardiomyocytes.
2023 Zaza PLN-R14%/* mouse M Loss-of-function. 2
2023 silljé PLN-R14%/A and R14%/+ M Enhanced calcium reuptake. 2
mouse
2023 Robia HEK-293 cells H Loss-of-function via PLN pentamer stabilization and decreased binding 7
affinity for SERCA.
Bold represents data indicative of PLN loss-of-function of SERCA inhibition (either partial or complete); italic represents data indicative of SERCA superinhibition. *Species column indicates
from which species the used PLN-R14del sequence originates.

Ca®* = calcium; DPC-d38 = dodecylphosphocholine-d38; H = human; HAX-1 = HS-1-associated protein X-1; HEK-293 cells = human embryonic kidney 293 cells; hiPSC-CMs = human
induced pluripotent stem cell-derived cardiomyocytes; hPLN-R14del mouse = humanized PLN-R14del mouse model; KO = knockout; LV left ventricle; M = mouse, PLN = phospholamban;
PLN-R14%/* mouse = heterozygous PLN-R14del knock-in mouse model; PLN-R14%’* mouse = homozygous PLN-R14del knock-in mouse model; RV = right ventricle; SERCA = sarco/endo-
plasmic reticulum calcium adenosine triphosphatase; WT = wild type; Z = zebrafish.

treated with this activator resembled the PLN-R14del
CMs, whereas the latter were less responsive toward
this activator.”* For this reason, it was argued that
instead of superinhibition, PLN-Ri14del was less
competent in SERCA2a inhibition.

Structural topology and conformational dynamics
of WT-PLN and PLN-Ri4del with SERCA were also
evaluated in isolated systems. To this end, the S/ER
was reconstituted using proteoliposomes with lipid-
to-protein and PLN-to-SERCA ratios similar to those
of cardiac S/ER membranes.?® These experiments
showed that SERCA activity was reduced both by
WT-PLN and Ri4del-PLN, but the reduction in
SERCA activity was much larger with WT-PLN. These
results indicate that Ri4del-PLN lost part of its
inhibitory activity and was therefore considered to
be a mild loss-of-function mutation. Moreover, in
the presence of equal amounts of WT-PLN and
R14del-PLN, SERCA activity was similar as in the
presence of R14del-PLN only, indicating that it has a
dominant negative effect.?® Similar experiments
were conducted in phospholipid membranes, in
which PLN-Ri4del protein was shown to have a
slightly reduced inhibitory effect in comparison to
WT-PLN. Structural solid-state

analysis using

nuclear magnetic resonance (NMR) and circular di-
chroism spectroscopy indicated that the functional
differences are related to rather subtle alterations in
the structure and topology of the cytoplasmic
domain of the PLN-R14del protein.”® In addition, this
study confirmed that mutant PLN is resistant to
phosphorylation by PKA. Solution and solid-state
NMR methods were also used to analyze the struc-
tural dynamics and topology of the R14del mutation
in correlation with SERCA activity assays. This study
demonstrated that in an isolated system, removal of
the Argi4 residue renders PLN a less potent inhibitor
of SERCA and that phosphorylation of PLN-R14del at
Ser16 does not relieve inhibition.>° So also in this
setting, it was concluded that the Ri4 deletion is a
loss-of-function mutant compared to WT-PLN. These
isolated system experiments used skeletal SERCA1
instead of cardiac SERCA2; however, the skeletal
muscle isoform is a well-established surrogate for
structural and functional studies of the complex.?®
Table 1 provides an overview of the publications on
SERCA function in different models for PLN-R14del
cardiomyopathy. Although evidence is inconclusive
about SERCA activity being inhibited or rather
enhanced in presence of PLN-Ri4del compared to
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FIGURE 1 Schematic Summary of the Potential Mechanisms Involved in the Disease Development of PLN-R14del Cardiomyopathy
1N -
. Pentamer Enhanced SERCA activity* @
.7 stabilization olatadiystem a% =
S i HER 293 el W
P LEKCZoS cells R14del-K mouse ) . ) ) - v S
, Calcium dysfunction — Aberrant electric conduction I £
’ HEK-293 cells R14del patients N =
A~ rg, I catr hiPSC-CMs hR14del mouse: increased propensity to arrhythmias i S
’ R14del-KI mouse Ex vivo indication R14del-KI mouse \‘: Q
, A R14del-Tg mouse , W g
’ »  AbsentS16-P —— Reduced SERCA activity’ hR14del mouse |
o 4 i Isolated system HEK-293 cells |
, - HEK-293 cells R14del-Tg mouse 4 ;
’ -7 hR14del mouse 1
. R14del zebrafish i :
R14del mutation i 0 r> Contractile dysfunction
R14del patients
.5’1&,‘ hR14del mouse
S j ) ) . ) . R14del-KI mouse
Distributed =~ — Clustering of —— Disorganized — Necrosis — Replacement fibrosis
PLN and S/ER PLN and S/ER PLN and S/ER Indications in R14del patients R14del patient
N R14del-KI mouse R14del-Tg mouse
R14del-KI mouse R14del patient BRI e e g.
Riadebkl mouss R14del-KI mouse ﬁ >
EHT (swollen S/ER) -
L J Wy o
. L
Cardiomyocyte stress & ;
A
T -
Mitochondrial dysfunction + — == —» Inflammation < —---- - + Hypertrophic remaining CMs

Indications in R14del patients
EHT
Indications in R14del-KI mouse

R14del patient
R14del-KI mouse

Indications in R14del patients.
Indications in R14del-Tg mouse
R14del-KI mouse
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whereas likely but not yet proven consequences or interactions are indicated by a dashed arrow. *The activity of sarco/endoplasmic reticulum calcium adenosine
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Ca®* = calcium; DCM = dilated cardiomyopathy; EHT = engineered heart tissue derived from hiPSC-CMs; HEK-293 cells = human embryonic kidney 293 cells;
hiPSC-CM = human induced pluripotent stem cell-derived cardiomyocytes; hR14del mouse = humanized PLN-R14del mouse model; PLN = phospholamban;
R14del-KI = PLN-R14del knock-in mouse model; R14del-Tg = transgenic/overexpressing PLN-R14del mouse model; S16-P = phosphorylation of the protein kinase A
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WT-PLN, both forms of SERCA dysregulation can
cause calcium-handling dysfunction. A dynamic
range of calcium regulation is required to accomplish
a cardiac reserve for conditions of exercise and rest.
Likewise, both strong SERCA inhibition and robust
relief are needed for a dynamic range in cardiac
contraction and relaxation. When one of these as-
pects is lost, the dynamic responsiveness of calcium
handling decreases, and cardiac complications can
occur. This holds true for both absence of PLN phos-
phorylation®' (SERCA inhibition) and PLN pentamer
stabilization® (enhanced SERCA activity compared to
WT-PLN conditions) (see also Figure 1). Therefore,
independent of the direction of SERCA regulation by
PLN-Ri4del, these data indicate the occurrence of
calcium handling dysfunction PLN-R14del
cardiomyopathy.

The finding that the R14-deletion might be a partial
or complete loss-of-function mutation would be in

in

line with other known PLN mutations that cause
DCM. The PLN-Leu-39-stop mutation produces a
truncated PLN protein that, when introduced in HEK-
293 cells, resulted in an unstable protein and no in-
hibition of SERCA.>* Consistent with these findings,

PLN could not be detected in the heart of a patient
homozygous for the mutation. Whereas this mutation
may have pleiotropic effects in heterozygous carriers
(unaffected, HCM, or DCM), in the homozygous state
it resulted in DCM and premature death.?*** In
addition, a missense mutation in PLN cytoplasmic
domain (R9C) was shown to cause DCM.*>* PLN can
exist both as a monomeric and a pentameric form in
the S/ER, and the pentameric form is believed to have
little to no effect on SERCA activity. The R9C muta-
tion in PLN was shown to shift this equilibrium to the
pentameric form, and this mutation caused in
monomeric state a loss-of-function mutant with a
partial inhibitory effect on SERCA and a total loss-of-
function in the pentameric state.’® The mutation
seemed to increase the stability of the PLN pen-
tameric assembly, thereby preventing binding to
SERCA. Moreover, PLN pentamers have been shown
to provide a preferred PKA substrate and compete
with monomers for the kinase, thereby reducing
monomer phosphorylation and maximizing SERCA
inhibition.>* Therefore, SERCA activity is higher in
the presence of PLN-R9C compared to the presence of
WT-PLN.?® In patients, the mutation triggered DCM
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and led to premature death.>® These mutations
demonstrate that PLN loss-of-function mutations can
result in disease in patients.

Even though PLN knockout mice do not develop
cardiomyopathy, humans will develop disease in the
absence of functional PLN protein. PLN-R14del was
recently shown to have increased affinity for homo-
oligomerization and decreased binding affinity for
SERCA compared to WT.?>” These data suggest that,
like PLN-R9C, the Ri14del mutation shifts the equi-
librium towards a pentameric form, decreasing its
ability to regulate SERCA. In addition, the Ri4del
mutation reduced the rate of PLN unbinding from the
pentamer after a transient calcium elevation, limiting
the rate of re-binding to SERCA. PLN-R14del might
therefore be a partial loss-of-function mutation.
Whilst WT-PLN protein is affected by the R9C muta-
tion, the R14del mutation does not seem to affect WT-
PLN protein, since calcium reuptake in heterozygous
mouse PLN-R14del cardiomyocytes was intermediate
between WT and homozygous PLN-Ri4del car-
diomyocytes.” These data suggest that the PLN-
R14del mutation is probably not a full loss-of-
function mutation and that other mechanisms are
likely to contribute to disease development in PLN-
R14del cardiomyopathy.

In summary, the latest functional and structural
data on the p.Argi4del variant of PLN point toward
(partial) loss-of-function and enhanced calcium up-
take, rather than SERCA superinhibition (Figure 1,
Central Illustration). Whereas reduced calcium up-
take, owing to SERCA reduction, is generally believed
to be arrhythmogenic and enhanced calcium uptake
to be antiarrhythmogenic, recent data show that this
relationship is more nuanced and dynamic. In
particular, a moderate SERCA activity increase can
also induce calcium sparks and promote arrhythmo-
genic calcium waves.>® Moreover, to adapt to chang-
ing conditions, a dynamic range of SERCA activity
modulation is important to provide sufficient cardiac
reserve,>” and this will be diminished if PLN-
mediated SERCA regulation is hampered. Thus,
dysfunctional calcium regulation may underly the
pathogenic PLN-R14del phenotype, but as we will
discuss later, we believe that abnormal S/ER clus-
tering is the more important pathogenic factor in this
disease.

THE EFFECT OF PLN-R14DEL ON
PLN PROTEIN DISTRIBUTION

In myocardial sections obtained from explanted
hearts of patients carrying the PLN p.Argi4del muta-
tion, abnormal cytoplasmic distribution and
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perinuclear accumulation of PLN protein was
observed.> This aberrant PLN protein distribution
was not observed in myocardial sections obtained
from explanted hearts of patients with ischemic car-
diomyopathy. Immunohistochemistry for PLN per-
formed in cardiac specimens of Dutch PLN p.Argi4del
mutation carriers also showed abnormal PLN protein
staining (large elongated perinuclear, sometimes cir-
cumnuclear) in cardiomyocytes in both ventricles in
all examined hearts (presence in 20 of 20 examined
PLN-R14del hearts).*® Because this abnormal PLN
localization was not present in PLN-negative cases of
idiopathic and genetic DCM or in cases of desmo-
somal ACM, Te Rijdt et al*° concluded that PLN
p.Argiladel cardiomyopathy is characterized by PLN
aggregates. As we will explain later, this is now
believed to constitute abnormal S/ER clusters, rather
than PLN aggregates. Thus, cardiac PLN immuno-
staining was proven to be a highly sensitive and

specific  method for diagnosing PLN-Ri4del
cardiomyopathy.*'
In vitro, normal ER-staining patterns were

described for PLN-Ri4del protein that was coex-
pressed with WT-PLN in HEK-293 cells.”? When
exclusively PLN-Ri14del protein was expressed in
HEK-293 cells, mutant PLN localized with Na*/K™"-
adenosine triphosphatase at the plasma membrane
where it stimulated Na'/K"'-adenosine triphospha-
tase activity.'® Therefore, it was initially suggested
that the PLN-Ri4del mutation may lead to mis-
localization of PLN from the S/ER to the sarcolemma.
However, a more recent study did not confirm this
finding and normal subcellular S/ER distribution of
PLN-R14del was reported in HEK-293 cells in the
absence of WT-PLN.** Moreover, H9C2 myoblasts that
overexpressed PLN-R14del protein showed a similar
colocalization with SERCA as compared with WT-
PLN. Therefore, it was concluded that no changes
were observed in the subcellular distribution of PLN-
Ri4del or its colocalization to SERCA. A hiPSC-CM
study also showed similar perinuclear PLN and
SERCA protein localization in both WT-PLN and PLN-
Ri14del cardiomyocytes, albeit staining was weaker in
PLN-R14del cardiomyocytes.”” More elaborate quan-
tification of cellular distribution of the hiPSC-CMs
showed that the PLN p.Argi4adel mutation only
slightly decreased PLN/SERCA colocalization, but
remarkably decreased the perinuclear density of both
proteins.”* Probably, the absence of a well-developed
S/ER structure in hiPSC-CMs, which have an imma-
ture phenotype, and in non-cardiomyocytes may
hinder the formation of abnormal perinuclear PLN
clusters that are so evidently present in adult car-
diomyocytes in patient heart tissue.
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CENTRAL ILLUSTRATION PLN-R14del Disease Mechanism and Therapies
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The Central Illustration presents both original and novel insights into PLN-R14del disease mechanisms and potential therapeutic targets.
Panel 1 illustrates the genetic mutation and proposes potential treatment approaches such as gene therapy or gene silencing of PLN
mRNA. In panel 2a, the conventional view of the PLN-R14del disease mechanism is depicted, while in panel 2b, our novel insights and
potential targeting of abnormal S/ER clusters by DWORF are highlighted. Panel 3 portrays the resulting cell death and replacement
fibrosis contributing to ACM and DCM, with potential symptom management through interventions like ICD or standard HF medication,
although these do not address the underlying disease itself. Ca?* = calcium; HF = heart failure; ICD = implantable cardioverter-
defibrillator; PLN = phospholamban; SERCA2a = sarco/endoplasmic reticulum calcium adenosine triphosphatase 2a; S/ER = sarco/
endoplasmic reticulum.

Clustering of PLN has not been reported for the PLN-Ri4del knock-in mouse model showed the for-
humanized PLN-Ri4del mouse model, and when mation of perinuclear PLN clusters. In homozygous
PLN-R14del was overexpressed in a PLN-knockout mice, extensive clustering of PLN was observed at
background, the protein failed to colocalize with 8 weeks of age, whereas the heterozygous mouse
SERCA.'® Consistent with patient observations, the model showed a limited number of PLN clusters at
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20 months of age.** Interestingly, homozygous mice
presented PLN cluster formation before onset of
functional impairment or other structural abnor-
malities, indicating that this process might be
involved in disease onset.** Using this mouse
model, it was recently shown that mutant PLN
protein starts to form small clusters (speckles) that
continue to progress into large PLN clusters, which
consist of severe disorganized S/ER.° In line with
these observations, pathologically dilated S/ER
structures and indications for disturbed ER/mito-
chondria contact sites were observed in engineered
heart tissues generated from human patient hiPSC-
CMs.”” Moreover, single-cell RNA sequencing of
hiPSC-CMs that overexpressed PLN-R14del revealed
the induction of the unfolded protein response
pathway, and this study also showed improvement
of hiPSC-CM function upon inhibition of the
unfolded protein response.*> Activation of the
unfolded protein response stress pathway of the S/
ER could be related to the malformation of this
organelle, as observed in the engineered heart tis-
sues and a mouse model for this disease. Together
these studies emphasize a more prominent role of
pathological S/ER alterations as underlying disease
mechanism of PLN-Ri4del cardiomyopathy. Impor-
tantly, the finding that large PLN clusters consist of
severe disorganized S/ER was validated in PLN-
Ri14del patient-derived cardiac tissue, whereas
these structures were absent in cardiac tissue from
patients with non-PLN-R14del DCM.°> This study
also demonstrated that subsequent cardiomyocyte
death occurs via necrosis. In particular, necrosis
occurred after p62 accumulation in cardiomyocytes
with large PLN S/ER clusters. Importantly, accu-
mulation of p62 in cardiomyocytes with S/ER PLN
clusters has also been observed in cardiac tissue of
patients.*® The occurrence of cardiomyocyte necro-
sis was confirmed by release of cardiac troponin in
the circulation and specific staining of necrotic
cardiomyocytes in PLN-Ri4del mice.” This also ex-
plains the excessive replacement fibrosis observed
in these mice and also in cardiac tissue of patients
with PLN-Ri4del cardiomyopathy. The observed
cardiomyocyte loss, excessive replacement fibrosis,
and hypertrophy of remaining cardiomyocytes will
culminate in severe cardiac dysfunction. These data
indicate essential of PLN-Ri4del-
induced S/ER cluster formation in disease develop-
ment. Table 2 provides an overview of the

involvement
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publications on PLN protein localization in different
models for PLN-R14del cardiomyopathy and in car-
diac tissue of patients.

Together, these novel insights show that the
pathognomonic structure in PLN-Ri4del cardiomy-
opathy is a malformed organelle (the S/ER) instead
of common insoluble cytoplasmic aggregates or fi-
brils composed of incorrectly folded proteins
(Central Illustration). Therefore, the originally coined
term “PLN protein aggregates” appears to be a
misnomer. Instead, the pathological process should
be referred to as PLN-Ri4del-induced S/ER disor-
ganization. Further investigations are required to
answer several remaining questions, including the
exact nature of the PLN stained speckles that are
observed throughout the entire cardiomyocyte
before severe S/ER clustering appears. Live-cell
imaging of isolated cardiomyocytes will be
required to track these temporal and spatial changes
and can provide better insights in the exact process.
Moreover, it can define whether these clusters are
still continuous with the S/ER network, and
whether other organelles (golgi, endosomes, or the
nuclear envelope) are also affected. In addition, the
development of specific antibodies that can distin-
guish WT-PLN and PLN-Ri4del from each other, will
be needed to evaluate whether predominantly
mutant PLN is localized to these S/ER clusters or
WT-PLN as well.

MECHANISTIC INTERPLAY BETWEEN THE
ACM AND DCM PHENOTYPES

Although speculative, it is intriguing to suggest that
distinct disease phenotypes, namely ACM and DCM,
might be triggered by diverse underlying mecha-
nisms, as illustrated in Figure 1. The PLN-Ri4del-
mediated structural alterations in the S/ER, leading to
cardiomyocyte cell death and subsequent replace-
ment fibrosis, could account for the observed DCM
phenotype in patients with PLN-R14del cardiomyop-
athy. In PLN-R14del mutation carriers, fibrosis is also
an early feature, which can already be observed in
carriers that still have a preserved LV ejection frac-
tion.*® Despite uncertainties regarding the direction
of SERCA regulation by PLN-R14del, calcium dysre-
gulation may cause arrhythmias and contribute to the
ACM phenotype. PLN-R14del was shown to cause a
transformation from an aligned S/ER network
throughout the entire cardiomyocyte, to a perinuclear
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TABLE 2 Publications on PLN Protein Localization in Different Models for PLN-R14del Cardiomyopathy

tissue

Year Group Model Species” PLN-R14del Protein Localization Ref. #
2006 Kranias PLN-R14del patient tissue H PLN localization is not shown. 2
hPLN-R14del mouse H PLN localization is not shown.
HEK-293 overexpressing H Normal ER-staining patterns.
PLN-R14del
2012 Kranias R14del mouse model in M PLN did not colocalize with SERCA2a. 18
PLN-KO background
HEK-293 overexpressing H PLN localized with NKA at the plasma membrane.
PLN-R14del
2015 Kranias and Hajjar PLN-R14del patient H Abnormal cytoplasmic PLN distribution and perinuclear &
tissue accumulation.
hiPSC-CMs H PLN predominantly polarized at one side of the cytoplasm.
2016 Suurmeijer PLN-R14del patient H Perinuclear PLN aggregation, colocalizing with autophagy 40
tissue markers. Aggresome-like ultrastructure.
2017 Suurmeijer PLN-R14del patient H Perinuclear PLN aggregation, diagnostic application. “
tissue
2020 Silljé and De Boer PLN-R14%/2 mouse M Extensive perinuclear PLN aggregation at 8 wks. 3
PLN-R14%/* mouse M Limited perinuclear PLN aggregation at 20 mo.
2021 Silljé and De Boer PLN-R14%/2 mouse M PLN aggregates present before onset of functional a4
impairment or other structural abnormalities.
2021 Hansen hiPSC-CMs H Normal distribution and SERCA2a colocalization. 27
PLN-R14del patient H Perinuclear PLN protein aggregates.
tissue
2021 Zaza hiPSC-CMs H Decreased perinuclear density of PLN and SERCA. 24
2022 Kranias and Sanoudou HEK-293 cells H Normal distribution and SERCAT colocalization. 42
HO9c2 cells H Normal distribution and SERCA2a colocalization.
2023 De Boer and Silljé PLN-R14*/A mice M Small PLN clusters progress into large clusters, which cause s
severe disorganization of the S/ER.
PLN-R14del patient H Large PLN clusters cause S/ER disorganization.

PLN-R14del sequence originates.

other abbreviations as in Table 1.

Bold represents data indicative of aberrant PLN localization; and italic represents data indicative of normal PLN protein distribution. *Species column indicates from which species the used

ER = endoplasmic reticulum; NKA = Na*/K*-adenosine triphosphatase; SERCA2a = sarco/endoplasmic reticulum calcium adenosine triphosphatase 2a; S/ER = sarco/endoplasmic reticulum;

cluster of S/ER. Although not proven by data yet, this
pathological change in S/ER distribution may cause
local intracellular differences in calcium handling,
which could contribute to the ACM phenotype.
Moreover, fibrosis serves as a potent arrhythmogenic
substrate and could be another important underlying
factor in ACM development. Therefore, it is conceiv-
able that a combination of these diverse underlying
mechanisms lead to the development of the ACM
phenotype. Although a strict demarcation between
ACM and DCM phenotypes does not align with clinical
presentation, where many patients exhibit both
phenotypes, different disease mechanisms could
potentially coexist and contribute to this complexity.

TREATMENT STRATEGIES RECONSIDERED

Potential treatment strategies to target PLN cardio-
myopathy have been extensively reviewed.”-*®
Precision medicine approaches targeting the PLN-
Ri4del gene, with the aim of repairing or disrupting
the pathogenic allele, have demonstrated efficacy in

model systems.??**° Such approaches directly target
the gene defect itself and will likely be the ultimate
treatment strategy for PLN-Ri14del cardiomyopathy
(Central Illustration). This may either involve correc-
tion of the pathogenic allele using CRISPR/Cas9
technology, including prime editing, or destroying
the pathogenic allele by introducing frame shifts or
stop codons. In the latter case, 1 WT allele will still be
present, and this should be sufficient (50% of WT-PLN
expressed). However, translation of this therapy to
the human clinical situation will require significant
time investment and optimization to minimize
detrimental off-target effects and to obtain selective
viral targeting. Moreover, it is unlikely that all car-
diomyocytes will be targeted using this approach and
unedited cardiomyocytes will still be prone to disease
pathology. Silencing strategies have also great po-
tential, and antisense oligonucleotides have been
shown to be very effective in a PLN-R14del mouse
model.>%°! This strategy has the advantage that viral
vectors are not required and that there is no risk of
potential irreversible DNA damage, because only PLN
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RNA is targeted. Even non-mutation-specific PLN
targeting is effective based on mouse studies, but in
humans the silencing effect may need to be restricted
as full removal of PLN is most likely detrimental in
humans. The advantage of this approach is that it
could also be used for other types of heart failure in
which SERCA activity might be hampered. Whether
mutation-specific silencing of PLN-R14del is feasible
has so far not been investigated.

The above-mentioned strategies directly target
PLN or the RNA transcript and can be fruitful without
proper knowledge of the underlying disease process.
For strategies aiming to target more downstream
processes, the situation becomes more complex.
Based on the PLN-Ri4del SERCA superinhibitory
theory, targeting was focused on restoring S/ER cal-
cium reuptake. However, given the current uncer-
tainty surrounding the direction in which PLN-R14del
affects SERCA2a activity and the growing evidence
supporting a partial or complete loss of SERCA inhi-
bition by PLN-Ri4del, a reassessment of this inter-
vention strategy is warranted. Therefore, small
molecules that stimulate SERCA2a-mediated calcium
S/ER uptake, such as PST3093, may not be effective in
PLN-R14del cardiomyopathy, but they might be use-
ful in other types of heart failure in which SERCA
activity is reduced. Of note, a recent report showed
there was no significant decrease in SERCA or PLN
protein in heart failure;>” however, this does not
exclude altered SERCA activity in heart failure path-
ogenesis. Whereas DWORF is known as a SERCA
stimulator, the cardioprotective effects of DWORF
overexpression were not exerted via enhanced SERCA
activity in a mouse model for PLN-R14del cardiomy-
opathy. Instead, it was revealed that DWORF over-
expression delayed PLN-R14del disease development
by diminishing S/ER malformation (Central
Illustration). This novel, PLN-Ri4del-specific, car-
dioprotective effect of DWORF explains why DWORF
overexpression could effectively delay PLN-Ri4del
disease development, whereas small molecules that
selectively enhance calcium handling seemed un-
successful. Although we cannot rule out the possi-
bility that SERCA stimulating compounds might have
positive effects in preventing S/ER malformation in a
manner similar to DWORF, there is currently no
supporting evidence for such effects. Similarly, in-
terventions such as overexpressing SERCA2a may
have limited effects in patients with PLN-Ri4del
cardiomyopathy, and it cannot be excluded that
such interventions may even stimulate S/ER malfor-
mation in PLN-R14del cardiomyopathy. Strategies to
prevent PLN dephosphorylation, such as protein
phosphatase 1 phosphatase inhibition may be
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hampered by the same issues. Again, such in-
terventions may be effective in other heart failure
etiologies, but in PLN-R14del cardiomyopathy with
its specific disease mechanism, efficacy is question-
able. Therefore, considering the uncertainties around
PLN-R14del calcium-handling defects, caution with
such strategies is needed and even more so because
the mechanism they target may not be causative of
PLN-R14del pathophysiology.

Currently, PLN-R14del-induced S/ER malformation
has gained importance as a primary underlying dis-
ease mechanism, thus other treatments targeting this
defect must be considered. Because the primary
defect that causes the clustering is unknown and still
very little is understood about how S/ER clusters
form, this process should be actively studied further
to enable the development of novel intervention
strategies that directly target the initial stages of
cluster formation. Several preclinical studies showed
the cardioprotective potential of inhibiting or pre-
venting S/ER clustering in PLN-R14del cardiomyopa-
thy, indicating that dissecting the exact underlying
disease mechanisms can be a rewarding task. DWORF
overexpression, for example, which did not further
enhance calcium reuptake in the PLN-R14del cardio-
myopathy mouse model, did exert protective actions
and extended life span by diminishing pathogenic
PLN-R14del S/ER cluster formation.® In addition, PLN
silencing approaches showed great promise in
restoring proper S/ER morphology and were shown to
successfully halt disease development in a PLN-
Ri14del mouse model.>®' Because S/ER clustering is
strongly accelerated in homozygous PLN-R14del mice
as compared to heterozygous mice, an allele dose-
dependent effect is evident. Therefore, over-
expression of WT-PLN may also emerge as a potential
therapy, capable of shifting the allelic balance.

To summarize, redirecting attention from calcium
dysregulation to interventions aimed at restoring or
maintaining proper S/ER structure in PLN-Ri4del
cardiomyopathy holds promise for novel therapeutic
strategies and may improve our understanding of the
relatively unexplored field of S/ER morphology
regulation.

CONCLUSIONS

In the last decade, PLN-R14del cardiomyopathy has
gained substantial scientific interest. Initially, the
primary disease pathology was attributed to calcium
dysregulation, a fundamental process governing car-
diac contraction and relaxation, but recent advance-
ments have unveiled a more intricate and complex
understanding. Whereas the Ri4del variant of PLN
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causes alterations in calcium handling, the precise
defect is uncertain and instead of PLN-R14del causing
superinhibition of SERCA, several studies now sug-
gest the opposite, Showing that the mutant protein
has partial or complete loss-of-function as a SERCA
inhibitor and may even cause enhanced calcium S/ER
reuptake (Central Illustration). Furthermore, even
though dysfunctional calcium handling will likely
contribute to disease development, it may not be the
main disease driver of PLN-R14del cardiomyopathy.
Instead, recent evidence shows a more prominent
role for abnormal PLN protein distribution as a pri-
mary underlying disease mechanism. PLN-R14del has
been shown to disrupt normal S/ER structure and
morphology, leading to cardiomyocyte death. The
paradigm shift from SERCA superinhibition as the
predominant disease driver to S/ER disorganization
urges re-evaluation of therapeutic approaches that
target downstream disease mechanisms to address
this intriguing multifaceted cardiomyopathy. In-
terventions that target the gene defect or the PLN
messenger RNA will prove their efficacy when clini-
cally applicable. However, therapies focused solely
on calcium handling may prove to be less effective
than initially anticipated for PLN-Ri4del cardiomy-
opathy. Recent insights suggest that targeting the
PLN-R14del-mediated S/ER cluster formation could
be more effective in delaying disease development.
Therefore, dissecting the exact underlying disease
mechanisms is a crucial and potentially rewarding
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task, that may yield novel targets for innovative
therapeutic solutions to battle this disease and maybe
other heart failure conditions.
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