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ABSTRACT

Wnt/B-catenin signaling pathway plays essential roles in heart development as
well as cardiac tissue homoeostasis in adults. Abnormal regulation of this signaling
pathway is linked to a variety of cardiac disease conditions, including hypertrophy,
fibrosis, arrhythmias, and infarction. Recent studies on genetically modified cellular
and animal models document a crucial role of Wnt/pB-catenin signaling in the molecular
pathogenesis of arrhythmogenic cardiomyopathy (AC), an inherited disease of
intercalated discs, typically characterized by ventricular arrhythmias and progressive
substitution of the myocardium with fibrofatty tissue. In this review, we summarize
the conflicting published data regarding the Wnt/B-catenin signaling contribution to AC
pathogenesis and we report the identification of a new potential therapeutic molecule
that prevents myocyte injury and cardiac dysfunction due to desmosome mutations
in vitro and in vivo by interfering in this signaling pathway. Finally, we underline
the potential function of microRNAs, epigenetic regulatory RNA factors reported to
participate in several pathological responses in heart tissue and in the Wnt signaling
network, as important modulators of Wnt/B-catenin signaling transduction in AC.

Elucidation of the precise regulatory mechanism of Wnt/B-catenin signaling in
AC molecular pathogenesis could provide fundamental insights for new mechanism-
based therapeutic strategy to delay the onset or progression of this cardiac disease.

INTRODUCTION

The Wnt pathway is a highly conserved signaling
pathway throughout evolution. It controls numerous stages
of embryo development and adult tissue homeostasis
through atiming- and location-specific activation [1, 2].
The pathway a timing is closely controlled by an
overabundance of potential ligands, receptors, inhibitors,
and second messengers acting as transcriptional regulators
or post-translational modifiers. Thus, alterations of Wnt
activity are often associated with developmental disorders
and diseases, including cancer, neuronal diseases, and
skeletal disorders [3—10]. Over the last decade, the role
of Wnt signaling has been recognized also in cardiac
pathophysiology and its dysregulation can result in
processes leading to cardiac dysfunction, such as cardiac
hypertrophy, fibrosis, arrhythmias, and infarction
[11-13]. More recently, increasing evidence has indicated

that the canonical Wnt/B-catenin pathway is implicated
in the molecular pathogenesis of arrhythmogenic
cardiomyopathy (AC) [14-15].

In this review, we aim to introduce the Wnt signaling
pathway and to discuss its involvement in AC, together
with the development of more selective therapeutic
approaches based on Wnt targeting therapies.

The Wnt signaling cascade

The Wnt pathway is coupled to a highly conserved
family of secreted protein growth factors (cysteine-rich
glycoproteins) known as Wnt proteins, that have been
identified in animals from Hydra to Human [2, 16, 17]. The
name Wnt, used in mammals, arises from the combination
and the relationship between the Drosophila melanogaster
segment polarity gene Wingless and its vertebrate
orthologous, Int-1, a proto-oncogene discovered in 1984
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in mouse [2, 18, 19]. At present, about 100 Wnt genes
have been identified in various species, and 19 diverse
Wnt proteins have been isolated in humans [16, 20-22].
Although Wnt family members show a high degree of
sequence similarity, the expression of specific Wnt growth
factors can lead to largely different signaling cascades [23].

At the cell membrane, Wnt ligands bind the Frizzled
receptors (Fzd) as well as low-density Lipoprotein
Receptor-related Protein-5 or -6 (LRP5/6) co-receptors.
Fzd receptor family includes eleven members in Humans,
which show seven transmembrane-spanning regions,
an extracellular N-terminus Wnt-binding domain, and
an intercellular C-terminal tail, crucial in the signal
transduction [12, 24, 25].

Different Wnt ligands activate different intracellular
signal transduction pathways, including the canonical
B-catenin-dependent Wnt pathway, and the non-canonical
B-catenin-independent Wnt/Planar cell polarity and Wnt-
calcium/protein kinase C pathways [4, 26-28]. Wnt/Planar
cell polarity (Wnt/PCP) and the Wnt/B-catenin pathway
primarily regulates cell cycle-related proteins that are cell-
type and context dependent [29], where as the Wnt/PCP
is responsible for sensory cell orientation, cytoskeleton re-
organization and directed migration [30]. The biological
function of the Wnt/Calcium pathway, resulting in increased
cytosolic Ca*" concentration and activating Ca®'-sensitive
proteins, is unclear, but it seems to be also involved in the
controlling of cell fate and cell migration [26, 31].

In this review, we focus on the canonical Wnt
pathway.

Canonical Wnt pathway

The B-catenin protein is the main signal transducer
in the canonical Wnt pathway (Figure 1). B-catenin
is an Armadillo multifunctional protein that can
play different roles in the cell, combining one as the
crucial transcriptional activator mediating Wnt signal
transduction, and another as a structural protein at cell-
cell adhesion junctions [32].

In the canonical Wnt pathway, the absence of Wnt
ligands determines the rapid phosphorylation of the
cytosolic B-catenin protein by a cytoplasmic destruction
complex. This complex consists of the scaffolding
protein axin, adenomatous polyposis coli (APC) tumour
suppressor protein, glycogen synthase kinase 3 (GSK3p),
directly responsible for B-catenin phosphorylation at key
amino-terminal Ser33, Ser37 and Thr41 residues, and
casein kinase 1 (CK1), which phosphorylates p-catenin
at the amino acid Ser45 [22, 33]. The post-translational
phosphorylation of the protein leads to its ubiquitination
and subsequent proteosomal degradation thus preventing
its translocation in the nucleus, where, as a consequence,
the binding of Groucho to T cell factor/lymphoid
enhancer-binding factor (Tcf/Lef) blocks the transcription
of Wnt responsive genes [34, 35] (Figure 1).

When Wnt ligands bind to Fzd receptor and LRP5/6
co-receptors, the Wnt signaling is activated. The binding
of Wnt recruits the cytoplasmic protein dishevelled (Dvl)
to the cell membrane, thus sequestering the rate-limiting
components axin and GSK3f from the degradation
complex and determining the destruction of the complex
[36, 37]. The hypo-phosphorylated/stabilized form of
cytosolic B-catenin accumulates and translocates to the
nucleus, where Wnt responsive genes transcription is
activated [22, 34] (Figure 1). Multiple target genes include
WNT1-inducible signaling-pathway protein 1 (WISP1),
cell cycle-related proteins (c-Myc, cyclin D1) and the
negative regulator Axin2 [12].

Wnt/B-catenin in the heart

Wnhnt signaling in heart development

Heart development and morphogenesis are
meticulously controlled by the relationship of several
signaling pathways that cooperate to provide cell fate
specification. The rigorous expression of Wnt growth
factors, together with several families of secreted
factors including TGFbs (Transforming Growth Factor-
Betas), FGFs (Fibroblast Growth Factors), BMPs (bone
morphogenetic proteins), Notch and Hippo proteins, is
essentially responsible for heart processes, including
myocardial specification and proliferation, cardiac
septation, chamber and cardiac valve formation, as well as
endothelial and vascular smooth muscle cell proliferation
[1, 11, 38-40].

Knocking out -catenin results in mouse embryonic
defects at gastrulation, not allowing the investigation
of a possible Wnt function during cardiogenesis [41].
Additional developmental studies using inducible
promoters to activate or repress Wnt/p-catenin signaling
in zebrafish embryos at different times of development
and studies in mouse and human embryonic stem cells
demonstrate opposite and temporally distinct effects
for Wnt/B-catenin signaling during early cardiogenesis.
Wnt/B-catenin signaling at pregastrula stages appears to
be required for subsequent heart precursor specification,
whereas this pathway inhibits heart formation during
gastrulation. This suggests that cells destined to become
cardiomyocytes are redirected by Wnt signaling towards
an alternate mesoderm fate [42—44]. On the other hand,
premature suppression of the Wnt signaling prevents
the proper formation of endocardial cushions and heart
valves, and can also result in malformation of the outflow
tract, including lack of septation of the large arterial
trunks, transposition of the great arteries or double outlet
right ventricle [45, 46]. An upregulation of specific
Whnt ligands has been observed during differentiation of
embryonic cardiomyocytes into Purkinje fibres, suggesting
a regulative role of the Wnt signaling in the proper
development of the cardiac conduction system [11].
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A delicate balance between canonical and
noncanonical Wnt pathways has been implicated in cardiac
precursor differentiation, as well as in epicardium formation
and differentiation. The canonical Wnt signaling appears
to retain the cardiac precursors in a proliferative and
precursor state [43], whereas the noncanonical signaling
promotes their differentiation [47, 48]. In the epicardium
organization, the Wnt/B-catenin signaling is essential in
pro-epicardial and epicardial cell expansion and Wnt/PCP
signaling in epicardial-derived cell differentiation [49].

The Wnt/B-catenin signaling also controls
cardiomyocyte proliferation [50]. In vitro treatment
of neonatal and adult rat cardiomyocytes with BIO,
a pharmacological agent inhibiting GSK3, results in
increased B-catenin activity and promotes cell proliferation
and mitosis. Thus, the activation of canonical Wnt signaling
participates in controlling the proliferative capability of the
differentiated cardiomyocytes by promoting maintenance
of stem cell properties [51]. In embryonic mouse hearts,
the inactivation of Hippo, a cardiomyocyte growth and
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Figure 1: Schematic representation of p-catenin—mediated canonical Wnt pathway. (Left) In the absence of Wnt ligands,
the Wnt signaling is suppressed. Cytosolic B-catenin is phosphorylated by a destruction complex composed of Axin, APC, GSK3p and
CK1 and then ubiquitinated and targeted to proteasomal degradation. Into the nucleus, the transcription of Wnt target genes is repressed
by Groucho binding to Tcf/Lef. (Right) Wnt activation. The binding of Wnt ligands to their receptors Fzd/LRP5/6/Dvl, determines the
disruption of the B-catenin destruction complex, thus inducing the stabilization of the protein, which can translocate into the nucleus,
function as a cofactor for Tcf/Lef and activate Wnt target genes (APC, adenomatous polyposis coli; B-cat, f-catenin; CK1, casein kinase

cell factor/lymphoid enhancer-binding factor).
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organ-size control pathway, leads to overgrown hearts due
to increased stimulation of cardiomyocyte proliferation.
In such hearts P-catenin and Wnt target genes are
overexpressed, indicating that Wnt/B-catenin signaling
might regulate pro-growth genes transcription, under an
accurate control of Hippo pathway [52].

Wnt/B-catenin reporter mice unveiled the spatial and
temporal distribution of the endogenous status of f-catenin
activation in several tissues. Transgenic animals exhibit an
evident reporter gene activity in the cardiac region, where
it persists up to E10.5, whereas the Wnt/B-catenin pathway
appears not active in the adult heart [53]. Therefore,
while the key role of Wnt/B-catenin signaling in several
processes of early stages of cardiac development has been
well documented, its activation in the adult heart is mainly
associated with pathological conditions.

Wnt/B-catenin signaling in cardiac disease and repair

The adult mammalian heart includes interacting
populations of cells, predominantly myocytes, fibroblasts,
smooth muscle cells, endothelial and epicardial cells, all
arranged in a precise three-dimensional network. Under
pathological conditions, they can interact with each other
directly or indirectly, through the expression of growth
factors and cytokines, to affect a physiological cardiac
response.

In terminally differentiated cardiomyocytes, the
canonical Wnt signaling is normally quiescent [53], but
it becomes reactivated upon pathological stress, including
hypertrophy. Cardiac hypertrophy is characterized by
an increase in cell size and upregulation of fetal-gene
expression [54]. It can arise from physiological myocyte
growth or, on the other hand, from pathological cardiac
remodelling induced by cardiovascular diseases, often
resulting in fibrosis substitution, diastolic dysfunction,
and, eventually, heart failure [55-57]. Suppression of the
signaling by overexpressing GSK3p, the key molecule
regulating canonical Wnt transduction, attenuates the
stress-induced hypertrophic response of ventricular
cardiomyocytes in transgenic mice and leads to the
development of smaller heart with markedly depressed
contractility [58]. Both myocyte-specific deletion of
B-catenin and lack of the Dvl-1 protein gene, responsible
for the interruption of the Wnt pathway, also result in a
significantly decreased hypertrophic response to pressure
overload in transgenic mice, when compared with wild-
type littermates [59, 60]. On the contrary, inhibition of
GSK3p or overexpression of Dvl-1leads to augmented
hypertrophy, severe systolic and diastolic dysfunction and
progressive heart failure, in a pressure overload rat model
and in transgenic mice, respectively [56, 61].

Many studies have emphasized an important role
for the canonical Wnt signaling in cardiac fibrogenesis
[49, 62, 63]. Fibrosis deposition can result from both
cardiac repair post myocardial infarction and cardiac
diseases, and it generally impedes electrical wave

propagation, potentially causing arrhythmias [64, 65]. The
aberrant activation of Wnt signaling by overexpression
of Wnt ligands or nuclear accumulation of B-catenin
in different experimental models, suggests that the
canonical Wnt signaling alone is sufficient to promote the
expression of a fibrogenic program in fibroblasts of several
tissues [66, 67]. In epicardial cells of post myocardial
infarcted heart, Wnt signaling is enhanced and promotes
epithelial-mesenchymal transition into fibroblasts [49].
Accordingly, in paediatric heart allographs with diastolic
dysfunction and severe epicardial fibrosis involving either
epicardial surface or underlying adipose tissue or both,
immunohistochemical investigation revealed nuclear
accumulation of B-catenin and TCF4 (T-cell factor 4, the
main Wnt pathway effector) in fibroblasts, consistent with
the activation of Wnt signaling in these cells [63].

Moreover, Wnt signaling has been suggested to
inhibit the apoptotic process involved in the transition
from hypertrophy to heart failure. Indeed, in heart from
patients who have developed heart failure, Akt activation
and consequent GSK3 inhibition seem to protect cardiac
cells from apoptosis [68].

Wntl, a major element of the early Wnt/B-catenin
signaling, is a specific and potent inducer of connexin-43
expression in cardiomyocytes. This effect results in
enhanced accumulation of connexin-43 protein and
formation of functional gap junction channels, supporting
the hypothesis that dysregulated signaling contributes
to altered impulse propagation and arrhythmia in the
myopathic heart [69].

In conclusion, the Wnt/B-catenin signaling is a
very complex system involved in a variety of cardiac
pathologies with quite varied effects, according with the
cell system and timing of intervention. For this reason,
it can offer possibilities for new insights into disease
pathogenesis and identification of new therapeutic targets.

Arrhythmogenic cardiomyopathy

Arrhythmogenic cardiomyopathy (AC) is a rare,
inherited cardiac disease characterized by ventricular
arrhythmias, right ventricular dysfunction and sudden
cardiac death [70, 71]. It has a prevalence between
1:2000 and 1:5000 and accounts for up to 10% of deaths
from undiagnosed cardiac disease in the < 65 age group
[72, 73]. Clinical diagnosis of AC is often difficult because
of the non-specific nature of the disease features and the
broad spectrum of phenotypic expressions, ranging from
concealed to severe forms.

The early “concealed” phase is characterized
by propensity toward ventricular tachyarrhythmia in
the setting of well-preserved structural morphology
and ventricular function. As the disease progresses,
however, myocyte loss, inflammation, and accumulation
of fibrofatty scar tissue become evident [74]. The
typical pathological profile consists of the progressive
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Table 1: Human genes associated with AC

CHOMOSOME

ENCODED

MUTATION

GENE LOCUS PROTEIN FREQUENCE REFERENCE(S)
o DSP 6q24 Desmoplakin 1-16% [82, 84, 117-119]
E PKP2 12pll Plakophilin-2 10-45% [83, 118-121]
a " DSG2 18q12 Desmoglein-2 7-12% [84, 118, 122]
: E DSC2 18ql12 Desmocollin-2 1-5% [85, 121-123]
g 8 JUP 17921 Plakoglobin 1% [86, 118]
5 TMEMA43 3p25 Luma rare [124]
E DES 2q35 Desmin rare [125, 126]
~ | CTNNA3 1021 oT-catenin 2% [87]
@ |RYR2 1q42-q43 Cardf‘;gi‘;‘r"dme rare [127]
E Transcription growth
: TGFb3 14g23-q24 factor B-3 rare [128]
E TTN 2q31 Titin rare [129]
S LMNA 1921.2-gq21.3 Lamin A/C rare [130]
PLN 6q22.1 Phospholamban rare [131]

replacement of the myocardium by fatty or fibrofatty
tissue, starting from the epicardium or midmyocardium
and then extending to became transmural. The infiltration
may be diffuse or regional and is located at the angles of
the so-called “triangle of dysplasia”, including the inferior,
apical and infundibular walls [75]. Recent observations in
genotyped AC patients revealed a characteristic pattern of
cardiac disease that involves the epicardial surface of the
basal right ventricle and lateral left ventricle, displacing
the right ventricular apex [76].

A scoring system to establish the diagnosis of AC
has been developed on the basis of the fulfilment of major
and minor criteria encompassing structural, histological,
electrocardiographic, arrhythmic and genetic features of
the disease [77, 78].

AC is an inherited cardiomyopathy characterized by
incomplete penetrance and variable expressivity and it is
usually transmitted as an autosomal dominant trait, even
though recessive forms have been reported [15]. Since
1994, when the first locus was mapped [79], 13 disease
genes have been identified [80] (Table 1). One or more
disease-causing mutations are detected in about 60% of
the patients [81] and most of them affect genes encoding
for mechanical junction proteins, including desmoplakin
(DSP) [82], plakophilin-2 (PKP2) [83], desmoglein-2
(DSG2) [84], desmocollin-2 (DSC2) [85], plakoglobin
(JUP) [86] and alpha-T catenin (CTNNA3) [87]. In
cardiomyocytes, mechanical and electrochemical coupling
between adjacent cells relies on complex entities called
intercalated discs (IDs), which in turn comprise different
kinds of junctional apparatuses, namely desmosomes, gap
junctions and the recently described area composita (this

latter found only in cardiac muscle) [88] (Figure 2). The
main components of cardiac desmosomes are two types of
cadherins, desmocollin-2 and desmoglein-2, two armadillo
proteins, plakoglobin and plakophilin-2, and desmoplakin.
Function-wise, desmosomal cadherins are responsible
for the cell-cell adhesion via their extracellular domains,
while their cytoplasmic domains interact with the armadillo
proteins. These latter interact with desmoplakin, which in
turn binds desmin intermediate filaments, thereby creating
a continuous link between the cytoskeletons of adjacent
cardiomyocytes. The area composita comprises some
of the desmosomal proteins described above as well as
proteins normally found in adherens junctions. Amongst
these, N-cadherin interacts with the adjacent cell via its
extracellular domain and, on the cytoplasmic side, is
indirectly linked to a-catenin via B-catenin or plakoglobin.
In turn, a-catenin binds the F-actin cytoskeleton through
vinculin [88].

As mentioned above, AC is often caused by
mutations in genes involved in cell-cell adhesion. Indeed,
a recent report has demonstrated that siRNA-mediated
silencing of the PKP2 gene in neonatal rat ventricular
myocytes subjected to mechanical stress led to a much
greater destabilization of the monolayer structure, thereby
indicating weakened cell-cell junctions [89]. However,
other recent evidences suggest that the pathogenetic role of
ID genes’ mutations in AC does not originate exclusively
from the mechanical alteration of the junctions but also
from alterations in the signal transduction processes. For
example, mutations in several of the ID genes have been
associated to perturbation of the Wnt/B-catenin signaling
(see below for specific references).
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Figure 2: Models of AC pathogenesis. AC gene mutations involve area composita and desmosome proteins (asterisks) and lead to
abnormalities in intercalated disc (ID) consisting of cell adhesion defects, gap junction and ion channel remodelling. (A) Mutations in ID
proteins can result also in the perturbation of the Wnt/B-catenin signaling. (B) Wnt/B-catenin signaling is suppressed in concomitance with
the activation of Hippo pathway [93]. The impaired localization of phosphorylated protein kinase C-a to the perturbed IDs is associated
with activation of neurofibromin 2 (NF2) and results in cascade phosphorylation leading to increased phospho-Yes-associated protein
(pYAP) and its retention in the cytoplasm. pYAP interacts with B-catenin (B-cat), which is not able to translocate into the nucleus and, as a
consequence, the expression of the effectors of both Hippo and canonical Wnt pathways (TEAD and Tcf/Lef, respectively) is suppressed and
adipogenesis is enhanced (B1). Other experimental data reveal that loss of plakoglobin leads to the activation of AKT and the subsequent
inhibition of glycogen synthase kinase 3 (GSK3p) resulting in the stabilization of -cat and its translocation in the nucleus. Here, B-cat
interacts with Tcf/Lef causing the increase of the expression of c-myc, c-fos, and cyclin D1, as well as cardiac hypertrophy [98] (B2). The
disruption of junction integrity can result in increased presence of B-catenin at IDs without the involvement of Wnt/B-catenin signaling.
However, increased expression of transforming growth factor -1 (TGF1), phospho-SMAD2 (pSMAD?2), and Pail is consistent with the
activation of TGFf pathway responsible for the progressive fibrosis in AC hearts [99] (B3) (DSC2, desmocollin-2; DSG2, desmoglein-2;
DSP, desmoplakin; PKP2, plakophilin-2; DES, desmin; N-cad, N-cadherin; aT-cat, aT-catenin; aE-cat, aE-catenin; Tcf/Lef, T cell factor/
lymphoid enhancer-binding factor; TEAD, SV40 transcriptional enhancer factor domain).
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Whnt signaling in AC: conflicting evidences

In the last years, studies on zebrafish and mouse
models and on cultured cell lines, such as induced
pluripotent stem cells (iPSCs) from affected patients,
revealed the involvement of the canonical Wnt signaling
in the molecular pathogenesis of AC (Table 2).

The progressive replacement of the cardiomyocytes
by adipocytes and fibrosis is the pathological hallmark of
AC, which contributes to both cardiac dysfunction and
arrhythmias. In this regard, in addition to the inactivation
of junctional mechanical functions, which is supposed to
lead to myocyte death under physical stress, the alteration
of canonical Wnt/B-catenin signaling could act as a major
transcriptional switch regulator of myogenesis towards
adipogenesis [90].

Several studies from Marian’s group demonstrated
the suppression of Wnt/B-catenin/Tcf/Lef pathway in AC
due to nuclear translocation of plakoglobin [14, 91, 92].
Plakoglobin, also known as vy-catenin, is highly
homologous to B-catenin, the effector of the canonical
Wnt signaling, and shares with B-catenin common protein
partners thus fulfilling some of the same functions [32].
Suppression of desmoplakin expression in cultured atrial
myocytes and in mouse hearts causes the impairment
of junction assembly and frees plakoglobin from the
cell membrane. Consequently, plakoglobin translocates
into the nucleus where it interferes with B-catenin/Tcf
transcriptional activity leading to an adipogenic switch
and explaining enhanced adipogenesis, fibrogenesis,
and myocyte apoptosis observed in human AC [14].
Thereafter, through a series of genetic-fate mapping
experiments, the same group indicated that cardiac
progenitor cells of the embryonic second heart field
represent a cell source for excess adipocytes observed
in the heart of Dsp*~ mouse model for AC [91]. Direct
evidence for the essential function of nuclear plakoglobin
in repressing Wnt signaling in cardiac progenitor cells and
inducing differentiation to adipocytes was demonstrated
in hearts from transgenic mice overexpressing cardiac
truncated plakoglobin [92]. Furthermore, the activation
of Hippo pathway, another regulator of cellular
differentiation and proliferation, was identified as
the mechanism for suppression of the canonical Wnt
signaling in AC. Pathogenic activation of the Hippo kinase
cascade, resulting from perturbations in ID attributable
to AC gene mutations, leads to phosphorylation and
cytoplasmic retention of the transcriptional coactivator
Yes-associated protein (YAP), that can sequester B-catenin
and plakoglobin, thus resulting in a reduction of both
B-catenin/TCF and YAP/TEAD transcriptional activities
and enhanced heart adipogenesis [93] (Figure 2).

Very recently, a conditional mouse with cardiac
deletion of Dsp was crossed to the PDRFRA (platelet-
derived growth factor receptor-a)-Cre deleter mice in
order to obtain a novel mouse model with traceable

cardiac fibroadipocyte progenitors (FAPs) lacking of
Dsp. These mice showed increased fibroadipogenesis in
the heart and mild cardiac dysfunction, if compared with
control mice. FAPs isolated from the same mouse hearts
showed enhanced differentiation to adipocytes through a
Whnt-dependent mechanism [94].

Finally, Wnt pathway perturbation, due to reduced
AKT and GSK3p activation, has been recently associated
to exercise-induced acceleration of AC phenotype in mice
overexpressing a mutant form of desmoplakin and exposed
to a daily running [95]. The identification of a Wnt pathway
activator as the molecule that can rescue the features of the
AC phenotype both in a zebrafish and in additional mouse
models [96, 97] strongly supports the association between
AC and suppression of this signaling pathway.

On the other hand, conflicting evidences have been
reported about the canonical Wnt signaling involvement
in AC pathogenesis. In a conditional mouse model with
cardiac-restricted JUP deletion showing cardiac alterations
and dysfunctions similar to those of AC patients, the
remodeling of the IDs causes an increased B-catenin
stabilization associated with activated AKT and consequent
inhibition of GSK3f. In these animals, a Wnt/B-catenin
signaling activation was suggested to contribute to the
AC cardiac phenotype [98] (Figure 2). On the contrary,
in a different mouse model with stable cardiac-restricted
JUP deletion, the increase of P-catenin levels at IDs of
cardiomyocytes does not affect the canonical Wnt signaling;
the TGF pathway, mainly involved in the regulation of
myocyte cell death, including both apoptosis and necrosis,
and influencing cardiac fibrosis and hypertrophy, results
upregulated during the early stages of the disease in
mutant hearts [99] (Figure 2). A 50% increase in levels
of B-catenin protein, that resulted mislocalized to the
endoplasmic reticulum, is also observed in heart samples
from Boxer dogs affected with AC, a natural animal model
for the disease, compared to non-AC dogs, suggestive of a
perturbation of the canonical Wnt pathway [100].

Up to now, several in vitro studies examined the
effect of point mutations in the PKP2 gene using iPSC-
derived cardiomyocytes (iPS-CMs) from patient affected
with AC [101-104]. In all of the cases, mutant iPS-CMs
appear unable to reproduce the pathologic phenotype in
standard cardiogenic conditions, but they are inclined
to lipid accumulation following different treatment
with adipogenic stimuli, displaying a functional pro-
adipogenic state. Electron microscopy analysis showed
larger AC iPS-CMs containing lipid droplets compared
with controls, thus suggesting an increased adipogenic
potential in these cells. The adipogenic stimuli on the
mutant cardiomyocytes seemed to be prevented by GSK3[3
inhibitor, thus supporting the possible role of the canonical
Wnt pathway in AC pathogenesis [103].

Altogether, these findings suggest a central role of
the Wnt/B-catenin signaling in the disease pathogenesis
and appear to expand the cellular spectrum of AC,
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Table 2: Studies of the Wnt/B-catenin signaling involvement in AC

HUMAN AND ANIMAL SIGNALING
EXPERIMENTAL MODEL(S) COMPONENTS PHYSIOLOGICAL EFFECT CONCLUSIONS REFERENCE(S)
=DSP-deficient HL-1 cells *What: |cyclinD1, c-Myc =Fat droplet accumulation in DSP-deficient | *Nuclear PG [14]
=*Tg mice with cardiac-restricted =Adipogenesis: TPPARYy, cells translocation
DSP deletion (DSP-; DSP*") CEBPa, adiponectin =High lethality in DSP embryos =Suppression of
=Ventricular dilatation and disfunction, canonical Wnt/f-
fibrofatty replacement of myocytes in catenin signaling
DSP- and DSP*- adult mice =Transcriptional switch
to adipogenesis and
fibrogenesis
=Tg mice overexpressing cardiac In cardiac progenitor cells =Increased fibroadiposis, cardiac =Suppression of [92]
truncated PG *Wnt: |CTGF dysfunction, and premature death canonical Wnt
=Adipogenesis: TKLF15, =Enhanced adipogenesis in cardiac signaling
IGFBP5 progenitor cells =Induction of pro-
adipogenic gene
expression
=Conditional Tg mice with cardiac- =Whnt: factive B-catenin, =Progressive loss of cardiac myocytes, =Activation of [98]
restricted JUP deletion c-Myc, c-Fos; |GSK3p, extensive inflammatory infiltration, canonical Wnt
TAKT fibrous tissue replacement, and cardiac signaling
dysfunction
=Tg mice with cardiac-restricted JUP | *Wnt: 1B-catenin, but =Cardiac fibrosis and dysfunction, =*Wnt signaling not [99]
deletion unchanged cyclinD1, c-Myc ventricular arrhythmias altered
*TGFp: 1p-Smad2, TGFpI, = Absence of desmosomes to the =Increase of TGFB
BNP, ANP intercalated discs of cardiomyocytes signaling
=iPS-CMs from patient =Wnt: |B-catenin =Intracellular lipid accumulation =Nuclear PG [102, 104]
carryingthe heterozygous PKP2 Upon lipogenic stimulation: | =Accelerated pathogenesis upon lipogenic translocation
p.K672Rfs* 1 2mutation; =Adipogenesis: TPPARa, stimulation =Reduction of Wnt
=iPS-CMs from patient PPARYy, FABP4 signaling
carryingthe homozygous PKP2 =Induction of
p.G828Gmutation lipogenesis and
apoptosis
=iPS-CMs from patient *Wnt: |B-catenin sIntracellular lipid accumulation =Reduction of Wnt [103]
carryingthe homozygous PKP2 =Adipogenesis: TPPARy =Desmosomal distortion signaling
p-A324fs335*mutation; = Accelerated pathogenesis upon adipogenic | =Pro-adipogenic
=iPS-CMs from patient carrying the stimulation potential
homozygous PKP2 p.T50Sfs60* =Reversion of intracellular lipid =Activation of Wnt
mutation accumulation upon treatment with a pathway rescues the
GSK3p inhibitor (BIO) lipid accumulation
=Tg mice with cardiac restricted DSP | =Hippo: |pPKC-a, =Molecular remodeling of IDs = Activation of Hippo [93]
deletion (DSP*")[14]; TNF2, tpYAP =No discernible localization of pPKC-a pathway
=Tg mice overexpressing cardiac =*Wnt: tpp-catenin to IDs =Suppression of
truncated PG [92]; =membrane localization of pYAP canonical Wnt
=PKP2 knockdown HL-1 cells =Cytoplasmatic binding of pYAP, pp- signaling
=AC patient myocardial samples catenin and JUP =Enhanced adipogenesis
=myocardial samples from Boxer =Wnt: 1B-catenin =B-catenin retention to the endoplasmic =Perturbation of [100]
dogs affected with AC reticulum of cardiomyocytes canonical Wnt
signaling
=Tg zebrafish expressing cardiac "/ *Reduction in I and [, current densities, =Activation of Wnt [96]
truncated PG (p.W680Gfs*11 interruptions in cell boundaries, structural | pathway (by SB216763)
mutation) disarray in fishes and in neonatal rat rescues the AC
=Neonatal rat ventricular myocytes cardiomyocytes; pathobiological features
expressing cardiac truncated PG = Abnormal subcellular distribution of
(p.-W680Gfs*11 mutation) PG, connexin-43, Nav1.5 and SAP97 in
=iPS-CMs from patient carryingthe cultured cells lines
heterozygous PKP2 p.K672Rfs*12 =Reversion of AC features upon treatment
mutation with SB216763 (a GSK3p inhibitor)
=iPS-CMs from patient carryingthe
heterozygous PKP2 p.Q617*
mutation
= AC patient myocardial samples
=Tg mice expressing truncated Dsg2 | *Wnt: 1GSK3p =GSK3p ID redistribution in AC =Activation of [97]
=Tg mice expressing cardiac Upon SB216763 treatment: cardiomyocytes and in AC human ‘Wat pathway by
truncated PG (JUP2!57d¢12) *Wnt: |GSK3p, but myocardium, but not in normal pharmacologic GSK3f
=AC patient myocardial samples unchanged pGSK3f cardiomyocytes inhibition (using
Neonatal rat ventricular myocytes SB216763) improves
expressing cardiac truncated PG cardiomyopathy
or PKP2
=PKP2-knockdown HL-1 cells
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=Conditional Tg mice with In FAPs:
heterozygous DSP deletion in *Wnt: |cyclinD1, CTGF,
fibroadipocyte progenitor cells Serpinel

(FAPs) =Adipogenesis: TFABP4,

CEBPa, PPARy

=Mild cardiac dysfunction and increased
cardiac fibroadipogenesis

=Suppression of
canonical Wnt
signaling in FAPs

=Enhanced adipogenesis

=Tg mice overexpressing cardiac
mutant DSPR*3# exposed to
endurance exercise

=Want: |B-catenin, pGSK3p,
pAKTI1

=Progression of AC phenotype (right
ventricle dilatation and wall thinning,
myocyte disarray and fibrofatty
infiltration)

=Exercise-induced
suppression of the
Whnt signaling

commonly recognized as a disease of cardiac myocytes,
towards nonmyocyte cells in the heart. However, the direct
causal relationship between mutant junctional proteins and
perturbed Wnt pathway remains poorly understood.

Development of Wnt activators as therapeutics
for AC

The intricate involvement of Wnt signaling in
so many biological processes and disease conditions
made this pathway an obvious but yet difficult target for
therapeutic intervention. Numerous fields of study have
investigated both natural and synthetic compounds able
to induce or inhibit Wnt at multiple stages within the
pathway. However, despite the evidence of successful
methods to rapidly screen thousands of compounds to
identify Wnt pathway modulators, unfortunately these
molecules cannot be translated yet into the clinical
practice [105].

To discover potential chemical modifiers in AC,
a zebrafish model with cardiac-specific expression of
a truncated form of plakoglobin and manifesting a fully
penetrant cardiomyopathy, has been generated and used
to screen a library of bioactive compounds for disease
modifiers [96] (Table 2). SB216763 molecule has been
identified as a compound able to prevent heart failure
and to reduce mortality in the fish model. It also rapidly
reverses the highly abnormal action potential and corrected
the marked decreases in I and I exhibited by mutant
fish myocytes. Interestingly, SB216763 is annotated as
an inhibitor of GSK3 thereby increasing canonical Wnt
signaling [106]. Additional experiments performed in
neonatal rat ventricular myocytes expressing the same
mutant plakoglobin and in iPS-CMs from two AC probands
with PKP2 mutations supported the SB216763 efficacy
in the reversion or prevention of AC pathobiological
features. In particular, the distribution of connexin-43
appears to be restored to normal in truncated plakoglobin—
expressing cells exposed to SB216763, consistent with
previous studies showing the connexin-43 up-regulation
by activation of the canonical Wnt pathway [96].

More recently, the SB216763 molecule has been
reported to prevent myocyte injury and cardiac dysfunction
in vivo in two murine models of AC at baseline and in
response to exercise (Table 2). GSK3p inhibition improves
left ventricle function and survival in sedentary and

exercised mice and normalizes ID protein distribution in
mutant mouse cardiomyocytes. Redistribution of GSK3f3
to cardiac IDs appeared to be specific for AC, as it was
not evident in myocardia from patients with dilated,
hypertrophic or ischemic cardiomyopathy, cardiac
sarcoidosis, or giant cell myocarditis. Cytoplasmic
distribution of GSK3 was restored in all in vivo and in
vitro models treated with SB216763 Collectively, these
data suggest a key role for aberrant GSK3p signaling in
the final common disease pathway in AC [97]. However,
how localization and activity of GSK3p relate to each
other and how the pharmacologic inhibition of this kinase
could affect its localization remain to be clarified.

The identification of a molecular activator of the
canonical Wnt signaling as a promising pharmacological
agent for AC open the door for new mechanism-based
therapeutic strategies for patients affected with this
disease. Such advances would provide a welcome
alternative to current reliance on traditional therapeutic
tools (life-style modification, devices, anti-arrhythmic
drugs, endocardial and epicardial catheter ablation,
implantable cardioverter defibrillator and transplantation)
targeting life-threatening ventricular arrhythmias and
congestive heart once they occur.

MicroRNAs: potential linkers between Wnt/[3-
catenin signaling and AC?

Tissue development, physiology, and functions
are strictly regulated by multiple factors. Among them,
microRNAs (miRNAs) have been recently described
as 22-25 nucleotides long noncoding RNAs which
regulate gene expression at post-transcriptional level.
This is achieved through imperfect base-pairing with
complementary sequences in the 3’UTR of their target
mRNA, leading to translational repression or transcript
degradation [107]. A single miRNA can regulate multiple
genes and, in Human, among the 1,800 detected miRNAs,
800 have been found expressed in the heart [108].

Increasing evidence indicates that miRNAs
participate in signaling networks, such as the canonical
Whnt/B-catenin signaling, and in promoting or inhibiting
the progression of many human diseases, including
cardiomyopathies. In the last years, several studies
described the correlation between miRNA expression level
and the regulation of the Wnt/B-catenin signaling, mostly

www.impactjournals.com/oncotarget

60648

Oncotarget



during cardiac differentiation. Overexpression of miR-499
in rat bone marrow-derived mesenchymal stem cells is
sufficient to induce cardiac differentiation, as indicated by
increased expression of cardiac specific markers Nkx2.5,
GATA4, MEF2C, and cTnl, through Wnt/B-catenin
signaling pathway [109]. In particular, miR-499 drives the
activation of B-catenin, as shown by the decreased ratio
of phosphorylated/dephosphorylated (Ser33/37/Thr41)
[B-catenin, but the detailed mechanisms involving the Wnt
pathway haven’t been identified yet [109].

Among the most expressed miRNAs in the heart,
miR-1 is known to promote cardiomyocyte differentiation.
Lu and colleagues showed that this miRNA suppresses
the canonical Wnt/B-catenin signaling in human iPSCs by
targeting the receptor Fzd7 and antagonizing the ligand
Wnt3A. As a consequence, cardiomyocyte differentiation
is promoted and endothelial cell commitment from
multipotent cardiovascular progenitors is suppressed [110].

Moreover, several papers reported miR-19b as
a negative regulator of the Wnt/B-catenin signaling.
Overexpression of miR-19b has been shown to cause
aberrant heart tube and chamber development and to
regulate the contractile function of the heart in zebrafish
embryos by inhibiting the Wnt signaling pathway
directly targeting Ctnnb1f [111]. Furthermore, inhibition
of GSK3p leads to B-catenin accumulation, together
with a partial rescue of the cardiac phenotype [111]. In
multipotent murine P19 cells, miR-19b overexpression is
responsible for cellular proliferation and differentiation
into myocardial cells, and apoptosis inhibition with the
parallel decrease of Wnt/B-catenin signaling activation
[112]. In this study, luciferase assays show the direct link
between the overexpression of miR-19b and the reduction
of the expression of WNT1 [112]. Accordingly, miR-19b
knock-down results in the inhibition of proliferation and
apoptosis of C19 cells, together with the increase of Wntl
protein levels/B-catenin signaling expression levels [113].

Less frequently, miRNAs have been described to
modulate Wnt/B-catenin signaling also during cardiac
diseases. Gain and loss of function studies show that
miR-145 overexpression leads to an increase in Wnt/p-
catenin signaling activity and the downregulation of
Dab2, a TGF receptor adaptor protein required for
cardiac protein expression in mesenchymal stem cells,
in response to TGFB1 [114]. Interestingly, miR-145 is
found downregulated in acute myocardial infarction, in
association with an increase in Dab2 expression level in
cardiomyocytes in the infarct border zone. These results
suggest that the Wnt/B-catenin signaling is downregulated
in cardiomyocytes after acute myocardial infarction,
but further studies are required to clarify the underlying
associated mechanism [114].

Interestingly, the expression profile of miRNAs
recently performed by qRT-PCR in 24 heart samples from
AC patients revealed that miR-21-5p and miR-135b, which
are correlated with Wnt and Hippo pathway in cancer, are

significantly associated with both the myocardium adiposis
and fibrosis, and might to be useful as therapeutic targets
[115]. On the other hand, the pathogenic downregulation
of miR-184 has been identified in PKP2-deficient cell
lines and mouse models of AC [116]. Overexpression
of miR-184 had no discernible effects on the transcript
levels of selected canonical Wnt signaling targets such as
CTNNBI and TCF7L2 in HL-1 cells and, vice versa, the
activation of the canonical Wnt signaling does not affect
miR-184 levels in the in vitro model. The authors show
the relationship between the downregulation of miR-184
and perturbations in E2F1 pathway, suggesting a novel
mechanism concurring to AC development [116].

Taken together, all these data underline the crucial
function of miRNAs in the regulation of theWnt/B-catenin
signaling and are suggestive of a potential role of these
small RNAs in the pathogenesis and the phenotypic
variability of cardiac diseases such as AC. Further efforts
will be needed to find out whether miRNAs represent the
link between the perturbations at the IDs and the alteration
of the Wnt/B-catenin signaling activity observed in AC.

Concluding remarks

Increasing evidence from experimental studies defines
the canonical Wnt/B-catenin signaling as a critical player
in the regulation of cardiac function and dysfunctions. To
date, the function of this pathway in cardiac hypertrophy,
fibrosis and arrhythmias have been well established,
however further investigations are required to unravel its
role in other pathological conditions. Controversial results
have been reported about the involvement of Wnt/B-
catenin pathway in the development of AC, an inherited
cardiomyopathy determined by mutations mostly in genes
encoding for ID proteins and typically characterised by
the fibrofatty replacement of the myocardium. Current
investigations in zebrafish and mammalian models of AC
mainly indicate that suppression of the canonical Wnt/p-
catenin signaling promotes cardiac remodelling in affected
hearts. The dual function of B-catenin and plakoglobin both
in cadherin-mediated adhesion and in gene transcription
determines a highly regulated and complex protein
network seemingly able to integrate disease signals from
the membrane with cellular programs of target gene
transcription. However, there are still some questions to
be answered, particularly, which signal molecule(s) can
play a dominant role in Wnt/B-catenin downregulation
upon molecular destabilization of ID junctional structures.
A more comprehensive understanding of the dynamics of
this signaling in AC cardiomyocytes is therefore required,
also for the design of safe and effective drug molecules.
Recently, a small molecule activating the Wnt pathway
has been experimented and it appears to be remarkably
effective in preventing or reversing selected features of
the molecular AC pathology. Based on these promising
results, Wnt signaling components could represent
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interesting therapeutic targets for novel treatment strategy
in AC, hopefully in the near future. Furthermore, a deeper
investigation on the cross-talk between Wnt and other
cellular pathways, such as Hippo or TGFf, may explain
other molecular mechanisms leading to AC and assist the
design of efficient combinatorial therapeutic protocols.
In addition, the relationship between miRNAs-mediated
regulation of Wnt signaling, and vice versa, needs to be
further investigated to contribute in the understanding not
only of AC pathogenesis, but also of other, more common
forms of heart disease, as well as to provide the basis to
develop mechanism-based therapies to treat or prevent

diseases at high risk of sudden death.

FUNDING

This work was supported by TRANSAC, University of
Padua Strategic Grant CPDA133979/13, Padua, Italy; Veneto

Region Target Research, Venice; H2020-MSCA-IF-2014.
CONFLICTS OF INTEREST

Authors disclose any potential conflicts of interest.

REFERENCES

1. Gessert S, Kiithl M. The multiple phases and faces of wnt
signaling during cardiac differentiation and development.
Circ Res. 2010; 107:186-99.

2. Clevers H, Nusse R. Wnt/B-catenin signaling and disease.
Cell. 2012; 149:1192-205.

3. Moon RT, Kohn AD, De Ferrari GV, Kaykas A. WNT and
beta-catenin signalling: diseases and therapies. Nat Rev
Genet. 2004; 5:691-701.

4.  Clevers H. Wnt/beta-catenin signaling in development and
disease. Cell. 2006; 127:469-80.

5. Nusse R, Varmus HE. Many tumors induced by the mouse
mammary tumor virus contain a provirus integrated in the
same region of the host genome. Cell. 1982; 31:99-109.

6. Kinzler KW, Nilbert MC, Su, LK, Vogelstein, B, Bryan,
TM, Levy, DB, Smith, KJ, Preisinger, AC, Hedge, P,
McKechnie, D, Finniear, R, Markham, A, Groffen, J, et al.
Identification of FAP locus genes from chromosome 5q21.
Science. 1991; 253:661-65.

7. Nishisho I, Nakamura Y, Miyoshi Y, Miki Y, Ando H, Horii
A, Koyama K, Utsunomiya J, Baba S, Hedge P. Mutations
of chromosome 5g21 genes in FAP and colorectal cancer
patients. Science. 1991; 253:665-69.

8. Neben CL, Merrill AE. Signaling pathways in craniofacial
development: insights from rare skeletal disorders. Curr Top
Dev Biol. 2015; 115:493-542.

9. Libro R, Bramanti P, Mazzon E. The role of the Wnt
canonical signaling in neurodegenerative diseases. Life Sci.
2016; 158:78-88.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Alfaro MP, Pagni M, Vincent A, Atkinson J, Hill MF,
Cates J, Davidson JM, Rottman J, Lee E, Young PP. The
Wnt modulator sSFRP2 enhances mesenchymal stem cell
engraftment, granulation tissue formation and myocardial
repair. Proc Natl Acad Sci USA. 2008; 105:18366-71.

van de Schans VA, Smits JF, Blankesteijn WM. The Wnt/
frizzled pathway in cardiovascular development and
disease: friend or foe? Eur J Pharmacol. 2008; 585:338-45.
Dawson K, Aflaki M, Nattel S. Role of the Wnt-Frizzled
system in cardiac pathophysiology: a rapidly developing,
poorly understood area with enormous potential. J Physiol.
2013; 591:1409-32.

Pahnke A, Conant G, Huyer LD, Zhao Y, Feric N, Radisic
M. The role of Wnt regulation in heart development,
cardiac repair and disease: A tissue engineering perspective.
Biochem Biophys Res Commun. 2016; 473:698-703.
Garcia-Gras E, Lombardi R, Giocondo MJ, Willerson JT,
Schneider MD, Khoury DS, Marian AJ. Suppression of
canonical Wnt/beta-catenin signaling by nuclear plakoglobin
recapitulates phenotype of arrhythmogenic right ventricular
cardiomyopathy. J Clin Invest. 2006; 116:2012-21.

Calore M, Lorenzon A, De Bortoli M, Poloni G, Rampazzo
A. Arrhythmogenic cardiomyopathy: a disease of
intercalated discs. Cell Tissue Res. 2015; 360:491-500.
Miller JR. The Wnts. Biol. 2002; 3:
REVIEWS3001.

Yang Y. Wnts and wing: wnt signaling in vertebrate limb

Genome

development and musculoskeletal morphogenesis. Birth
Defects Res C Embryo Today. 2003; 69:305-17.

Nusse R, van Ooyen A, Cox D, Fung YK, Varmus H. Mode
of proviral activation of a putative mammary oncogene (int-
1) on mouse chromosome 15. Nature. 1984; 307:131-36.
Rijsewijk F, Schuermann M, Wagenaar E, Parren P,
Weigel D, Nusse R. The Drosophila homolog of the mouse
mammary oncogene int-1 is identical to the segment
polarity gene wingless. Cell. 1987; 50:649-57.

Kawano Y, Kypta R. Secreted antagonists of the Wnt
signalling pathway. J Cell Sci. 2003; 116:2627-34.

Gao C, Chen YG. Dishevelled: the hub of Wnt signaling.
Cell Signal. 2010; 22:717-27.

Kikuchi A, Yamamoto H, Sato A, Matsumoto S. New
insights into the mechanism of Wnt signaling pathway
activation. Int Rev Cell Mol Biol. 2011; 291:21-71.
Mikels AJ, Nusse R. Purified Wnt5a protein activates or
inhibits beta-catenin-TCF signaling depending on receptor
context. PLoS Biol. 2006; 4:e115.

Umbhauer M, Djiane A, Goisset C, Penzo-Méndez A, Riou
JF, Boucaut JC, Shi DL. The C-terminal cytoplasmic Lys-
thr-X-X-X-Trp motif in frizzled receptors mediates Wnt/p-
catenin signalling. EMBO J. 2000; 19:4944-54.

Dann CE, Hsieh JC, Rattner A, Sharma D, Nathans J, Leahy
DJ. Insights into Wnt binding and signalling from the
structures of two Frizzled cysteine-rich domains. Nature.
2001; 412:86-90.

Kohn AD, Moon RT. Wnt and calcium signaling: f-catenin-
independent pathways. Cell Calcium. 2005; 38:439-46.

www.impactjournals.com/oncotarget

60650

Oncotarget



217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Acebron SP, Nichrs C. f-Catenin-independent roles of Wnt/
LRP6 signaling. Trends Cell Biol. 2016; 26:956-67.
Aktary Z, Bertrand JU, Larue L. The WNT-less wonder:

WNT-independent f-catenin signaling. Pigment Cell
Melanoma Res. 2016; 29:524-40.

Lam AP, Gottardi CJ. B-catenin signaling: a novel mediator
of fibrosis and potential therapeutic target. Curr Opin
Rheumatol. 2011; 23:562-67.

He X, Semenov M, Tamai K, Zeng X. LDL receptor-related
proteins 5 and 6 in Wnt/B-catenin signaling: arrows point
the way. Development. 2004; 131:1663—77.

Komiya Y, Habas R. Wnt signal transduction pathways.
Organogenesis. 2008; 4:68—75.

Ben-Ze’ev A, Shtutman M, Zhurinsky J. The integration of
cell adhesion with gene expression: the role of beta-catenin.
Exp Cell Res. 2000; 261:75-82.

Giles RH, van Es JH, Clevers H. Caught up in a Wnt storm:
wnt signaling in cancer. Biochim Biophys Acta. 2003;
1653:1-24.

Rao TP, Kiihl M. An updated overview on Wnt signaling
pathways: a prelude for more. Circ Res. 2010; 106:1798-806.
Hrckulak D, Kolar M, Strnad H, Korinek V. TCF/LEF
transcription factors: an update from the internet resources.
Cancers (Basel). 2016; 8:E70.

Wong HC, Bourdelas A, Krauss A, Lee HJ, Shao Y, Wu D,
Mlodzik M, Shi DL, Zheng J. Direct binding of the PDZ
domain of Dishevelled to a conserved internal sequence
in the C-terminal region of Frizzled. Mol Cell. 2003;
12:1251-60.

Li VS, Ng SS, Boersema PJ, Low TY, Karthaus WR,
Gerlach JP, Mohammed S, Heck AJ, Maurice MM,
Mahmoudi T, Clevers H. Wnt signaling through inhibition
of B-catenin degradation in an intact Axinl complex. Cell.
2012; 149:1245-56.

Lickert H, Kutsch S, Kanzler B, Tamai Y, Taketo MM,
Kemler R. Formation of multiple hearts in mice following
deletion of beta-catenin in the embryonic endoderm. Dev
Cell. 2002; 3:171-81.

Tzahor E. Wnt/beta-catenin signaling and cardiogenesis:
timing does matter. Dev Cell. 2007; 13:10-13.
Ruiz-Villalba A, Hoppler S, van den Hoff MJ. Wnt signaling
in the heart fields: variations on a common theme. Dev Dyn.
2016; 245:294-306.

Haegel H, Larue L, Ohsugi M, Fedorov L, Herrenknecht K,
Kemler R. Lack of beta-catenin affects mouse development
at gastrulation. Development. 1995; 121:3529-37.

Ueno S, Weidinger G, Osugi T, Kohn AD, Golob JL, Pabon
L, Reinecke H, Moon RT, Murry CE. Biphasic role for Wnt/
beta-catenin signaling in cardiac specification in zebrafish
and embryonic stem cells. Proc Natl Acad Sci USA. 2007;
104:9685-90.

Klaus A, Saga Y, Taketo MM, Tzahor E, Birchmeier W.
Distinct roles of Wnt/beta-catenin and Bmp signaling

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

during early cardiogenesis. Proc Natl Acad Sci USA. 2007;
104:18531-36.

Paige SL, Osugi T, Afanasiev OK, Pabon L, Reinecke H,
Murry CE. Endogenous Wnt/beta-catenin signaling is
required for cardiac differentiation in human embryonic
stem cells. PLoS One. 2010; 5:e11134.

van Gijn ME, Blankesteijn WM, Smits JF, Hierck B,
Gittenberger-de Groot AC. Frizzled 2 is transiently
expressed in neural crest-containing areas during
development of the heart and great arteries in the mouse.

Anat Embryol (Berl). 2001; 203:185-92.

Liebner S, Cattelino A, Gallini R, Rudini N, Iurlaro
M, Piccolo S, Dejana E. Beta-catenin is required for
endothelial-mesenchymal transformation during heart
cushion development in the mouse. J Cell Biol. 2004;
166:359-67.

Afouda BA, Martin J, Liu F, Ciau-Uitz A, Patient R,
Hoppler S. GATA transcription factors integrate Wnt
signalling during heart development. Development. 2008;
135:3185-90.

Afouda BA, Hoppler S. Different requirements for GATA
factors in cardiogenesis are mediated by non-canonical Wnt
signaling. Dev Dyn. 2011; 240:649-62.

Duan J, Gherghe C, Liu D, Hamlett E, Srikantha L, Rodgers
L, Regan JN, Rojas M, Willis M, Leask A, Majesky M, Deb
A. Wntl/Bcatenin injury response activates the epicardium
and cardiac fibroblasts to promote cardiac repair. EMBO J.
2012; 31:429-42.

Ponnusamy M, Li PF, Wang K. Understanding
cardiomyocyte proliferation: an insight into cell cycle

activity. Cell Mol Life Sci. 2016.

Tseng AS, Engel FB, Keating MT. The GSK-3 inhibitor
BIO promotes proliferation in mammalian cardiomyocytes.
Chem Biol. 2006; 13:957-63.

Heallen T, Zhang M, Wang J, Bonilla-Claudio M, Klysik
E, Johnson RL, Martin JF. Hippo pathway inhibits Wnt
signaling to restrain cardiomyocyte proliferation and heart
size. Science. 2011; 332:458-61.

Maretto S, Cordenonsi M, Dupont S, Braghetta P, Broccoli
V, Hassan AB, Volpin D, Bressan GM, Piccolo S. Mapping
Wnht/beta-catenin signaling during mouse development
and in colorectal tumors. Proc Natl Acad Sci USA. 2003;
100:3299-304.

ter Horst P, Smits JF, Blankesteijn WM. The Wnt/Frizzled
pathway as a therapeutic target for cardiac hypertrophy:
where do we stand? Acta Physiol (Oxf). 2012; 204:110-17.
Tarone G, Lembo G. Molecular interplay between
mechanical and humoral signalling in cardiac hypertrophy.
Trends Mol Med. 2003; 9:376-82.

Malekar P, Hagenmueller M, Anyanwu A, Buss S, Streit
MR, Weiss CS, Wolf D, Riffel J, Bauer A, Katus HA,
Hardt SE. Wnt signaling is critical for maladaptive cardiac

hypertrophy and accelerates myocardial remodeling.
Hypertension. 2010; 55:939-45.

WWW

.impactjournals.com/oncotarget

60651

Oncotarget



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Hunter JJ, Chien KR. Signaling pathways for cardiac
hypertrophy and failure. N Engl J Med. 1999; 341:1276-83.

Michael A, Haq S, Chen X, Hsich E, Cui L, Walters B,
Shao Z, Bhattacharya K, Kilter H, Huggins G, Andreucci
M, Periasamy M, Solomon RN, et al. Glycogen synthase
kinase-3beta regulates growth, calcium homeostasis,
and diastolic function in the heart. J Biol Chem. 2004;
279:21383-93.

Chen X, Shevtsov SP, Hsich E, Cui L, Haq S, Aronovitz
M, Kerkeld R, Molkentin JD, Liao R, Salomon RN, Patten
R, Force T. The beta-catenin/T-cell factor/lymphocyte
enhancer factor signaling pathway is required for normal
and stress-induced cardiac hypertrophy. Mol Cell Biol.
2006; 26:4462-73.

van de Schans VA, van den Borne SW, Strzelecka AE,
Janssen BJ, van der Velden JL, Langen RC, Wynshaw-
Boris A, Smits JF, Blankesteijn WM. Interruption of Wnt
signaling attenuates the onset of pressure overload-induced
cardiac hypertrophy. Hypertension. 2007; 49:473-80.
Tateishi A, Matsushita M, Asai T, Masuda Z, Kuriyama M,
Kanki K, Ishino K, Kawada M, Sano S, Matsui H. Effect
of inhibition of glycogen synthase kinase-3 on cardiac
hypertrophy during acute pressure overload. Gen Thorac
Cardiovasc Surg. 2010; 58:265-70.

Kobayashi K, Luo M, Zhang Y, Wilkes DC, Ge G,
Grieskamp T, Yamada C, Liu TC, Huang G, Basson CT,
Kispert A, Greenspan DS, Sato TN. Secreted Frizzled-
related protein 2 is a procollagen C proteinase enhancer
with a role in fibrosis associated with myocardial infarction.
Nat Cell Biol. 2009; 11:46-55.

Ye B, Ge Y, Perens G, Hong L, Xu H, Fishbein MC, Li F.
Canonical Wnt/B-catenin signaling in epicardial fibrosis of
failed pediatric heart allografts with diastolic dysfunction.
Cardiovasc Pathol. 2013; 22:54-57.

Benito B, Gay-Jordi G, Serrano-Mollar A, Guasch E,
Shi Y, Tardif JC, Brugada J, Nattel S, Mont L. Cardiac
arrhythmogenic remodeling in a rat model of long-term
intensive exercise training. Circulation. 2011; 123:13-22.
Rohr S. Arrhythmogenic implications of fibroblast-
myocyte interactions. Circ Arrhythm Electrophysiol. 2012;
5:442-52.

Hamburg EJ, Atit RP. Sustained f-catenin activity in dermal
fibroblasts is sufficient for skin fibrosis. J Invest Dermatol.
2012; 132:2469-72.

Beyer C, Schramm A, Akhmetshina A, Dees C, Kireva
T, Gelse K, Sonnylal S, de Crombrugghe B, Taketo MM,
Distler O, Schett G, Distler JH. B-catenin is a central
mediator of pro-fibrotic Wnt signaling in systemic sclerosis.
Ann Rheum Dis. 2012; 71:761-67.

Haq S, Choukroun G, Lim H, Tymitz KM, del Monte F,
Gwathmey J, Grazette L, Michael A, Hajjar R, Force T,
Molkentin JD. Differential activation of signal transduction
pathways in human hearts with hypertrophy versus
advanced heart failure. Circulation. 2001; 103:670-77.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

Ai Z, Fischer A, Spray DC, Brown AM, Fishman GI. Wnt-1
regulation of connexin43 in cardiac myocytes. J Clin Invest.
2000; 105:161-71.

Thiene G, Nava A, Corrado D, Rossi L, Pennelli N. Right
ventricular cardiomyopathy and sudden death in young
people. N Engl J Med. 1988; 318:129-33.

Nava A, Thiene G, Canciani B, Scognamiglio R, Daliento
L, Buja G, Martini B, Stritoni P, Fasoli G. Familial
occurrence of right ventricular dysplasia: a study involving
nine families. J Am Coll Cardiol. 1988; 12:1222-28.
Basso C, Corrado D, Thiene G. Cardiovascular causes
of sudden death in young individuals including athletes.
Cardiol Rev. 1999; 7:127-35.

Tabib A, Loire R, Chalabreysse L, Meyronnet D, Miras
A, Malicier D, Thivolet F, Chevalier P, Bouvagnet P.
Circumstances of death and gross and microscopic
observations in a series of 200 cases of sudden death
arrhythmogenic  right
cardiomyopathy and/or dysplasia. Circulation. 2003;
108:3000-05.

Corrado D, Basso C, Thiene G, McKenna WJ, Davies MJ,
Fontaliran F, Nava A, Silvestri F, Blomstrom-Lundqvist
C, Wlodarska EK, Fontaine G, Camerini F. Spectrum of
clinicopathologic manifestations of arrhythmogenic right
ventricular cardiomyopathy/dysplasia: a multicenter study.
J Am Coll Cardiol. 1997; 30:1512-20.

Basso C, Bauce B, Corrado D, Thiene G. Pathophysiology

associated  with ventricular

of arrhythmogenic cardiomyopathy. Nat Rev Cardiol. 2011;
9:223-33.

Te Riele AS, James CA, Philips B, Rastegar N, Bhonsale
A, Groeneweg JA, Murray B, Tichnell C, Judge DP, Van
Der Heijden JF, Cramer MJ, Velthuis BK, Bluemke DA,
et al. Mutation-positive arrhythmogenic right ventricular
dysplasia/cardiomyopathy: the triangle of dysplasia
displaced. J Cardiovasc Electrophysiol. 2013; 24:1311-20.
McKenna W], Thiene G, Nava A, Fontaliran F, Blomstrom-
Lundqvist C, Fontaine G, Camerini F, and Task Force of
the Working Group Myocardial and Pericardial Disease of
the European Society of Cardiology and of the Scientific
Council on Cardiomyopathies of the International Society
and Federation of Cardiology. Diagnosis of arrhythmogenic
right ventricular dysplasia/cardiomyopathy. Br Heart J.
1994; 71:215-18.

Marcus FI, McKenna WJ, Sherrill D, Basso C, Bauce B,
Bluemke DA, Calkins H, Corrado D, Cox MG, Daubert
JP, Fontaine G, Gear K, Hauer R, et al. Diagnosis of
arrhythmogenic right ventricular cardiomyopathy/dysplasia:
proposed modification of the task force criteria. Circulation.
2010; 121:1533-41.

Rampazzo A, Nava A, Danieli GA, Buja G, Daliento
L, Fasoli G, Scognamiglio R, Corrado D, Thiene
G. The gene for arrhythmogenic right ventricular
cardiomyopathy maps to chromosome 14q23-q24. Hum
Mol Genet. 1994; 3:959-62.

WWW

.impactjournals.com/oncotarget

60652

Oncotarget



80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Poloni G, De Bortoli M, Calore M, Rampazzo A, Lorenzon
A. Arrhythmogenic right-ventricular cardiomyopathy:
molecular genetics into clinical practice in the era of next
generation sequencing. J Cardiovasc Med (Hagerstown).
2016; 17:399-407.

Groeneweg JA, Bhonsale A, James CA, te Riele AS,
Dooijes D, Tichnell C, Murray B, Wiesfeld AC, Sawant
AC, Kassamali B, Atsma DE, Volders PG, de Groot NM,
et al. Clinical Presentation, Long-Term Follow-Up, and
Outcomes of 1001 Arrhythmogenic Right Ventricular
Dysplasia/Cardiomyopathy Patients and Family Members.
Circ Cardiovasc Genet. 2015; 8:437-46.

Rampazzo A, Nava A, Malacrida S, Beffagna G, Bauce
B, Rossi V, Zimbello R, Simionati B, Basso C, Thiene G,
Towbin JA, Danieli GA. Mutation in human desmoplakin
domain binding to plakoglobin causes a dominant form of
arrhythmogenic right ventricular cardiomyopathy. Am J
Hum Genet. 2002; 71:1200-06.

Gerull B, Heuser A, Wichter T, Paul M, Basson CT,
McDermott DA, Lerman BB, Markowitz SM, Ellinor PT,
MacRae CA, Peters S, Grossmann KS, Drenckhahn J, et
al. Mutations in the desmosomal protein plakophilin-2
are common in arrhythmogenic right
cardiomyopathy. Nat Genet. 2004; 36:1162—64.
Pilichou K, Nava A, Basso C, Beffagna G, Bauce B,
Lorenzon A, Frigo G, Vettori A, Valente M, Towbin
J, Thiene G, Danieli GA, Rampazzo A. Mutations in
desmoglein-2 gene are associated with arrhythmogenic
right ventricular cardiomyopathy. Circulation. 2006;
113:1171-79.

Syrris P, Ward D, Evans A, Asimaki A, Gandjbakhch E,
Sen-Chowdhry S, McKenna WJ. Arrhythmogenic right
ventricular dysplasia/cardiomyopathy associated with

ventricular

mutations in the desmosomal gene desmocollin-2. Am J
Hum Genet. 2006; 79:978-84.

Asimaki A, Syrris P, Wichter T, Matthias P, Saffitz JE,
McKenna WJ. A novel dominant mutation in plakoglobin
causes arrhythmogenic right ventricular cardiomyopathy.
Am J Hum Genet. 2007; 81:964-73.

van Hengel J, Calore M, Bauce B, Dazzo E, Mazzotti
E, De Bortoli M, Lorenzon A, Li Mura IE, Beffagna G,
Rigato I, Vleeschouwers M, Tyberghein K, Hulpiau P,
et al. Mutations in the area composita protein aT-catenin
are associated with arrhythmogenic right ventricular
cardiomyopathy. Eur Heart J. 2013; 34:201-10.

Franke WW, Borrmann CM, Grund C, Pieperhoff S. The
area composita of adhering junctions connecting heart
muscle cells of vertebrates. 1. Molecular definition in
intercalated disks of cardiomyocytes by immunoelectron
microscopy of desmosomal proteins. Eur J Cell Biol. 2006;
85:69-82.

Sato PY, Coombs W, Lin X, Nekrasova O, Green KJ, Isom
LL, Taffet SM, Delmar M. Interactions between ankyrin-G,

Plakophilin-2, and Connexin43 at the cardiac intercalated
disc. Circ Res. 2011; 109:193-201.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Ross SE, Hemati N, Longo KA, Bennett CN, Lucas PC,
Erickson RL, MacDougald OA. Inhibition of adipogenesis
by Wat signaling. Science. 2000; 289:950-53.

Lombardi R, Dong J, Rodriguez G, Bell A, Leung TK,
Schwartz RJ, Willerson JT, Brugada R, Marian AJ. Genetic
fate mapping identifies second heart field progenitor cells as
a source of adipocytes in arrhythmogenic right ventricular
cardiomyopathy. Circ Res. 2009; 104:1076—84.

Lombardi R, da Graca Cabreira-Hansen M, Bell A,
Fromm RR, Willerson JT, Marian AJ. Nuclear plakoglobin
is essential for differentiation of cardiac progenitor
cells to adipocytes in arrhythmogenic right ventricular
cardiomyopathy. Circ Res. 2011; 109:1342-53.

Chen SN, Gurha P, Lombardi R, Ruggiero A, Willerson
JT, Marian AJ. The hippo pathway is activated and is a
causal mechanism for adipogenesis in arrhythmogenic
cardiomyopathy. Circ Res. 2014; 114:454-68.

Lombardi R, Chen SN, Ruggiero A, Gurha P, Czernuszewicz
GZ, Willerson JT, Marian AJ. Cardiac fibro-adipocyte
progenitors express desmosome proteins and preferentially
differentiate to adipocytes upon deletion of the desmoplakin
gene. Circ Res. 2016; 119:41-54.

Martherus R, Jain R, Takagi K, Mendsaikhan U, Turdi S,
Osinska H, James JF, Kramer K, Purevjav E, Towbin JA.
Accelerated cardiac remodeling in desmoplakin transgenic
mice in response to endurance exercise is associated with
perturbed Wnt/B-catenin signaling. Am J Physiol Heart Circ
Physiol. 2016; 310:H174-87.

Asimaki A, Kapoor S, Plovie E, Karin Arndt A, Adams E,
Liu Z, James CA, Judge DP, Calkins H, Churko J, Wu JC,
MacRae CA, Kléber AG, Saffitz JE. Identification of a new
modulator of the intercalated disc in a zebrafish model of
arrhythmogenic cardiomyopathy. Sci Transl Med. 2014;
6:240ra74.

Chelko SP, Asimaki A, Andersen P, Bedja D, Amat-
Alarcon N, DeMazumder D, Jasti R, MacRae CA, Leber R,
Kleber AG, Saffitz JE, Judge DP. Central role for GSK3f3
in the pathogenesis of arrhythmogenic cardiomyopathy.
JCI Insight. 2016; 1:€85923. https://doi.org/10.1172/jci.
insight.85923.

LiJ, Swope D, Raess N, Cheng L, Muller EJ, Radice GL.
Cardiac tissue-restricted deletion of plakoglobin results
in progressive cardiomyopathy and activation of {beta}-
catenin signaling. Mol Cell Biol. 2011; 31:1134-44.

Li D, Liu Y, Maruyama M, Zhu W, Chen H, Zhang W,
Reuter S, Lin SF, Haneline LS, Field LJ, Chen PS, Shou
W. Restrictive loss of plakoglobin in cardiomyocytes leads
to arrhythmogenic cardiomyopathy. Hum Mol Genet. 2011;
20:4582-96.

Oxford EM, Danko CG, Fox PR, Kornreich BG, Moise
NS. Change in B-catenin localization suggests involvement
of the canonical Wnt pathway in Boxer dogs with
arrhythmogenic right ventricular cardiomyopathy. J Vet
Intern Med. 2014; 28:92—-101.

WWw

.impactjournals.com/oncotarget

60653

Oncotarget



101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

I11.

112.

113.

Ma D, Wei H, Lu J, Ho S, Zhang G, Sun X, Oh Y, Tan
SH, Ng ML, Shim W, Wong P, Liew R. Generation of
patient-specific induced pluripotent stem cell-derived
cardiomyocytes as a cellular model of arrhythmogenic right
ventricular cardiomyopathy. Eur Heart J. 2013; 34:1122-33.
Kim C, Wong J, Wen J, Wang S, Wang C, Spiering S, Kan
NG, Forcales S, Puri PL, Leone TC, Marine JE, Calkins H,
Kelly DP, et al. Studying arrhythmogenic right ventricular
dysplasia with patient-specific iPSCs. Nature. 2013;
494:105-10.

Caspi O, Huber I, Gepstein A, Arbel G, Maizels L,
Boulos M, Gepstein L. Modeling of arrhythmogenic right
ventricular cardiomyopathy with human induced pluripotent
stem cells. Circ Cardiovasc Genet. 2013; 6:557-68.

Wen JY, Wei CY, Shah K, Wong J, Wang C, Chen HS.
Maturation-based model of arrhythmogenic right ventricular
dysplasia using patient-specific induced pluripotent stem
cells. Circ J. 2015; 79:1402-08.

Lu B, Green BA, Farr JM, Lopes FC, Van Raay TJ. Wnt
drug discovery: weaving through the screens, patents and
clinical trials. Cancers (Basel). 2016; 8:E82.
Eldar-Finkelman H, Martinez A. GSK-3
preclinical and clinical focus on CNS. Front Mol Neurosci.
2011; 4:32.

Ambros V. The functions of animal microRNAs. Nature.
2004; 431:350-55.

Leptidis S, El Azzouzi H, Lok SI, de Weger R, Olieslagers
S, Kisters N, Silva GJ, Heymans S, Cuppen E, Berezikov
E, De Windt LJ, da Costa Martins P. A deep sequencing
approach to uncover the miRNOME in the human heart.
PLoS One. 2013; 8:¢57800.

Zhang LL, Liu JJ, Liu F, Liu WH, Wang YS, Zhu B, Yu B.
MiR-499 induces cardiac differentiation of rat mesenchymal
stem cells through wnt/B-catenin signaling pathway.
Biochem Biophys Res Commun. 2012; 420:875-81.

Lu TY, Lin B, Li Y, Arora A, Han L, Cui C, Coronnello
C, Sheng Y, Benos PV, Yang L. Overexpression of
microRNA-1 promotes cardiomyocyte commitment from

inhibitors:

human cardiovascular progenitors via suppressing WNT
and FGF signaling pathways. J Mol Cell Cardiol. 2013;
63:146-54.

LiM, Hu X, Zhu J, Zhu C, Zhu S, Liu X, Xu J, Han S, Yu Z.
Overexpression of miR-19b impairs cardiac development in
zebrafish by targeting ctnnbl1. Cell Physiol Biochem. 2014;
33:1988-2002.

Qin DN, Qian L, Hu DL, Yu ZB, Han SP, Zhu C, Wang X,
Hu X. Effects of miR-19b overexpression on proliferation,
differentiation, apoptosis and Wnt/B-catenin signaling
pathway in P19 cell model of cardiac differentiation in
vitro. Cell Biochem Biophys. 2013; 66:709-22.

Liu X, Yang L, Wang H, Xu G, Zhu S, Li M, Hu X, Zhu J,
Zhu C, Xu J, Han S, Yu Z. Effects of miR-19b knockdown
on the cardiac differentiation of P19 mouse embryonic
carcinoma cells. Mol Med Rep. 2015; 11:2504—12.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Mayorga ME, Penn MS. miR-145 is differentially regulated by
TGF-B1 and ischaemia and targets Disabled-2 expression and
wnt/B-catenin activity. J Cell Mol Med. 2012; 16:1106-13.

Zhang H, Liu S, Dong T, Yang J, Xie Y, Wu Y, Kang K,
Hu S, Gou D, Wei Y. Profiling of differentially expressed
microRNAs in arrhythmogenic  right
cardiomyopathy. Sci Rep. 2016; 6:28101.

Gurha P, Chen X, Lombardi R, Willerson JT, Marian AJ.
Knockdown of plakophilin-2 downregulates miR-184

ventricular

through CpG hypermethylation and suppression of the
E2F1 pathway and leads to enhanced adipogenesis in vitro.
Circ Res. 2016; 119:731-50.

Yang Z, Bowles NE, Scherer SE, Taylor MD, Kearney DL,
Ge S, Nadvoretskiy VV, DeFreitas G, Carabello B, Brandon
LI, Godsel LM, Green K, Saffitz JE, et al. Desmosomal
dysfunction due to mutations in desmoplakin causes
arrhythmogenic right ventricular dysplasia/cardiomyopathy.
Circ Res. 2006; 99:646-55.

den Haan AD, Tan BY, Zikusoka MN, Llad6 LI, Jain R,
Daly A, Tichnell C, James C, Amat-Alarcon N, Abraham T,
Russell SD, Bluemke DA, Calkins H, et al. Comprehensive
desmosome mutation analysis in north americans with
arrhythmogenic right ventricular dysplasia/cardiomyopathy.
Circ Cardiovasc Genet. 2009; 2:428-35.

Bhonsale A, Groeneweg JA, James CA, Dooijes D, Tichnell
C, Jongbloed JD, Murray B, te Riele AS, van den Berg MP,
Bikker H, Atsma DE, de Groot NM, Houweling AC, et al.
Impact of genotype on clinical course in arrhythmogenic
right ventricular dysplasia/cardiomyopathy-associated
mutation carriers. Eur Heart J. 2015; 36:847-55.

Lahtinen AM, Lehtonen A, Kaartinen M, Toivonen L,
Swan H, Widén E, Lehtonen E, Lehto VP, Kontula K.
Plakophilin-2 missense mutations in arrhythmogenic
right ventricular cardiomyopathy. Int J Cardiol. 2008;
126:92-100.

Bauce B, Nava A, Beffagna G, Basso C, Lorenzon A,
Smaniotto G, De Bortoli M, Rigato I, Mazzotti E, Steriotis
A, Marra MP, Towbin JA, Thiene G, et al. Multiple
mutations in desmosomal proteins encoding genes in
arrhythmogenic right ventricular cardiomyopathy/dysplasia.
Heart Rhythm. 2010; 7:22-29.

Bhuiyan ZA, Jongbloed JD, van der Smagt J, Lombardi
PM, Wiesfeld AC, Nelen M, Schouten M, Jongbloed R,
Cox MG, van Wolferen M, Rodriguez LM, van Gelder IC,
Bikker H, et al. Desmoglein-2 and desmocollin-2 mutations
in dutch arrhythmogenic right ventricular dysplasia/
cardiomypathy patients: results from a multicenter study.
Circ Cardiovasc Genet. 2009; 2:418-27.

Heuser A, Plovie ER, Ellinor PT, Grossmann KS, Shin
JT, Wichter T, Basson CT, Lerman BB, Sasse-Klaassen S,
Thierfelder L, MacRae CA, Gerull B. Mutant desmocollin-2
causes arrhythmogenic right ventricular cardiomyopathy.
Am J Hum Genet. 2006; 79:1081-88.

Merner ND, Hodgkinson KA, Haywood AF, Connors S,
French VM, Drenckhahn JD, Kupprion C, Ramadanova K,

www.impactjournals.com/oncotarget

60654

Oncotarget



125.

126.

127.

128.

Thierfelder L, McKenna W, Gallagher B, Morris-Larkin
L, Bassett AS, et al. Arrhythmogenic right ventricular
cardiomyopathy type 5 is a fully penetrant, lethal
arrhythmic disorder caused by a missense mutation in the
TMEM43 gene. Am J Hum Genet. 2008; 82:809-21.

Klauke B, Kossmann S, Gaertner A, Brand K, Stork I,
Brodehl A, Dieding M, Walhorn V, Anselmetti D, Gerdes
D, Bohms B, Schulz U, Zu Knyphausen E, et al. De novo
desmin-mutation N116S is associated with arrhythmogenic
right ventricular cardiomyopathy. Hum Mol Genet. 2010;
19:4595-607.

Lorenzon A, Beffagna G, Bauce B, De Bortoli M, Li
Mura IE, Calore M, Dazzo E, Basso C, Nava A, Thiene
G, Rampazzo A. Desmin mutations and arrhythmogenic
right ventricular cardiomyopathy. Am J Cardiol. 2013;
111:400-05.

Tiso N, Stephan DA, Nava A, Bagattin A, Devaney JM,
Stanchi F, Larderet G, Brahmbhatt B, Brown K, Bauce
B, Muriago M, Basso C, Thiene G, et al. Identification
of mutations in the cardiac ryanodine receptor gene in
families affected with arrhythmogenic right ventricular
cardiomyopathy type 2 (ARVD2). Hum Mol Genet. 2001;
10:189-94.

Beffagna G, Occhi G, Nava A, Vitiello L, Ditadi A, Basso
C, Bauce B, Carraro G, Thiene G, Towbin JA, Danieli GA,

129.

130.

131.

Rampazzo A. Regulatory mutations in transforming growth
factor-beta3 gene cause arrhythmogenic right ventricular
cardiomyopathy type 1. Cardiovasc Res. 2005; 65:366—73.

Quarta G, Syrris P, Ashworth M, Jenkins S, Zuborne Alapi
K, Morgan J, Muir A, Pantazis A, McKenna W1J, Elliott PM.
Mutations in the Lamin A/C gene mimic arrhythmogenic
right ventricular cardiomyopathy. Eur Heart J. 2012;
33:1128-36.

Taylor M, Graw S, Sinagra G, Barnes C, Slavov D, Brun F,
Pinamonti B, Salcedo EE, Sauer W, Pyxaras S, Anderson B,
Simon B, Bogomolovas J, et al. Genetic variation in titin in
arrhythmogenic right ventricular cardiomyopathy-overlap
syndromes. Circulation. 2011; 124:876-85.

van der Zwaag PA, van Rijsingen 1A, Asimaki A, Jongbloed
JD, van Veldhuisen DJ, Wiesfeld AC, Cox MG, van
Lochem LT, de Boer RA, Hofstra RM, Christiaans I, van
Spaendonck-Zwarts KY, Lekanne dit Deprez RH, et al.
Phospholamban R14del mutation in patients diagnosed with
dilated cardiomyopathy or arrhythmogenic right ventricular
cardiomyopathy: evidence supporting the concept of
arrhythmogenic cardiomyopathy. Eur J Heart Fail. 2012;
14:1199-207.

www.impactjournals.com/oncotarget

60655

Oncotarget



