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Arrhythmogenic cardiomyopathy (ACM) is a heritable heart muscle disease characterized
by syncope, palpitations, ventricular arrhythmias and sudden cardiac death (SCD)
especially in young individuals. It is estimated to affect 1:5,000 individuals in the general
population, with >60% of patients bearing one or more mutations in genes coding for
desmosomal proteins. Desmosomes are intercellular adhesion junctions, which in cardiac
myocytes reside within the intercalated disks (IDs), the areas of mechanical and electrical
cell-cell coupling. Histologically, ACM is characterized by fibrofatty replacement of cardiac
myocytes predominantly in the right ventricular free wall though left ventricular and
biventricular forms have also been described. The disease is characterized by age-related
progression, vast phenotypic manifestation and incomplete penetrance, making proband
diagnosis and risk stratification of family members particularly challenging. Key protein
redistribution at the IDs may represent a specific diagnostic marker but its applicability is
still limited by the need for a myocardial sample. Specific markers of ACM in surrogate
tissues, such as the blood and the buccal epithelium, may represent a non-invasive, safe
and inexpensive alternative for diagnosis and cascade screening. In this review, we shall
cover the most relevant biomarkers so far reported and discuss their potential impact on
the diagnosis, prognosis and management of ACM.

Keywords: arrhythmogenic cardiomyopathy, sudden cardiac death, desmosomes, intercalated disk,
histopathology, protein markers, buccal cells, plasma auto-antibodies

INTRODUCTION

Demographics

Current experts in the field estimate that ACM affects 1:5,000 individuals in the general population
although regional differences exist (1). SCD is often the first manifestation of ACM, and the
diagnosis is missed at autopsy, particularly if this is not performed by an expert cardiac pathologist.
The disease is also frequently missed clinically, owing to its vast phenotypic manifestation,
age-related progression, incomplete penetrance and overlap with other disease entities (1). In a
large cohort of ACM patients, the mean age at first evaluation was 36 £ 14 years with a median age
of cardiac arrest of 25 years (1). Accounting for up to 20% of the cases, ACM is one of the leading
causes of SCD in the young (2) and it is responsible between 4.7 and 27% of SCD in athletes (3-5).
The incidence and severity of ACM is higher in men than in women (male/female ratio 2.7:1) (6-8).
The pathophysiology behind this difference could be attributed to a direct effect of sex hormones
on the disease phenotype or to differences in the amount and intensity of exercise between genders
(9, 10).
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Clinical Presentation, Progression, and
Diagnosis

The most common clinical manifestations of ACM are syncope,
palpitations and SCD caused by ventricular arrhythmias. In the
natural history of the classical right ventricular (RV) disease,
four different stages have been documented (11). In the first
phase (so-called pre-clinical or concealed), patients are at risk
of SCD, especially during strenuous exertion, even if structural
abnormalities are very subtle or totally absent. The second
phase is characterized by an overt electrical disorder with ECG
abnormalities such as inverted T-waves and arrhythmias with
left bundle branch block morphology. Structural abnormalities
are discernible by conventional imaging but restricted to the
RV. In the third phase, the extension of the disease through the
RV results in isolated right heart failure. Localized involvement
of the left ventricle (LV) may occur at this stage but the
function of the left heart is still preserved. In the final phase, LV
involvement leads to end-stage heart failure with biventricular
involvement (11). It seems plausible that during the early stages
of the disease, arrhythmias may arise entirely in the context
of molecular and subcellular abnormalities. Conversely, at later
stages, tissue scarring and fibrofatty replacement of healthy
myocardium appears to be responsible for the generation of the
arrhythmogenic substrate.

New cardiac imaging techniques and genotype-phenotype
correlations identified patients with biventricular and left-
dominant form of the disease (11, 12). The most common
presentation of these forms are ventricular arrhythmias with
right-bundle-branch-block morphology indicating a LV origin
and ECG abnormalities such as low QSR voltages in the limb
leads and negative T-waves in the lateral or inferolateral leads.
LV systolic function is normal or mildly reduced with mild or no
dilatation (13). In the left-dominant ACM structural remodeling
is found earlier and predominantly in the LV affecting the
posterolateral region of LV free wall and, less commonly, the
septum (14). Structural remodeling of the LV is most likely
responsible for the generation of the arrhythmogenic substrate.
In fact, in a recent study, the presence of fat infiltration in
the subepicardial posterolateral region of the LV determined
by cardiac magnetic resonance supports the diagnosis of left-
dominant form of the disease and rules out myocarditis, a known
phenocopy of ACM (15).

ACM is a complex disease, and its phenotype is determined
by the presence of abnormal electrical and structural substrates.

Abbreviations: ACM, Arrhythmogenic Cardiomyopathy; APC, Adenomatous
Polyposis Coli; CDH2, Cadherin 2; CTNNA3, Catenin-a3; Cx43, Connexin
43; DCM, Dilated Cardiomyopathy; DCS2, Desmocollin-2; DES, Desmin;
DSG2, Desmoglein-2; DSP, Desmoplakin; ECG, Electrocardiogram; EMB,
Endomyocardial Biopsies; FLNC, Filamin C; GSK3B, Glycogen Synthase Kinase
3p; HCM, Hypertrophic Cardiomyopathy; ICM, Ischaemic Cardiomyopathy;
ID, Intercalated Disk; iPSC-CMs, Induced Pluripotent Stem Cell-derived
Cardiomyocytes; ITE, International Task Force; LV, Left Ventricle; PG,
Plakoglobin; PKP, Palmoplantar Keratoderma; PKP1, Plakophilin-1; PKP2,
Plakophilin 2; PLN, Phospholamban; RV, Right Ventricle; RVOT, Right
Ventricular Outflow Tract; SAP97, Synapse-Associated Protein 97; SCD, Sudden
Cardiac Death; SCN5A, Cardiac Sodium Channel Navl. 5; TGFB3, Transforming
Growth Factor-$3; TMEM43, Transmembrane protein 43; TTN, Titin.

Its diagnosis can be challenging and requires evidence of all
structural, functional, and electrophysiological abnormalities.
Accordingly, the International Task Force (ITF) criteria for
the clinical diagnosis of ACM were proposed for the first time
in 1994 (16) and updated in 2010 (17). These include major
and minor criteria from six different categories including:
repolarization/depolarization ~ abnormalities,  arrhythmias,
morphological alterations, functional changes, histopathological
changes, and family history/genetic findings. Definite ACM
diagnosis requires fulfillment of two major criteria, one major
and two minor criteria or four minor criteria from different
categories. These criteria, however, were more tailored to
recognizing the “classical,” RV form of the disease. To improve
the diagnosis of left-sided phenotypes, a revision of the 2010
ITF criteria (18) and the introduction of new diagnostic criteria
regarding tissue characterization and ventricular arrhythmia
features have recently been suggested, resulting in a new set of
criteria, The Padua Criteria (13).

Several diseases may mimic ACM making its diagnosis even
more challenging. Early phases of ACM are often misdiagnosed
as idiopathic right ventricular outflow tract (RVOT) tachycardia
(19) or Brugada syndrome (20). In the more advanced
biventricular form of the disease, ACM is indistinguishable from
dilated cardiomyopathy (DCM) (21). In some instances, patients
with cardiac sarcoidosis present with clinical manifestations
highly reminiscent of ACM and differential diagnosis is achieved
only by the presence of non-caseating granulomas or other
sarcoid features not seen in ACM. Other diseases that mimic
ACM are myocarditis and pulmonary hypertension (21).

Genetics

On the Greek island of Naxos, Protonotarios and colleagues
first described a syndromic form of ACM characterized by
cardiomyopathy, wooly hair and palmoplantar keratoderma
(PPK). The syndrome, named Naxos disease, was inherited in
an autosomal recessive manner and was fully penetrant by
adolescence (22). In the year 2000, genetic linkage analysis
identified a homozygous deletion in the JUP gene (PG; encoding
for plakoglobin) as the cause of Naxos disease (23). Almost
at the same time, Carvajal-Huerta and colleagues reported a
homozygous truncating mutation in the DSP gene (encoding
for desmoplakin) as causative of Carvajal Syndrome; a similar
disease, characterized by biventricular cardiomyopathy, wooly
hair, and PPK (24). Mutations following an autosomal dominant
inheritance pattern have also been described for JUP and DSP
genes (25, 26). Both plakoglobin and desmoplakin are integral
proteins of the desmosome, a specialized adhesion protein
complex located at intercellular junctions. In tissues subjected to
increased mechanical stress, such as the heart and the epidermis,
desmosomes are responsible for maintaining tissue integrity by
serving as a mechanical link between the intermediate filaments
of two adjacent cells (23, 24).

Genetic studies of other components of the cardiac
desmosome in ACM patients led to the discovery of missense and
truncating mutations in further desmosomal genes, specifically
those coding for: plakophilin 2 (PKP2) (27), desmoglein-2
(DSG2) (28-30) and desmocollin-2 (DSC2) (31-33). Today it
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is estimated that >60% of ACM patients are bearing one or
more mutations in these 5 genes; PKP2 being the most highly
mutated (1, 34). Most commonly, desmosomal mutations
follow an autosomal dominant pattern of inheritance with
age-related, incomplete penetrance and variable expressivity,
although autosomal recessive patterns of inheritance have also
been observed such as in Naxos disease and Carvajal Syndrome.
The occurrence of ACM patients harboring multiple mutations
(compound or digenic heterozygosity) is common and increases
the risk of arrhythmias and SCD (1, 10, 35). Importantly,
genetic studies to identify an underlying mutation in a proband
diagnosed with ACM can aid cascade screening. Mutation-
carrying relatives have an earlier onset of symptoms, increased
risk of arrhythmias and a 6-fold increased risk of ACM diagnosis
compared to relatives without a mutation (36).

Historically, ACM caused by desmosomal mutations has
largely been associated to the classical RV variant of the disease.
However, exceptions to this general trend have been observed.
Patients carrying mutations in PKP2 gene often present LV
involvement at advanced stages of the disease while mutations
in DSG2 and DSC are often associated to biventricular forms of
ACM. Mutations in DSP (37, 38) and more recently in DSG2 (39)
genes have been associated to left-dominant forms of the disease.

At the IDs, the desmosomes, together with the adherens and
gap junctions, control the electrical and mechanical coupling
of cardiomyocytes (40). The tight structural and functional
interaction between these macromolecular structures stimulated
the search for gene mutations in other constituents of the IDs
leading to the discovery of mutations in the adherens junction
genes coding for Cadherin 2 (CDH2) (41-43) and catenin-a3
(CTNNA3) (44).

Mutations in non-desmosomal genes are increasingly
recognized and are usually associated with more severe
presentation and left-dominant or biventricular forms of ACM.
Some of these mutations are in genes encoding for proteins
of the cytoskeleton. Patients with mutations in desmin (DES)
(45) and filamin C (FLNC) (46) genes have been found to
present circumferential pattern of subepicardial late gadolinium
enhancement and fibrosis in the LV that was associated with
higher risk of SCD (47). Another gene coding for cytoskeleton
proteins commonly mutated is titin (TTN) (48). Of note is
the fully penetrant mutation (p.S358L) in transmembrane
protein 43 (TMEM43) gene responsible for the most aggressive
heterozygous form of ACM (type V). Mutation carriers show
increased incidence of SCD that is higher in males and common
LV involvement (49). Other implicated genes in ACM code
for calcium handling proteins such as phospholamban (PLN)
(50). Patients carrying the mutation PLN-p.Argl4del present
late gadolinium enhancement in the LV posterolateral wall
and LV dysfunction. Finally, rare ACM-causing mutations
have been identified in the genes coding for the major subunit
of the cardiac sodium channel navl.5 (SCN5A) (51) and the
profibrotic cytokine transforming growth factor-g3 (TGFB3)
(52). The frequency of non-desmosomal mutations tends to be
very low in large cohorts of ACM patients. However, some of
these are found in higher frequencies in specific regions. For
instance, the R14del mutation in the PLN gene has a very high

frequency in the Netherlands due to a founder effect (50, 53).
A summary of all genes implicated in ACM pathogenesis can
be found in Table 1. Although ACM is a genetically determined
cardiomyopathy its relatively late onset, around the second and
the fourth decades of life, is still poorly understood and it is
believed to be associated with chronic, accumulated stress to the
heart. Pathogenic mutations in the genes presented in Table 1
predispose to ACM and environmental factors such as exercise
(9, 55, 56) and male gender (57, 58) modulate disease onset
and progression.

Very recently an evidence-based re-evaluation of all
reported ACM genes by using the semiquantitative Clinical
Genome Resource framework revealed that only 8 of the
aforementioned genes (PKP2, DSP, DSG2, DSC2, JUP/PG,
TMEM43, PLN, and DES) had definitive or moderate evidence
for ACM (59). Moreover, these genes account for virtually all
(97.4%) pathogenic/likely pathogenic ACM variants in Clinvar.
Accordingly, the authors recommend that only pathogenic/likely
pathogenic alterations in these 8 genes should yield a major
criterion for ACM diagnosis (59).

This is crucial, as incomplete/misleading information of the
genetics underlying the pathogenesis of ACM can increase the
risk of misdiagnosis. Currently, molecular genetic testing is
indicated to identify a pathogenic or likely pathogenic mutation
in a proband fulfilling the diagnostic criteria for ACM (60). If
a mutation is found in the proband, mutation-specific genetic
testing is then applied to family members to identify individuals
carrying the mutation(s) and thus guide their management
accordingly (18).

HISTOPATHOLOGICAL FEATURES AND
PROTEIN MARKERS

Gross Histological Features

The histological hallmark of ACM is regarded to be the fibrofatty
replacement of myocardial tissue associated with ventricular
atrophy (2, 6). The pathological changes in the heart start in
the epicardium spreading to the endocardium to eventually
become transmural in more advanced stages of the disease,
mainly affecting the RV free wall. Within the RV, the most
common areas affected are the inflow tract, the outflow tract
and the apex, collectively known as the triangle of dysplasia
(Figure 1A) (6). The endocardial trabeculated muscles of the RV
and the septum are generally spared of histopathological changes.
Aneurysms, if present, are commonly located in the inflow and
outflow tract of the RV. In an autopsy series of classical right-
sided cases of ACM, alterations in the LV were found in 76% of
the hearts.

Genotype-phenotype correlations and the use of contrast-
enhancement cardiac magnetic resonance to evidence fibrofatty
replacement in the LV have uncovered biventricular and left-
dominant forms of the disease (11, 12). In the left dominant
form of ACM, pathohistological structural remodeling can be
observed originating in the epicardium and progressing toward
the endocardium, to finally become transmural with localized
or extensive wall thinning in the most severe presentation
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TABLE 1 | Genes associated with ACM.

Localization/ Gene Protein Estimated Mode of Overlapping Affected References
function symbol frequency (%) inheritance diseases ventricle
Desmosome PKP2 Plakophilin 2 46 AD BrS RV, (1, 30)
biventricular
DSP Desmoplakin 14 AD, AR (Carvajal DCM LV, (26, 30)
Syndrome) biventricular
DSG2 Desmoglein 2 10 AD DCM RV, (28, 30)
biventricular
DSC2 Desmocollin 2 9 AD, AR (no skin - RV, (30)
manifestation) biventricular
JUP Plakoglobin 0.4 AD, AR (Naxos - RV, (1, 30)
disease) biventricular
Area CTNNAS3 Catenin-a3 2.6 AD - RV, (44)
Composita biventricular
CDH2 Cadherin 2 1.2 AD - RV, 41)
biventricular
Cytoskeleton DES Desmin Rare AD DCM, HCM LV, (45)
biventricular
FLNC Filamin C Rare AD DCM Lv (46)
TMEMA43 transmembrane Rare AD - RV, (54)
protein 43 biventricular
TN Titin Rare AD DCM, HCM RV, LV, (48)
biventricular
lon transport SCN5A Nav1.5 Rare AD BrS, LQTS LV, (61)
biventricular
PLN Phospholamban Rare AD DCM Lv, (50)
biventricular
Cytokine TGFB3 Transforming Rare AD - RV (52)
growth
factor-B33

AD, autosomal dominant; AR, autosomal recessive; BrS, Brugada Syndrome; DCM, dilated cardiomyopathy; HCM, hypertrophic cardiomyopathy; LQTS, Long QT syndrome; LV, left
ventricle; Nav1.5, a-subunit of the cardiac sodium channel complex; RV, right ventricle.

FIGURE 1 | Histopathological changes in ACM. (A) Most affected heart regions in ACM. In the right ventricle, structural changes mostly affect areas of the inflow tract,
the outflow tract and the apex known as the triangle of dysplasia (dashed triangle). When the left ventricle is affected, structural changes are observed in the inferior
and inferolateral walls (dashed rectangle); created with BioRender.com. (B) Histopathological changes observed in ACM namely adipogenesis (left), fibrosis (middle)
and presence of inflammatory infiltrates (right).

Adipogenesis Fibrosis Inflammation

of the disease. The fibrofatty replacement is mostly located  was observed in 70% of the cases. In this cohort, the most
in the subepicardial inferolateral LV free wall (11, 12, 14). common areas of the LV presenting fibrofatty replacement
In a large cohort of SCD victims due to ACM, isolated LV  were the posterobasal (68%) and anterolateral walls (58%)
disease was observed in 17% whereas biventricular involvement  (61). Similarly to the classical ACM, structural remodeling of
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the LV is most likely responsible for the generation of the
arrhythmogenic substrate.

The isolated infiltration of epicardial adipocytes is not
enough to diagnose ACM as it can be a normal finding in
elderly and obese individuals. It must be accompanied by
myocyte degeneration and fibrotic replacement (Figure 1B) (62).
The current ITF criteria now establish a residual number of
cardiomyocytes at <60% by morphometric analysis coupled
with fibrous replacement as a major histological criterion (17).
The histopathological characterization of fibrofatty replacement
of the healthy myocardium can be made either in full hearts
(post-mortem or following cardiac transplantation) or in cardiac
biopsy samples (17).

The presence of inflammatory infiltrates is another common
feature of ACM and it has been reported in up to 75%
of hearts at autopsy (Figure 1B) (63). Such infiltrates consist
of concentrations of mononuclear cells (lymphocytes and
macrophages) around necrotic or injured cardiomyocytes and
can be found both in the ventricular walls and the septum
(64). The presence of inflammatory infiltrates is indicative of
ongoing myocardial damage suggesting a pathological role for
inflammation and/or myocarditis in ACM (64). It is not clear
yet, however, if the infiltrates accumulate in the heart as a
response to myocyte damage of if those cells themselves promote
myocyte injury, fibrofatty replacement and arrhythmias through
immune mechanisms. Noteworthily, the activation of the major
inflammatory pathway NFkB was recently reported as a driver of
key features of ACM in several experimental models (65).

Similar to the clinical, natural history of the disease, there
are also four histological stages characterizing ACM progression
(66). The concealed phase is characterized by minimal or no
histological changes. The second phase is characterized by
minor histological alterations confined to the RV. The third
phase is characterized by extensive RV remodeling with severe
dilatation but preserved LV structure/function. Finally, extensive
remodeling of both ventricles is evident in advanced disease (67).

Endomyocardial Biopsies

Given the severe, extended histological changes observed in
explanted hearts of ACM patients (Figure 1B) the frequency
of false negative results obtained on endomyocardial biopsies
(EMBs) is surprising. This can be explained by the natural course
of the disease, its patchy nature as well as technical limitations
of the sampling process. Since the disease progresses from the
epicardium to the endocardium, samples obtained from the
endocardium of patients with early/mild forms of the disease
may be totally devoid of the aforementioned pathological features
(62). Moreover, EMBs tend to be taken from the interventricular
septum, generally spared of the histopathological changes of
ACM. To determine what area of the heart is more informative
for the diagnosis of ACM, Basso et al. analyzed simulated biopsies
obtained from various locations of explanted hearts (62). With
a specificity of 95% and sensitivity of 80%, the main diagnostic
parameter was the amount of residual myocardium (<59%)
with the presence of fat (>22%) and fibrous tissue (>31%).
The diagnostic yield varied across the different regions of the
heart with the “triangle of dysplasia” being the most informative

region and the septum and the LV the least (62). Noteworthily,
however, sampling the RV free wall comes with an increased risk
of ventricular perforation and tamponade (68).

The diagnostic yield of EMBs can be improved by the use of
electroanatomic voltage mapping as areas showing low voltage
have been associated with myocyte degeneration and fibrofatty
replacement. In one study, electroanatomic voltage mapping-
guided EBM was diagnostic of ACM in 81% of the cases
rendering a high diagnostic sensitivity (69). In another case
series, the approach allowed for the accurate differential diagnosis
of myocarditis, a known phenocopy of ACM (70). In a very recent
study, electroanatomic voltage mapping-guided EMB improved
the 2010 ITF criteria diagnostic yield by upgrading one-third of
the patients at risk to definite ACM with negligible complications.
This study supports the notion that electroanatomic voltage
mapping-guided EMB may still be a safe and useful tool for the
diagnosis of ACM (71).

Nevertheless, EMB is still considered an invasive procedure
with associated risks that has a low diagnostic yield. Nowadays,
it is rarely performed in the initial diagnosis of the disease.
It is indicated in cases of non-familial ACM for differential
diagnosis of phenocopies (72), specifically in probands with
sporadic ACM and negative gene testing to exclude sarcoidosis,
myocarditis, or other heart muscle disorders (13). Post-mortem
and explanted hearts do not have any of these limitations and
should be meticulously examined by expert cardiac pathologists
whenever possible (73). Immunohistochemical examination of
protein markers of ACM in heart samples or surrogate tissues
may provide added diagnostic value and are reviewed in the
next section.

Protein Markers in Heart Tissue

The discovery of the first ACM-causative genes, has helped the
scientific community uncover some of the mechanisms driving
the pathophysiology of the disease. As a result, key molecular
players were identified, which can be used in the future as
therapeutic targets and/or specific molecular markers of the
disease. In this section we will cover the protein markers in
heart tissue samples reported so far that can potentially help the
diagnosis and risk stratification of ACM.

Human myocardial samples obtained at autopsy or following
transplantation are most commonly used in the search of
specific protein markers. Due to the associated risk of RV
perforation and tamponade, the studies on EMBs have been more
limited. Following the discovery of the causative gene for Naxos
disease (23), the most logical candidate to investigate first was
plakoglobin. In 2004 Kaplan et al. showed for the first time that
even if the mutated plakoglobin was expressed in the hearts
of Naxos disease patients it failed to reach the IDs where the
protein executes its structural roles (74). The re-distribution of
plakoglobin was accompanied by gap junction remodeling as
evidenced by decreased immunoreactive signal for Connexin 43
(Cx43; the major ventricular gap junction protein) at the IDs and
smaller/fewer gap junctions connecting ventricular myocytes in
both RV and LV samples. The expression of other desmosomal
proteins at the IDs of patients with Naxos disease was normal
(74). In a patient with Carvajal Syndrome, similar findings were
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reported. In this case, it was desmoplakin, being the mutated
protein, that failed to localize at the IDs (75). Gap junction
remodeling was also observed in this syndrome. Interestingly, the
localization of plakoglobin at the ID was also prevented, even if
it was not itself mutated (75). This observation revealed for the
first time, that a mutation in a gene coding for a given protein
can affect the localization of further, interacting proteins, even if
they are not themselves affected by genetic alterations.

These findings were validated in larger cohorts of patients with
a definite diagnosis of ACM and dominantly inherited mutations
in the DSB, DSC2, PKP2, or DSG2 genes. Most patients showed
a marked reduction in immunoreactive signal for plakoglobin
at the ID, which was not confined to areas of the RV showing
pathological changes but was also present in areas of the LV
and septum that appeared structurally normal (Figure 2). This
observation suggested that even an EMB sample obtained from
the right side of the septum would show this diagnostic change
hence reducing the number of false negatives and risk associated
with this technique. Other desmosomal proteins showed variable
patterns of distribution confirming that mutations in a single
protein can affect the localization of other non-mutated partners.
Plakoglobin redistribution from the ID to the cytosolic pool was
shown to be specific for ACM as this change was not observed
in heart samples of patients with documented hypertrophic
cardiomyopathy (HCM), DCM or ischemic cardiomyopathy
(ICM) (76). It is important to highlight that in order to bring
up differences in PG junctional distribution between control and
ACM myocardial samples a broad range of antibody dilutions
need to be tested. The endpoint is to achieve a binary result up to
the point where you detect signal or no signal at the intercalated
disks of the cardiomyocytes. By removing the necessity of image
quantification, we reduce the subjectivity in the interpretation of
the results while increasing the reproducibility of the technique
across laboratories (77).

Cx43 expression was diffusely reduced throughout the heart
in all ACM samples analyzed in this cohort but was not
specific of ACM. Reduced Cx43 expression at the IDs has
been observed in end-stage HCM, DCM, and ICM, being more
apparent in areas with substantial structural remodeling (78, 79).
However, in ACM, gap junction remodeling seems to occur
diffusely in early stages of the disease in areas of the heart
with minimal or no structural remodeling, potentially playing
a primary role in the highly arrhythmogenic nature of this
disease (76). How mutations in desmosomal proteins can impact
on the stability and function of the gap junctions it is poorly
understood. More recently, the molecular mechanism behind
gap junction remodeling in ACM has been uncovered by using
a murine model of desmosomal ACM. Specifically, it has been
shown that DSP maintains the integrity of the gap junctions by
inhibiting Connexin 43 lysosomal degradation (80). Despite its
specificity among the cardiomyopathies, however, plakoglobin
redistribution could not discriminate ACM from sarcoidosis and
giant cell myocarditis (81). Plakoglobin labeling is an additional
test but on its own it is not conclusive for the diagnosis of ACM.
For this reason, is has not been added to the ITF criteria as of now.

Furthermore, EMB samples obtained from two patients with
subclinical ACM bearing DSP variants showed loss of ID

Other
cardiomyopathies

FIGURE 2 | Protein re-distribution in the hearts of ACM patients.
Representative confocal immunofluorescence images showing loss of
junctional signal for PG, Cx43, and Nav1.5 in ACM myocardium compared to
controls. Additionally, both sarcomeric and junctional signal for SAP97 is lost
while GSK3B and APC translocate to the junctions. Myocardium from patients
with other forms of cardiomyopathy show normal distribution of PG, Nav1.5,
GSKBp and APC. Gap junction remodeling is, however, evident and ID signal
for SAPI7 is also lost, though its sarcomeric distribution is preserved.

Control

Plakoglobin

Connexin 43

Na, 15

SAP97

GSK3B

APC

immunoreactive signal for desmoplakin but not for plakoglobin
(82). Notably, DSP variants have been increasingly linked to
biventricular or left-dominant ACM. In fact, a recent report,
suggested that patients bearing pathogenic DSP variants manifest
with a disease distinct from ACM or DCM, termed desmoplakin
cardiomyopathy (37, 38).
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Reduced densities of the cardiac In, current and the inward
rectifying Kt current Ix; have been reported in different
experimental models of ACM (83-85). Moreover, induced
pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) from
a patient bearing a mutation in PKP2 showed reduced In, (86)
and abnormal Ca™2 dynamics (87). There is also direct evidence
of reduced ID immunoreactive signal for Navl.5 in patients
with ACM (77). These electrophysiological alterations together
with gap junctional remodeling could be responsible for the
highly arrhythmogenic nature of ACM at its early stages. One
possible explanation for these observations is that mutations in
desmosomal proteins could alter the complex interactions that
take place within the ID between the mechanical, electrical and
gap junction components. However, both Navl.5 and Kir2.1
(the major protein responsible for the Ix; current) have SIV
motifs binding to the PDZ domains of the synapse-associated
protein 97 (SAP97). SAP97 silencing seems to regulate Navl.5
and the stoichiometry of Navl.5 and Kir2.1 at the ID (88, 89).
Also, SAP97 together with the ion channel proteins traffic as a
multiprotein complex, suggesting a role for abnormal protein
trafficking in ACM. Decreased immunoreactive signal for SAP97
was observed at the IDs in the myocardium of patients with ACM
as well as two in vitro models of the disease (85). Sarcomeric
signal for SAP97 was retained in the myocardium of patients
with HCM, DCM or ICM although concentrated ID signal was
also lost. Accordingly, loss of immunoreactive signal from both
sarcomeric and junctional pools appears to be a specific feature
of ACM (Figure 2) (85).

A drug screening study in a transgenic zebrafish model of
ACM revealed that one compound, SB216763, a specific inhibitor
of glycogen synthase kinase 3B (GSK3p), prevented all disease
endpoints in this experimental model (85). Moreover, in two
transgenic mouse models of ACM, SB216763 was able to prevent
all clinical and subcellular disease features (90). In agreement
with the work led by professor Saffitz, more recently Padron-
Barthe et al. have recapitulated these results in another in vitro
(iPS) and in vivo (transgenic mouse) experimental models of
non-desmosomal type 5 ACM caused by the expression of
TMEM43 p.S358L mutation (91). In the healthy myocardium,
GSK3pB and its binding partner adenomatous polyposis coli
(APC) show a diffuse cytoplasmic localization. In sharp contrast,
in ACM myocardium, the proteins strongly localize at the IDs.
GSK3p and APC redistribution from the cytosol to the ID was
specific for ACM as it was not observed in other forms of
heart disease including HCM, DCM, ICM, or cardiac sarcoidosis
(Figure 2) (85).

Protein redistribution in the hearts of ACM patients
occurs diffusely throughout the myocardium, preceding gross
histopathologic changes. EMBs from the right side of the septum
would thus show this diagnostic change, increasing the diagnostic
yield of this technique. Not all the protein changes presented in
this section are specific to ACM. Their combination, however,
may represent an unequivocal molecular signature for the
disease. Redistribution of plakoglobin, Cx43, Navl.5, and SAP97
from the ID to the cytoplasm in conjunction with a shift of
GSK3p and APC from the cytosol to the ID appears to be the most
consistent finding in the myocardium of most ACM patients

analyzed to date (Figure 2). More recently, it has been found
that in non-desmosomal ACM caused by the PLN p.Argl4del
mutation, key protein distribution in the heart differs to that
exhibited by classical, desmosomal ACM (92). This indicates that
additional genetic variants may contribute to the phenotypical
heterogeneity of ACM.

Highly informative as this “molecular signature” may be, its
use is still limited by the implicit need for a heart sample. As
mentioned above, EMBs are invasive and risky, tend to be used
as a “last resort” and could not be used to screen potentially
healthy family members of ACM patients. This limitation would
be bypassed if similar diagnostic information could be obtained
from surrogate tissues expressing desmosomal proteins such as
the hair follicles or the skin, particularly the buccal epithelium;
a specialized form of skin that does not require a full thickness
biopsy procedure to be sampled. Some groups have explored this
idea and their findings are covered in the next section.

Protein Markers in Buccal Mucosa Cells
The buccal mucosa consists of non-keratinized stratified
squamous epithelium where cells adhere to one another through
different types of junctional structures. Of these structures,
desmosomes are the ones connecting the keratin intermediate
filaments of adjacent cells creating a 3D array within the entire
epithelium (93). The protein makeup of a desmosome is very
similar between the buccal mucosa and the heart. Buccal cells can
be obtained easily and safely through a non-invasive procedure
and therefore they would represent the ideal surrogate tissue
to study protein redistribution in ACM patients and unaffected
family members at a relatively low cost.

Accordingly, the localization of plakoglobin, desmoplakin,
plakophilin-1 (PKPI; an isoform of PKP2 expressed in the
upper epithelia) and Cx43 was investigated in the buccal
mucosa of 39 patients with a definite clinical diagnosis of ACM
bearing desmosomal gene mutations. Protein localization was
also investigated in 15 family members of the aforementioned
probands, who were bearing ACM-causing variants without
showing clinical evidence of disease. Buccal smears from 40
individuals with no family history or clinical evidence of heart
disease served as negative controls. Cells from 7 individuals with
other forms of cardiomyopathy were used to test the specificity
of the findings (94). Immunoreactive signal for plakoglobin and
Cx43 was reduced in the buccal mucosa of the majority of ACM
patients when compared to healthy controls and individuals
with other forms of heart disease. Interestingly, junctional signal
for these proteins was also decreased in the majority of family
members carrying mutated alleles without showing evidence
of heart disease, suggesting that redistribution of desmosomal
proteins does not necessarily correlate with clinical expression of
the disease.

Another interesting finding in this study was the link between
the reduced junctional localization of specific desmosomal
proteins in the buccal mucosa cells and the mutant gene of
interest. Signal for desmoplakin was reduced in buccal mucosa
cells from patients bearing mutations in DSB DSC2, or DSG2
but not patients bearing mutations in PKP2. Similarly, signal for
PKP1 was reduced in buccal mucosa cells from patients bearing
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mutations in PKP2 but not those with mutations in DSB, DSC2, or
DSG2 (Figure 3). This association becomes even more interesting
if one considers that PKP1 and PKP2 are expressed by different
genes, located on different chromosomes. Yet, they appear to
share common regulatory mechanisms where a mutation in one
isoform expressed in one tissue, can affect the localization of a
different isoform, expressed in a different tissue. Importantly,
when buccal mucosa cells of ACM patients were cultured in
vitro and exposed to SB216763, abnormal protein distribution
for plakoglobin and Cx43 was reversed (94). Similarly to what
was observed in myocardial tissue samples, in buccal mucosa
cells obtained from healthy subjects, there was strong junctional
signal for SAP97 and diffuse cytosolic signal for GSK3p and APC.
Conversely, buccal cells obtained from ACM subjected showed
loss of junctional signal for SAP97 and strong membrane signal
for GSK3p and APC. These findings were consistent in all ACM
cases regardless of the underlying desmosomal mutation causing
the disease (Figure 3).

DCM patients carrying a frameshift mutation in the
FLNC gene, show normal expression for plakoglobin and
reduced expression for DSP, Cx43, and SAP97 in their
buccal cells, indicating a partial overlap of the pathological
cellular phenotype between desmosomal and non-desmosomal
ACM (95). More recently, the initial observation of reduced
plakoglobin expression in the buccal mucosa of ACM patients
carrying a desmosomal mutation was confirmed in another
patient cohort from the Netherlands (96). However, buccal
mucosa cells from ACM patients carrying the R14del mutation in
PLN showed normal plakoglobin expression, pointing at distinct
pathological mechanisms (96).

Despite the non-cardiac origin of buccal mucosa cells, they
show similar pathologic protein distribution to that exhibited by
cardiac myocytes. Buccal mucosa cells could as well represent a
new in vitro model to study disease mechanisms and aid drug
screening for ACM in general and in personalized medicine
to monitor the patients response to a specific treatment.
Confirmatory studies in larger cohorts of ACM patients and
family members are still needed to validate the buccal mucosa
as a source of meaningful information for the diagnosis and risk
stratification in ACM.

Autoantibodies

Antibodies against self-antigens (autoantibodies) are often
detected in the plasma of patients with inflammatory diseases
such as myocarditis and pemphigus. Due to the complexity
of inflammatory diseases, however, the contribution of
autoantibodies to disease progression in these conditions
is incompletely known. Recently, a few studies showed the
potential of autoantibodies in the diagnosis of ACM. Chatterjee
et al. evaluated the presence of antibodies against cardiac
desmosomal cadherin proteins in the sera of a small cohort
of patients with ACM. They identified autoantibodies against
DSG2 in the sera of all the patients with ACM, regardless of
the genetic background, while the autoantibodies were absent
in virtually all the control subjects. The level of anti-DSG2
antibodies correlated with disease burden and caused gap
junction dysfunction (97). Whether this marker is specific for
the diagnosis of ACM is still to be proven in larger cohorts and
in known phenocopies of the disease such as sarcoidosis. The
potential of the autoantibodies in detecting subclinical disease

Plakoglobin

Control

ACM; PKP2 mut

ACM; DSP mut

SAP97 GSK3B

APC

FIGURE 3 | Protein re-distribution in buccal mucosa cells from ACM patients. Representative confocal immunofluorescence images showing loss of PG, Cx43 and
SAP97 membrane signal in buccal cells from ACM patients bearing a mutation in PKP2 or DSP compared to control subjects. Conversely, signal for GSK38 and APC
shifts from cytosolic to junctional pools. The patient bearing a mutation in PKP2 shows loss of PKP1 signal but not DSP while the patient bearing a mutation in DSP
shows loss of DSP signal but not PKP1. Immunoreactive signal of PG, Cx43, PKP1, DSP, SAP97, GSK3B and APC in red; nuclei were counterstained with DAPI in
blue.
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in mutation carriers should as well be explored. Caforio et al.
found anti-heart antibodies and anti-ID antibodies at a higher
frequency in ACM probands, affected relatives and healthy
relatives when compared to non-inflammatory cardiac disease,
ICM or healthy subjects, providing evidence of autoimmunity in
the course of ACM (98). More recently, a combination of four
autoantibodies against a-cardiac actin, a-skeletal actin, keratin,
and Cx43 has been proposed as a highly sensitive and specific
biomarker for Brugada syndrome, irrespective of the underlying
genetic cause. These autoantibodies were absent in sera samples
from patients with ACM, HCM or DCM (99). Although these
findings may have diagnostic potential, extensive confirmatory
studies are necessary before autoantibodies can be adopted as a
novel diagnostic tool for ACM (100).

CONCLUSIONS

ACM is a complex and progressive disease. SCD may occur
in the early stages of the disease in the absence of pathologic
structural changes making diagnosis and risk stratification quite
challenging. Hearts of SCD victims should be examined by expert
cardiac pathologists as a definite post-mortem diagnosis of ACM
can greatly aid cascade screening and management of surviving
family members. Obtaining EMB samples from patients with
equivocal diagnoses is an invasive and risky procedure, and
the histological analysis of such samples has a low diagnostic
yield. Analysis of localization of key protein markers in the
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