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Summary 

Arrhythmogenic cardiomyopathy (AC) is a genetic disease, leading to fibro-fatty replacement 

of the myocardium, which untreated can lead to sudden cardiac death. One of the underlying 

mechanisms of AC is loss of cardiomyocyte cohesion due to mutations in genes coding for 

proteins of the intercalated disc (ICD), such as plakoglobin (PG), desmoplakin (DP), 

plakophilin 2 (PKP2) or desmoglein 2 (DSG2). In this work, several, in part interdependent 

mechanisms that stabilize cardiomyocyte cohesion were investigated. The Jup-/- murine AC 

model (Jup being the gene coding for PG), which shows arrhythmia and fibrosis was used in 

this work. Jup-/- mice had increased epidermal growth factor receptor (EGFR) levels and p38 

mitogen activated protein kinase (p38MAPK) activation. EGFR levels were also increased in 

heart lysates obtained from Pkp2-/- mice, representing another AC model. Furthermore, EGFR 

levels were increased in AC patients’ hearts compared to dilated cardiomyopathy hearts, and 

EGFR localization at the ICD was found in AC patients’ hearts. 

Adrenergic signaling, protein kinase C (PKC) activation, p38MAPK, EGFR, SRC or A 

Disintegrin and Metalloprotease 17 (ADAM17) inhibition led to positive adhesiotropy in HL-1 

cardiomyocytes and wildtype mice, and (apart from adrenergic signaling) also in Jup-/- mice.  

Positive adhesiotropy in HL-1 cardiomyocytes upon adrenergic signaling, PKC activation or 

p38MAPK inhibition was extracellular signal regulated kinase 1/2 (ERK1/2)-dependent under 

basal conditions but not upon hyperadhesion. In all cases but PKC activation, positive 

adhesiotropy in HL-1 cardiomyocytes was paralleled by an ERK1/2-dependent enhanced DSG2 

localization at the membrane. DP localization at the membrane was enhanced upon inhibition 

of EGFR, SRC or ADAM17. In wildtype hearts, enhanced DSG2 and DP staining width at the 

ICD upon EGFR or SRC inhibition was observed, whereas in Jup-/- hearts, only DSG2 was 

enhanced at the ICD upon EGFR or SRC inhibition. Adrenergic signaling, PKC activation or 

p38MAPK inhibition-mediated positive adhesiotropy was dependent on the expression of PG, 

DP and DSG2 as well as ERK1/2 activity. Positive adhesiotropy upon EGFR or SRC inhibition 

was dependent on the expression of DP, but still effective upon Dsg2 knockdown. In contrast, 

positive adhesiotropy upon ADAM17 inhibition was dependent on the expression of Dsg2. 

EGFR inhibition activated the Rho associated kinase (ROCK), and positive adhesiotropy upon 

EGFR inhibition was achieved through ROCK-mediated enhanced desmosomal assembly.  

Together, these findings might not only pave the way to find new treatment options for AC by 

stabilizing cardiomyocyte cohesion, but could also be suited for other diseases with 

dysfunctional desmosomes. 
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1. Introduction 

1.1. Cardiac excitation 

The heart, being “the engine of life” provides the organism with blood and thereby with oxygen. 

Therefore, it is of utmost importance that the human heart can beat correctly and at a desired 

pace to pump a sufficient amount of blood through the cardiovascular system. In the embryo, 

the heart is the first organ that is fully developed and functional (1). Through heart muscle 

contraction during the systole and relaxation during the diastole, blood is pumped into blood 

vessels and finally to the organs. In order to contract, cardiomyocytes, the cardiac muscle cells, 

have to be electrically excited. Cardiac excitation starts at the sinus node, a group of 

spontaneously electrically excited cardiomyocytes in the right atrium (Figure 1). The sinus node 

is the cardiac pacemaker; under resting 

conditions, it sets a frequency of 60-80 

heartbeats per minute by means of electrical 

impulses (2). These then spread across the 

atria to the atrioventricular (AV) node, 

which delays the impulse, ensuring that all 

blood is pumped from the atria into the 

cardiac ventricles. Then, the electrical 

impulse is transmitted via the His bundle to 

the Purkinje fibers, which excite the 

ventricular myocardium, leading to a 

ventricular contraction and blood being 

pumped into the blood vessels. The 

electrical impulses are caused by an electric 

potential existing at cell membranes, which in turn is caused by ion gradients between the 

cytoplasm and the extracellular space, called resting potential (2). A highly orchestrated 

sequence of opening and closing of specific ion channels leads to the generation of an electrical 

signal, the action potential, through depolarization and repolarization of the cardiomyocytes. 

The electrical signal is transmitted from one cell to the next via gap junctions (GJ). The 

translation of the electrical signal into a mechanical contraction of the heart muscle is called 

excitation-contraction coupling (E-C coupling). Increased intracellular Ca2+-levels during the 

systole lead to Ca2+ binding to cardiac troponin, leading to conformational changes and sliding 

of the actin-myosin filaments and thereby contraction of the cardiomyocyte. During the 

diastole, the sarcoplasmic Ca2+ ATPase (SERCA) pumps Ca2+ back into the sarcoplasmic 

Figure 1 - electrical conduction in the heart.  

Electrical impulses are created in the sinus node [1], 

transmitted to the AV node [2] via the atrial myocardium, 

propagated by the His-bundle [3] and finally transmitted to 

the ventricular myocardium via the Purkinje fibers [4].  

This cartoon was created using Biorender.com 
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reticulum (3). The biochemical processes that ultimately result in cardiac contraction are tightly 

controlled since any deviation might potentially cause severe arrhythmias (4).  

Proper cardiac excitation and E-C coupling are only possible when functional cell-cell contacts 

are present. The risk for arrhythmia increases when cardiac excitation is disturbed. Such 

arrhythmias are seen e.g., after myocardial infarction (MI), where arteries supplying the 

myocardium are clogged or blocked by a thrombus, causing hypoxia of the cardiac tissue 

leading to cardiomyocyte injury and death. Unlike most other cell types, cardiomyocytes barely 

divide; the cells only gain in size after birth (5, 6). Consequently, upon injury, such as MI, the 

heart tissue has a limited ability to regenerate. Instead, the injured or necrotic tissue is removed 

and replaced by fibrotic scar tissue. Heart muscle replacement by fibrotic tissue after cardiac 

injury also leads to tissue stiffening, reduced ability to contract, decreased blood ejection and 

increased levels of pro-inflammatory cytokines, which cause more tissue damage, increasing 

the risk of arrhythmia even further (7). 

1.2. Cell-cell contacts in the heart 

Two adjacent cardiomyocytes are linked to each other by the intercalated disc (ICD) which 

consists of adherens junctions (AJ), desmosomes and GJs (8). However, proteins that are not 

part of desmosomes, AJs or GJs are also expressed at the ICD. In total, over 200 proteins have 

been associated with the ICD, such as integrins, adhesion proteins, ligands and ligand receptors, 

such as the β-adrenergic receptor or mechanoreceptors (9, 10). The constituent parts of an ICD 

are briefly explained below and are depicted in Figure 2. 

a. Adherens junctions 

AJ-like structures are expressed in primitive organisms. However, the presence of classic AJs 

is associated with the evolution of metazoa (11). AJs connect the actin cytoskeleton of 

neighboring cells. The actual cell-cell contact is provided by classic calcium dependent 

adhesion proteins, in short cadherins: P-Cadherin, N-Cadherin (N-CAD) or E-Cadherin (E-

CAD). However, in the adult heart, E-CAD and P-Cadherin are usually not expressed (12).  

N-CAD forms homophilic cell-cell contacts, and its cytoplasmic tail is linked to a catenin. The 

group of catenins comprises α-, β-, and γ-catenin, the latter one is also known as plakoglobin 

(PG). The link to the cytoskeleton is provided by further proteins, such as α-actinin or vinculin 

(13). Together with desmosomes, AJs provide cellular cohesion. Unlike in desmosomes, 

cadherins are not densely packed in AJs, leaving space for other transmembrane proteins and 

thereby leading to a more heterogeneous organization (11).  

AJs are crucially involved in embryogenesis; however, loss of AJ components in adulthood can 

also have severe consequences. In mice, loss of N-CAD resulted in embryonic death, whereas 
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N-CAD mutations led to severe embryonic malformations, including cardiac defects (14). 

Cdh2-/- embryonic stem cells (Cdh2 being the gene coding for N-CAD) were not incorporated 

into the heart wall during cardiac formation (15). Not only is N-CAD involved in 

embryogenesis, but it also plays a major role in ICD maintenance: a conditional knockout of 

Cdh2 led to loss of ICDs, spontaneous arrhythmias, impaired cardiac function and resulted in 

sudden cardiac death (SCD) in mice (16). Though expression of E-CAD could rescue the effects 

of an N-CAD loss during embryogenesis or in adult mice, mice expressing E-CAD instead of 

N-CAD in the heart suffered from dilated cardiomyopathy (DCM) with downregulated protein 

levels of connexin 43 (Cx43) and increased hypertrophy (17). Furthermore, upon loss of AJs, 

desmosomal assembly was prevented in keratinocytes (18), underlining the importance of 

proper AJ function and assembly. 

b. Desmosomes 

The word desmosome is derived from the Greek words “desmo” – bond and “soma” – body. 

Evolutionary, desmosomes first appeared in vertebrates and are mostly found in tissues that are 

exposed to mechanical stress (19, 20). Through desmosomal proteins, intermediate filaments 

(IFs) of one cell are connected to the IFs of the neighboring cell. The adhesion of two cells is 

provided through the interaction of two transmembrane desmosomal cadherins: desmogleins 

(DSGs) or desmocollins (DSCs), which interact with each homophilically or heterophilically. 

Cadherin interactions are strictly dependent on Ca2+. Growing keratinocytes in cell culture 

medium without Ca2+ resulted in loss of desmosomal contacts and decreased cellular cohesion 

(21). While in skin four different DSGs (DSG1-4) and three different DSCs (DSC1-3) are 

expressed in a skin layer-specific pattern, in the heart, only DSG2 and DSC2 are expressed. In 

the skin, the expression of DSC1, DSG1 and DSG4 is increased in the upper layers of the 

epidermis (stratum corneum and stratum granulosum) and decreasing towards the lower layers 

(stratum spinosum and stratum basale). In contrast, the expression of DSC2, DSC3 and DSG3 

is increasing towards the lower layers of the epidermis, and DSG2 is only expressed in the 

stratum basale (22, 23). Classical cadherin binding is mediated through the extracellular 

domains of the proteins by a tryptophan-swap, where the tryptophan residue of a desmosomal 

cadherin, i.e. DSG2 is bound by a hydrophobic pocket in the extracellular domain of a 

desmosomal cadherin from a neighboring cell and vice versa (24, 25).  

Through their cytoplasmic tail, desmosomal cadherins bind to armadillo proteins, particularly 

PG and plakophilins (PKPs). However, out of the four PKPs (PKP1-4), only PKP2 is expressed 

in the heart. In the skin, the PKPs also have a layer-specific expression pattern: PKP1 is more 

expressed in the differentiated (upper) layers of the epidermis, whereas PKP2 is only expressed 
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in the lower layers of the epidermis (22). The armadillo proteins are then in turn linked to 

desmoplakin (DP), which anchors the desmosome to the IF, which in cardiomyocytes is usually 

the type III IF protein, also known as desmin (DES). Impaired desmosomes, e.g., caused by 

mutations in genes coding for desmosomal proteins can lead to pathologies of the skin, gut and 

heart (19, 26, 27). 

c. Gap junctions 

The main function of GJs, unlike AJs or desmosomes, is not to provide cellular cohesion but to 

provide communication between cells by allowing the passage of small molecules, which are 

smaller than 1 kDa (13). Each GJ is comprised of two connexons or hemi-channels (one per 

cell), which consist of six connexins, out of which Cx43 is the most expressed in the adult 

ventricular myocardium (28, 29). Through GJs, cardiomyocytes form a functional syncytium. 

By propagating the electrical impulse from one cardiomyocyte to the surrounding 

cardiomyocytes, GJs play a major role in the E-C coupling in the heart (29). 

 

Figure 2 - Structure of the intercalated disc consisting of AJs, desmosomes and GJs.  

This cartoon was created using Biorender.com 

While in other tissues AJs, desmosomes and GJs can be distinctly separated from each other, 

in the heart they are often intermingled and desmosomal, AJ and GJ proteins interact with each 



5 
 

other. Especially desmosomal proteins can also be found at AJs or GJs, leading to the term 

“area composita” (30-32). The fact that a loss of N-CAD in murine hearts led to a loss of AJ 

and desmosomal proteins from the ICD as well as to a reduction in Cx43 protein levels, further 

strengthens the concept of the area composita (16). 

In endothelia and epithelia, in addition to AJs, desmosomes and GJs, there is one more kind of 

cellular junction, namely tight junctions, which regulate barrier permeability and are also 

involved in cellular cohesion. 

1.3. Desmosomal signaling 

Desmosomes were believed to only provide cellular cohesion, but it is now becoming apparent 

that desmosomes can also act as signaling hubs by the so-called outside-in signaling (33, 34). 

This idea is supported by the embryonic lethality of Dsg2-/- and Dsc3-/- mice, which might not 

only be caused by loss of adhesion but also by signaling defects during embryogenesis: these 

embryos die before desmosomes are formed (35-37). Most studies on desmosomal signaling 

were performed in the skin, where expression of the different desmosomal proteins is correlated 

to the proliferative and adhesion requirements as well as the differentiation states of the tissue 

layer. Alterations in cadherin expression, especially cadherin substitutions, can disturb the 

balance between proliferation and differentiation: Overexpression of DSC3, DSG2, DSG3 or 

loss of DSC1 increased proliferation and reduced differentiation, whereas loss of DSG3 reduced 

proliferation (23, 38-40).  

In keratinocytes, DSG1 suppressed the epidermal growth factor receptor (EGFR, also known 

as ErbB1) and downstream extracellular signal regulated kinase 1/2 (ERK1/2) signaling, 

leading to epidermal differentiation (41). In contrast, loss of DSG1 prevented differentiation in 

an ERK1/2-dependent manner and enhanced ErbB and mitogen associated protein kinase 

(MAPK) signaling in keratinocytes (42, 43).  

In human colon or colorectal adenocarcinoma cells, loss of DSG2 reduced proliferation and 

decreased EGFR signaling (44). DSG2 and EGFR interacted in enterocytes and inhibition of 

EGFR signaling in wildtype as well as DSG2-deficient enterocytes was correlated with reduced 

cellular cohesion (45). Similar mechanisms were also observed in squamous cell carcinomas, 

where DSG2 levels were correlated to EGFR protein levels and signaling activity (46). Apart 

from that, DSG2 enhanced p38MAPK signaling in enterocytes (47) and enhanced AKT, 

STAT3, mitogen activated protein kinase kinase 1/2 (MEK1/2) and nuclear factor κB (NFκB) 

signaling in keratinocytes (40). Furthermore, DSG2 interacted with inositol 1,4,5 trisphosphate 

kinase (IP3) in enterocytes, whereas loss of DSG2 reduced phospholipase C (PLC)-IP3 signaling 

(48). Soluble fragments of DSG2 resulting from DSG2 cleavage by matrix metalloproteinases 
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(MMPs) or members of the A Disintegrin And Metalloprotease (ADAM) family members have 

also been shown to be involved in cellular signaling. Soluble DSG2 activated ErbB2/ErbB3, 

which are members of the EGFR family, thereby leading to an activation of AKT, mammalian 

target of rapamycin and MAPK signaling (49).  

RhoA, Rac1 and Cdc42 activity can be enhanced by DSG3 overexpression in human 

keratinocytes, whereas Rac1 inhibition reduced DSG3-induced membrane protrusions, DSG3-

actin interaction and DSG3 localization at cell junctions (50). Furthermore, DSG3 can regulate 

the hippo signaling pathway, whereas a knockdown of DSG3 decreased expression of target 

genes of the hippo pathway protein YAP (51). Apart from that, DSG3 formed a complex with 

SRC and led to SRC activation, whereas loss of DSG3 or its function enhanced p38MAPK 

signaling and activated p53 (52-54). 

Less is known about DSCs in signaling pathways. DSC3 repressed the MAPK/ERK pathway 

in lung cancer cells (55), whereas loss of DSC2 enhanced EGFR and AKT signaling and thereby 

increased cell proliferation (56).  

PKP2 and EGFR interacted in different cell lines, and overexpression of PKP2 resulted in 

increased EGFR activation, dimerization and signaling, leading to increased cell proliferation 

and migration, whereas a knockdown of Pkp2 decreased EGFR signaling (57). Furthermore, 

the interaction of EGFR with ErbB2 was increased upon overexpression of PKP2. These results 

were confirmed in vivo, where treatment of mice with tumors with a short hairpin RNA 

targeting Pkp2 (shPkp2) decreased tumor growth as compared to shCtrl mice (57). Apart from 

that, PKP2 translocated to the nucleus, where it interacted with RNA Polymerase III (58), 

whereas PKP1 interacted with the eukaryotic translation initiation factor 4A1 and thereby 

promoted translation (59). In an adenorectal carcinoma cell line, knockdown of PKP2 or a 

double-knockdown of PKP2 and PKP3 decreased expression of PKP3, PG, DSG2 and DSC2 

and reduced protein kinase C (PKC) activity. In these cells, PKP2 but not PKP3 was found in 

complex with PKC (60). PKP2, either by regulation of RhoA activity and localization or by 

regulation of PKC signaling (or both), was required for the incorporation of DP into 

desmosomes (61, 62). Inhibition of the RhoA effector Rho-associated kinase (ROCK) 

decreased DP incorporation into desmosomes during desmosomal assembly (61). Loss of DP 

increased cell motility via enhanced Rac1 and decreased RhoA activity, and was accompanied 

by enhanced p38MAPK activation, whereas RhoA activation prevented enhanced cell motility 

(63). Knocking down Pkp2 by siRNA in HL-1 cardiomyocytes led to the differential expression 

of several micro RNAs (miRs) via the E2F1 pathway (64), as well as activation of the hippo 

signaling pathway (65). In Pkp2+/- mice or in cardiomyocytes with a Pkp2 knockdown the 
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transforming growth factor β (TGFβ) pathway was activated and led to fibrosis and p38MAPK 

signaling, whereas p38MAPK inhibition by 5Z-7-Oxozeaenol decreased the pro-fibrotic 

response, but not the pro-adipogenic response (66). The transcriptome of Pkp2 conditional 

knockout (cKO) mice revealed over 1000 genes to be differentially regulated. Amongst them, 

the insulin signaling pathway, paracrine signaling pathways and the calcium signaling pathway 

were downregulated (67).  

PG suppressed the signaling of the EGFR effector molecule SRC and subsequently RhoA and 

Rac1 signaling, and thereby increased cellular cohesion and reduced cell motility (68-70). 

Increased PG protein levels in prostate cancer cell lines decreased proliferation and 

invasiveness, enhanced cellular cohesion as well as stabilization of desmosomes through 

enhanced protein expression of DP (68). Furthermore, upon loss of PG, p38MAPK was 

activated (71). PG acted as a tumor suppressor through interaction with the tumor suppressor 

protein p53, thereby regulating p53 transcriptional activity and thus the expression of p53 

targets, particularly members of the 14-3-3 protein family (72). Reduced protein levels of PG 

can be found in different tumors, and are associated with reduced apoptosis in response to 

apoptotic stimuli in keratinocytes through regulation of cytochrome c release from 

mitochondria and thereby regulation of caspase-3 activity, whereas increased expression of PG 

reduced proliferation (73). Increased cytoplasmic levels of PG, e.g., caused by mutations 

leading to a decreased incorporation of PG into desmosomes or AJs, favor a translocation of 

PG to the nucleus, where, due to its high similarity to β-catenin, PG competes with β-catenin 

for its binding partner, the T-cell factor/lymphoid enhancer factor (TCF/LEF) and inhibit Wnt 

signaling. The β-catenin/Wnt signaling pathway will be explained in more detail later (see 

1.5.2.3). Apart from PG, β-catenin/Wnt signaling can also be suppressed by E-CAD, DSC1, 

DSC2, DSG2, PKP2 or DP (40, 44, 56, 65, 74-77). On the other hand, in mice overexpressing 

DSC3 in suprabasal layers, β-catenin signaling was increased (39). In contrast, N-CAD can 

either suppress or enhance β-catenin/Wnt signaling, depending on the cellular context (78, 79). 

In pemphigus vulgaris (PV), an autoimmune disease caused by autoantibodies (IgGs) directed 

against DSG1 and/or DSG3 leading to acantholysis and blistering of skin and mucosa, 

autoantibody binding led to changes in signaling. Binding of PV-IgGs to DSG1 and/or DSG3 

increased intracellular Ca2+-levels, as well as phosphatidylinositol-4 kinase (PI4K) signaling 

via PLC/IP3 and activated the Fas/Fas ligand cell death pathway (80, 81). Furthermore, PV-IgG 

binding activated p53, p38MAPK, ERK1/2 and SRC (52, 82). In turn, p38MAPK activated 

EGFR and inactivated RhoA (81, 83, 84). In murine keratinocytes, decreased nuclear 

localization of PG was observed after PV-IgG treatment, which did not lead to changes in β-
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catenin-mediated signaling, but increased the expression of c-Myc and consequently cell 

proliferation, indicating that PG represses c-Myc transcription (85). Upon epithelial-to-

mesenchymal transition, a so-called cadherin switch often occurs with increased N-CAD 

protein levels leading to an activation of Rho and Wnt signaling (86, 87). 

Together, these data provide evidence that desmosomes do indeed not only provide cellular 

cohesion but that desmosomal components are also involved in signaling processes. 

1.4. Regulation of cellular cohesion 

Wound healing and cell renewal are essential aspects of epidermal tissues. Cellular cohesion 

plays a major role in these processes. In the skin, desmosomes are usually hyperadhesive, which 

describes a Ca2+-independent adhesive state. Upon wound healing, desmosomes leave the 

hyperadhesive state, leading to a decrease in cellular cohesion and tissue remodeling (88). Loss 

of cell cohesion is often found in metastasizing tumors. A reduction in number of desmosomes 

is associated with poor prognosis in cancers through loss of desmosomal adhesion, thereby 

easing the metastatic process. In addition, alterations in signaling mediated by desmosomal 

components were also observed in cancers (89). Since apart from providing cellular cohesion, 

desmosomal cadherins can also be involved in signaling, loss of desmosomal components can 

favor malignancies by increasing proliferation (90). The differential expression of desmosomal 

proteins can lead to changes in signaling of Wnt/β-catenin, EGFR, c-Myc, AKT or changes in 

MMP activity (44, 53, 56, 57, 68, 74-76, 89). Both up- as well as downregulation of 

desmosomal proteins have been found in tumors. 

The layer-specific expression of desmosomal cadherins and armadillo proteins in the skin is 

regulated on a transcriptional level via signaling pathways, such as Notch signaling, Ephrin, 

Wnt signaling, protein kinase A (PKA) or PKC signaling (22, 33). On a post-transcriptional 

level, miRs, long noncoding RNAs and RNA-binding proteins can regulate desmosomal protein 

expression. Furthermore, desmosomal proteins can be subject to posttranslational 

modifications, including phosphorylation, N-glycosylation, O-glycosylation or palmitoylation 

(33, 34, 91). For example, in human keratinocytes SRC phosphorylated PKP3, leading to a 

detachment of PKP3 from DSG3 and subsequently to a weakened cellular cohesion (92). In 

addition, desmosomes and AJs can be internalized upon EGFR signaling or after protein 

shedding by sheddases, such as caspases, MMPs or ADAMs (93, 94).  
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EGF treatment affected cell-cell adhesion in carcinoma cells and led to phosphorylation of 

tyrosine residues of PG and β-catenin, which was later shown to be the consequence of EGFR 

activation (95, 96). Furthermore, tyrosine phosphorylation of β-catenin, PG, E-CAD or p120 

catenin was linked to decreased cellular cohesion by decreasing AJ stability and adhesive 

strength (97). Unspecified cadherins and β-catenin were found in complex with protein tyrosine 

phosphatase µ (PTPµ) in rat hearts. In contrast, PTP inhibition led to an accumulation of 

tyrosine-phosphorylated cadherins and it was suggested that these phosphorylations destabilize 

cellular cohesion (98). One of the mechanisms leading to decreased cellular cohesion upon 

tyrosine phosphorylation of β-catenin is the dissociation of phosphorylated β-catenin from the 

AJs to the cytoplasm (99). Phosphorylation of PG at tyrosine residues 693, 724 or 729 by EGFR 

decreased cellular cohesion by disrupting the desmosomal complex, resulting in a translocation 

of PG to the cytoplasm in keratinocytes as well as in squamous cell carcinoma cell lines, 

whereas EGFR inhibition promoted desmosomal assembly (100-102). Furthermore, PG 

translocation to the nucleus upon its 

phosphorylation at tyrosine residues 

led to a repression of TCF/LEF 

transcription, since PG-TCF/LEF 

complexes do not bind DNA 

efficiently (103). However, through 

interaction with LEF1, PG induced 

Dsc2 gene expression and inhibited 

Dsc3 expression (104). On the other 

hand, tyrosine phosphorylation of 

PG was critical for the development 

of cell junctions in differentiating 

keratinocytes (105).  

By enhancing cellular cAMP levels, 

adrenergic signaling activated PKA, 

which led to phosphorylation of PG 

at S665 and strengthened 

cardiomyocyte cohesion (106). In 

contrast, digitoxin increased 

cardiomyocyte cohesion in an ERK1/2-dependent manner, dependent on PG but independent 

of PG-S665 (107). Furthermore, PKC activation enhanced cardiomyocyte cohesion, whereas 

Figure 3 – Mechanisms known to affect cardiomyocyte cohesion. 

Positive adhesiotropy was induced upon adrenergic signaling, PKC 

activation and digitoxin treatment. SERCA2 inhibition decreased 

cardiomyocyte cohesion. Adrenergic signaling phosphorylated PG 

at S665 and enhanced DSG2 localization at the membrane. DSG2 

localization was also enhanced at the membrane upon PKC 

activation or digitoxin treatment. In the case of digitoxin treatment, 

this effect was dependent on ERK1/2 phosphorylation.  

This cartoon was created using Biorender.com 
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SERCA2 inhibition inhibited it (25). Apart from that, the knowledge on how cardiomyocyte 

cohesion is regulated is limited (Figure 3) (32).  

Since in arrhythmogenic cardiomyopathy (AC) desmosomal turnover is disturbed, it is crucial 

to get a better understanding of the regulation of cardiomyocyte cohesion, as this might provide 

the base for a novel therapeutic approach. 

1.5. Arrhythmogenic cardiomyopathy 

1.5.1. Disease phenotype 

AC is a familial heart disease, the hallmarks of which are inflammation of cardiac tissue, 

arrhythmias and replacement of the myocardium by fibro-fatty tissue with ventricular wall 

thinning to as thin as 1 mm (being described as “paper-thin”), whereas in healthy people, 5-8 

mm is normal (108, 109). First descriptions of a disease resembling AC date to the middle of 

the 1700s by Giovanni Maria Lancisi, whereas more detailed and precise descriptions were 

published in the 1970s (110). In 2010, a task force set new criteria for AC diagnosis: These 

criteria allow a definite (2 major or 1 major and 2 minor or 4 minor criteria), borderline (1 major 

and 1 minor or 3 minor criteria) or possible (1 major or 2 minor criteria) diagnosis of AC. For 

an AC diagnosis, the criteria met by a patient have to belong to different groups out of the six 

criteria categories: I) global and/or regional dysfunction and structural alterations, II) tissue 

characterization of the wall, III) repolarization abnormalities, IV) depolarization or conduction 

abnormalities, V) arrhythmias and VI) family history (111).  

The prevalence of AC is 1:1000-1:5000, men are more often affected than women, and 

depending on the genetic background, the inheritance is autosomal-dominant or recessive. In 

some patients, mutations are found in more than one gene and these patients often have a more 

severe disease manifestation (112). 

In the majority of AC patients, mutations in genes coding for proteins of the desmosome are 

found, which is why AC is considered a disease of the desmosome or the ICD (113). Even 

before causative mutations were identified for AC, alterations in the desmosomal structure were 

observed by electron microscopy (114), and it was hypothesized that the alterations at the ICD 

may be the cause of decreased cell-cell adhesion. In AC patients as well as in different AC 

models with various underlying mutations, shortened and/or fewer ICDs as well as fewer GJs 

were observed (112). To date, several mutations have been classified as causative mutations for 

AC. The corresponding proteins include proteins of the area composita (115-122), ion channels, 

proteins of the sarcoplasmic reticulum and proteins of the nuclear envelope (123-128) (Table 

1). Specific mutations in the genes coding for DP (gene truncation) or PG (deletion of 2 bp; 

JUP2157del2, JUP being the gene coding for PG) lead to cardio-cutaneous phenotypes, in 
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particular the Carvajal syndrome or Naxos disease (129, 130). Apart from that, some mutations 

have been associated with AC, but have not been yet confirmed to be causative for the disease, 

such as mutations in the gene coding for SH3 domain-containing protein 2 (SORBS2), filamin 

C (FLN-C) or mutations in the tight 

junction protein (TJP1) gene, coding for 

zonula occludens 1 (ZO-1). These 

mutations might enhance the 

susceptibility or worsen the outcome of 

the disease (131-133). However, for 30-

40% of AC patients, no underlying 

mutation has been identified. The variety 

of causative mutations of AC shows the 

complexity of the disease and indicates 

that different pathomechanisms might be 

involved. Furthermore, the “one gene-one 

disease” paradigm is being put into 

question since mutations in genes which 

are mutated in AC can also lead to other 

cardiac diseases. Some mutations 

associated with AC have also been found in healthy individuals in population-based genome 

sequencing projects, indicating that these mutations are not necessarily causing AC by 

themselves. Additional factors, such as viral infections, alterations in miR expression, extensive 

physical exercise (in particular endurance activity) or psychosocial stress are involved in AC 

pathogenesis and can aggravate the disease (134-138). Interestingly, in murine studies, it was 

found that moderate physical exercise or voluntary exercise was beneficial in the case of other 

cardiomyopathies and also in some cases of AC (139, 140).  

In the early stages, AC is almost asymptomatic, however, upon disease progression, electrical 

abnormalities visible in the ECG, syncopes and palpitations are observed in addition to 

arrhythmias. Further, morphological changes in the heart in the form of fibro-fatty replacement 

of the muscle tissue take place. Usually fibrosis progresses from the outside (epicardium) to the 

inside (endocardium) of the heart, leading to ventricular wall thinning which favors aneurysmal 

dilatation (141). During the later stages of the disease, cardiomyocytes become hypertrophic 

(142). Cardiac hypertrophy can be a compensatory response at first; however, if sustained for a 

long time, it can lead to heart failure through decompensation, ventricular dilation, fibrosis and 

Table 1 – causative mutations in AC 

Area composita 

proteins 

Other proteins 

• PKP2  

• PG 

• DP 

• DSG2 

• DSC2 

• DES 

• Z-disc protein alpha 

actinin (ACTN2) 

• lim-domain binding 

3 protein (LDB3) 

• N-CAD 

• titin (TT) 

• sodium voltage-

gated channel 

alpha (Nav1.5) 

• ankyrin-B 

(ANKB) 

• human ryanodine 

receptor (RyR2) 

• phospholamban 

(PLN) 

• transmembrane 

protein 43 

(TMEM43) 

• lamin A/C 

(LMNA) 

• transforming 

growth factor-3 

(TGFB3) 

• α-T-catenin 

(CTNNA3) 
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arrhythmias (143). If untreated, AC ultimately leads to increased risk of SCD, especially during 

physical activity (144, 145). However, patients are at risk for SCD even before they feel the 

disease symptoms. So far, only symptomatic treatment options are available, ranging from 

reduction of physical activity, changes in lifestyle, treatment with antiarrhythmic drugs, 

including β-blockers or class III antiarrhythmics, catheter ablation, implantation of an 

implantable cardioverter-defibrillator or heart transplantation (146, 147). A better 

understanding of the underlying causes and the pathomechanisms of AC might be a first step 

towards novel treatment options. 

1.5.2. Pathomechanisms of AC 

1.5.2.1.Arrhythmia 

As obvious from the name, arrhythmias are one of the hallmarks of AC and are one of the first 

symptoms that present themselves in patients with AC (148). Three major aspects contribute to 

arrhythmias in AC: Cx43, Nav1.5 and Ca2+-homeostasis.  

a. Cx43 

Decreased Cx43 expression in cardiomyocytes can (but most not) lead to arrhythmias, whereas 

inducible Cx43-/- mice suffer from fibrosis in addition to arrhythmias, which are potentially 

lethal (149-151). Abnormalities in Cx43 localization have been associated with several 

conditions, such as MI or ischemia-reperfusion injury, but also AC and other cardiomyopathies 

(152). In HL-1 cardiomyocytes, Cx43 expression at the membrane was reduced when cellular 

cohesion was impaired (25). Mislocalization of Cx43 as well as decreased Cx43 expression was 

observed in Boxer dogs, a common AC model, as well as in some AC patients. This 

phenomenon often correlated to a mutation or mislocalization of PG or to PKP2 mutations and 

to altered Cx43 phosphorylation patterns. Furthermore, decreased Cx43 expression or 

mislocalization was observed in cardiomyocytes derived from induced pluripotent stem cells 

(iPSCs) of AC patients with mutations in LMNA or the PKP2c.2013delC, PKP2c.972InsT or 

PKP2c.148del4 mutations, as well as in neonatal rat ventricular myocytes (NRVMs) with a Pkp2 

knockdown, a Dsp knockdown or knockout (Dsp being the gene coding for DP), or the 

Pkp2235C>T or Jup2157del2 mutations (153-168). The decreased Cx43 protein levels in Dsp 

knockdown NRVMs were caused by an ubiquitinylation of Cx43 (168). Reduced Cx43 

expression or mislocalization was also found in several murine AC models: the cardiac-specific 

congenital and inducible Jup-/- mice, Dsg2cKO mice, mice expressing a mutant form of Dsg2 

lacking exons 4 and 5 (Dsg2E4-5), TMEM43S358L mice, as well as cardiac-specific Dsp-/- mice 

(168-180). In heterozygous DPR451G mice, Cx43 localization was decreased slightly but not 

significantly under normal conditions, whereas after transverse aortic constriction, Cx43 was 
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reduced at the ICD (181). Mislocalization of Cx43 was associated with conduction 

abnormalities in Dsg2cKO mice, in Dsg2E4-5 mice and in conditional Dsp+/- mice (159, 173). 

Decreased but normally localized Cx43 protein levels were observed in mice overexpressing 

DSG2 or DSG2N271S (human DSG2N266S correlate). DSG2N271S mice had arrhythmias and 

prolonged QRS complexes, which are a sign of decreased conduction velocity, probably caused 

by reduced sodium currents (182, 183). Prolonged QRS complexes were also observed in 

Dsg2E4-5 mice (173). In cardiac-specific Jup-/- mice, QRS complexes with a lower amplitude 

and prolonged PR intervals were observed (180), however, in inducible Jup-/- mice, no changes 

in the ECG were found (179). In cardiac-specific Jup-/- mice, which have decreased levels of 

DSG2 at the ICD, treatment with a DSG2 linking peptide (DSG2-LP), which stabilizes DSG2, 

led to increased DSG2 localization at the ICD, as well as colocalization of DSG2 with Cx43 

and reduced arrhythmias (175).  

b. Nav1.5 

Mutations in the SCN5A gene, which codes for the voltage-gated sodium channel Nav1.5, have 

been associated with several cardiac diseases, amongst them, DCM, AC and the Brugada 

syndrome, a cardiomyopathy with disturbed ion channels (184, 185). Loss of Nav1.5 reduced 

HL-1 cardiomyocyte cohesion (186). Loss of Cx43 impaired Nav1.5 distribution and function 

(149, 157, 159, 187). Inducible Cx43D378stop mice showed strong arrhythmias which were 

attributed to a mislocalization of Nav1.5. These mice had a high lethality within 21 days of 

knockout induction (188). Knockdown of Dsp by siRNA in HL-1 cardiomyocytes resulted in 

decreased Cx43 as well as Nav1.5 protein levels along with altered ion currents (189). 

Furthermore, PKP2 and DSG2 have each been shown to form a complex with Nav1.5 as well 

as Cx43 in cardiomyocytes (25, 172, 183, 190-192). In HL-1 cardiomyocytes with a lentiviral 

Pkp2-knockdown as well as in Pkp2+/- mice, decreased sodium currents were observed, which 

in the case of HL-1 cardiomyocytes was attributed to a decreased localization of Nav1.5 at the 

membrane (193, 194). The abnormal sodium currents observed in PKP2K859R iPSC-derived 

cardiomyocytes were reversed by inhibiting the glycogen synthase 3 β (GSK3β) using the 

GSK3β inhibitors SB216763 (SB21) or CHIR99021 (195). In HL-1 cardiomyocytes stably 

expressing LMNAQ517X, Nav1.5 protein expression at the membrane was decreased, leading to 

impaired action potentials (196). Changes in ion currents were observed in zebrafish carrying 

the Jup2157del2 mutation and were attributed to an impaired trafficking of ion channels to the 

membrane, as observed in Jup2157del2 NRVMs (170). Furthermore, decreased levels of Nav1.5, 

as well as SAP97, which is responsible for the membrane trafficking of Nav1.5, were observed 



14 
 

in AC patients (153, 170). In DSG2G638R iPSC-derived cardiomyocytes from AC patients, 

sodium currents were decreased along with SCN5A mRNA expression levels (197).  

c. Ca2+-homeostasis 

Proper Ca2+-homeostasis is essential for cardiomyocyte contraction. In AC, Ca2+-homeostasis 

can be affected by altered levels of Ca2+-handling proteins, as seen in Dsg2E4-5 mice, where 

decreased mRNA levels of Pln and Atp2a2 (coding for SERCA2) were observed (142). 

Furthermore, in a PLNR14del murine AC model, changed mRNA splicing of over 200 genes was 

observed, amongst them, genes coding for proteins of the ‘cardiac cell action potential’ cluster 

were enriched (198). Under resting cellular conditions, GJ hemichannels are closed, whereas 

increased intracellular or low extracellular Ca2+-concentrations enhance GJ hemichannel 

opening probability, which can affect electrical conduction and signal propagation (199). RyR2 

and Cx43 can directly interact at the ICD. Increased intracellular Ca2+-levels, together with 

RyR2 activation, led to GJ hemichannel opening (199). In Pkp2cKO right ventricular 

cardiomyocytes, spontaneous Ca2+-sparks, decreased expression of RyR2, increased membrane 

permeability and increased Ca2+-levels in the cytoplasm and mitochondria were observed (67, 

200). Inhibition of Cx43 GJ hemichannel opening by GAP19 in Pkp2cKO right ventricular 

myocytes blunted the effect of the Pkp2 knockout (200). Furthermore, Pkp2cKO hearts had an 

increased susceptibility for arrhythmias paralleled by impaired Ca2+-currents, whereas in 

Pkp2cKO mice with a heterozygous Gja1 knockout (Gja1 being the gene coding for Cx43), Ca2+ 

currents were normalized (200). Apart from that, Pkp2cKO mouse hearts had decreased levels of 

the calcium channel Cav1.2, calsequestrin 2 and ANKB, increased Ca2+-leakage and prolonged 

action potentials (67). In human cardiac mesenchymal stromal cells, decreased levels of PKP2 

led to a dysregulation of the Ca2+-handling machinery with increased levels of SERCA2 and 

calcium/calmodulin-dependent protein kinase II (CAMKII) phosphorylation, whereas Cav1.2 

was decreased (201). 

In AC patients, decreased protein levels of DP led to a downregulation of integrin 1βD, which 

in turn increased phosphorylation of RyR2 at S2030 and thereby led to delayed after-

depolarizations and a spontaneous Ca2+ release from the sarcoplasmic reticulum, especially 

upon adrenergic stimulation (202). SERCA inhibition decreased cellular cohesion by 

decreasing DP and DSG2 localization at the membrane in HL-1 cardiomyocytes (25).  

Dysregulation of Ca2+-signaling and Ca2+-overload in mitochondria led to cardiomyocyte 

apoptosis and necrosis, another hallmark of AC (203, 204). Involvement of mitochondrial 

damage resulting in inflammation and cardiomyocyte death has been hypothesized, but not 

studied extensively in AC pathogenesis (205). Indeed, in Dsg2E4-5 mice, forced exercise in the 
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form of swimming increased inflammation and cardiomyocyte necrosis through increased 

cytosolic Ca2+-levels via mitochondrial dysfunction (144). Furthermore, in cardiac-specific 

Dsp-/- mice, proteins associated with pyroptosis, mitochondria-related apoptosis and 

necroptosis together referred to as PANoptosis, were increased (206). 

1.5.2.2.Apoptosis, necrosis and inflammation  

Post-mortem, cardiac inflammation was observed in up to 70% of AC patients (207). Increased 

apoptosis or necrosis has also been observed in AC patients’ hearts (142, 208-213), AC patient-

derived iPSC-derived cardiomyocytes (177), Jup2157del2 NRVMs, murine AC models, such as 

the cardiac-specific DPR2384H mice, epicardial cell-specific Dsp-/- mice, Dsg2mut/mut mice with a 

premature stop codon, Dsg2E4-5 mice, cardiac-specific Jup2157del2 or Jup-/- mice (12, 115, 144, 

170, 214-218). Similar to changes in the ECG, increased apoptosis and necrosis accompanied 

by inflammation in the heart is an early symptom of AC (182). Apoptosis in AC might be caused 

by inflammatory and pro-apoptotic cytokines (219). On the other hand, necrosis causes 

increased inflammation of cardiac tissue (217) and it is not clear, which occurs first, apoptosis 

or inflammation. 

Immune cell infiltration close to fibrotic areas has been observed in AC boxer dogs, Dsg2E4-5 

mice, Dsg2cKO mice and in Des-/- mice (166, 173, 207, 217, 218, 220-222). Levels of apoptosis 

were positively correlated to fibrosis and immune cell infiltration in AC (223). However, even 

when no immune cell infiltration was present, cardiomyocytes of AC patients secreted 

inflammatory cytokines (224). The levels of interleukin 1β (IL1β), IL6, IL6 receptor (IL6R), 

IL8, monocyte chemoattractant protein 1 (MCP1), macrophage inflammatory protein 1β 

(MIP1β), tumor necrosis factor α (TNFα) as well as TNFα receptor 1 and 2 were increased in 

the blood serum or plasma of some AC patients (225, 226). IL6, TNFα and IL17 decreased PG 

levels at the ICD (225). Plasma levels of C-reactive protein (CRP) were more increased after 

ventricular tachycardia in AC patients as compared to patients with ventricular tachycardia 

without AC (227). Jup2157del2 NRVMs also secreted inflammatory cytokines into the cell culture 

medium (170). Dsg2E4-5 mice had increased levels of IL1α, IL1β, IL2, IL4, IL6, IL6R, IL13, 

TNFα, interferon γ (IFNγ), chemokine (C-X-C motif) ligand protein 5 (CXCL5), CXCL1, 

CXCL13, MCP1, granulocyte-macrophage colony-stimulating factor as well as NFκB in the 

heart (218, 219, 228). NFκB inhibition by Bay 11-7082 reversed the AC phenotype by restoring 

normal protein localization of Cx43 and PG, preventing apoptosis and the secretion of 

inflammatory cytokines in Jup2157del2 NRVMs. Furthermore, NFκB inhibition restored heart 

function, prevented fibrosis and inflammation, and normalized PG, Cx43 and GSK3β 

localization in Dsg2E4-5 mouse hearts (228). Treatment of AC patient-derived Pkp2c.2013delC 
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iPSC-derived cardiomyocytes with Bay 11-7082 alleviated inflammation by reducing cytokine 

production (228). In Jup2157del2 mice and Dsg2mut/mut mice with a premature stop codon, 

inflammation could be prevented by inhibiting GSK3β using SB21 (214). In Dsg2mut/mut mice, 

GSK3β inhibition improved SERCA function (229).  

In Des-/- mice and in some AC patients, the complement system was activated (222, 230). 

Furthermore, circulating levels of acylation-stimulating protein, a product of the complement 

system, were correlated to AC disease severity and increased risk for heart failure (231).  

An autoimmune involvement in AC was already hypothesized in 1989 (114). However, only in 

2018, a first report showed that in AC boxer dogs and some AC patients, anti-DSG2 antibodies 

are present, followed by another study in AC patients showing autoimmune antibodies directed 

against heart and ICD proteins (232-234).  

Altogether, the inflammatory processes and possible autoimmune component link AC to 

granulomatous myocarditis and PV (225). 

1.5.2.3.Fibrosis, adipogenesis, lipogenesis and the Wnt pathway 

Upon disease progression, apoptotic and necrotic areas in the heart are replaced by fibrotic and 

fatty tissue. However, recently, it has been suggested that the shift towards adipogenesis might 

be one of the early drivers of AC (235). Mice with a Dsg2 mutation where no tryptophan swap 

is possible (DSG2-W2A mice) showed increased integrin αV/β6 levels at the ICD, which in 

turn induced TGFβ production and thereby led to fibrosis and arrhythmia (236). One of the 

main mechanisms of adipogenesis and lipogenesis in AC is the Wnt pathway. The Wnt pathway 

is one of the best-studied biological pathways. However, its effect in AC and other cardiac 

pathologies, such as MI, is controversial (1, 8, 237), indicating that a tight regulation of the Wnt 

pathway is necessary. The majority of the data indicate that Wnt pathway inhibition favors the 

progression of AC. Usually, cytosolic β-catenin which is not associated with AJs, is quickly 

degraded. Upon activation of the Wnt signaling pathway, GSK3β is phosphorylated, leading to 

its inactivation. Consequently, β-catenin remains hypophosphorylated, thereby preventing its 

ubiquitinylation and degradation (1, 237, 238). β-catenin translocates to the nucleus and binds 

to TCF/LEF by displacing Groucho. Through interaction with further proteins, such as the 

cAMP responsive element binding protein and BCL9, transcription that was repressed before, 

is activated (1), leading to a transcriptional program that promotes myogenesis and inhibits 

adipogenesis. Therefore, inhibition of the Wnt pathway, thus β-catenin degradation, leads to an 

adipogenic and fibrotic switch in transcription (239-241). Due to its structural similarity to β-

catenin, PG can compete with β-catenin for TCF/LEF binding in the nucleus (238). This way, 
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PG inhibits β-catenin signaling, as PG-TCF/LEF complexes are not as efficient as β-catenin-

TCF/LEF complexes in binding DNA and initiating transcription (238, 242).  

In several AC models, alterations in the Wnt pathway have been found. Mutations, either in 

Jup, or in genes coding for other desmosomal components, such as DP or PKP2, reduced 

incorporation of PG into desmosomes and increased nuclear PG localization. Therefore, PG 

might play a unique role in the pathogenesis of AC, as its expression and localization were 

found to be altered even in AC models or AC patients, where the causative mutation was not in 

the JUP gene (124, 127, 153, 154, 160, 243, 244). In mice, PG overexpression or expression of 

a truncated PG led to nuclear localization of PG, increased fibrosis, adipogenesis, lipogenesis 

and increased mortality, which was attributed to suppressed canonical Wnt signaling (245). In 

Boxer dogs, β-catenin translocated from the ICDs towards the endoplasmic reticulum, and it 

was hypothesized that this decreased Wnt signaling and favored the development of an AC 

phenotype (246).  

In cardiac fibro-adipocyte progenitors, deletion of Dsp increased Wnt signaling, which favored 

the differentiation towards adipocytes (247). In HL-1 cardiomyocytes with a siRNA-mediated 

Dsp knockdown as well as in Dsp-/- or DPR2384H mice, increased adipogenesis or lipogenesis 

and fibrogenesis resulting in an AC phenotype with altered protein localization of PG, DES,  

β-catenin and Cx43 was observed (241, 248). However, in a different Dsp-/- mouse line, no 

changes in PG localization were found, whereas protein levels of DSG2, DSC2, PKP2 and Cx43 

were decreased (171). Decreased β-catenin activation was found in DSG2Q558X mice along with 

an altered miR profile and decreased levels of β-catenin downstream targets c-Fos, c-Myc and 

cyclin D1 (249). Increased GSK3β activation and decreased β-catenin activation was found in 

TMEMS358L mice along with increased apoptosis and could be prevented by GSK3β inhibition 

(174). Two AC patient-derived PKP2-mutant iPSC-derived cardiomyocyte lines, namely 

PKP2c.2484C>T and PKP2c.1841T>C, showed increased lipogenesis. In addition, in PKP2c.2484C>T 

iPSC-derived cardiomyocytes, altered ion currents as well as increased apoptosis, but no 

fibrogenesis was observed (243, 250). Furthermore, treatment of PKP2c.972InsT/N iPSC-derived 

cardiomyocytes with the GSK3β-inhibitor SB21 activated the Wnt pathway, rescued the 

adipogenic phenotype, but did not alter cellular junctions (177). SB21 also improved 

electrophysiological parameters in Jup2157del2 zebrafish. In Jup2157del2 NRVMs and mice, in 

Dsg2mut/mut mice (premature stop codon), as well as in Pkp21851del123 NRVMs, SB21 treatment 

restored the mislocalization of PG and Cx43 (170, 215). Furthermore, SB21 prevented 

apoptosis in Jup2157del2 mice and increased N-CAD localization at cell junctions in Jup2157del2 

NRVMs (214). In PKP2c.354delT as well as in PKP2K859R iPSC-derived cardiomyocytes, PG 
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translocated from the cellular junctions towards the cytoplasm; however, no fat accumulation 

was observed (195).  

In different cardiac-specific Jup-/- mouse lines, β-catenin expression was increased (106, 179, 

180). While in congenital Jup-/- mice, no changes in the nuclear localization of the protein and 

no subsequent changes in the Wnt signaling were observed (180), tamoxifen-inducible cardiac-

specific Jup-/- mice showed increased β-catenin protein levels along with increased Wnt 

signaling (179). Interestingly, Jup-/- mice do not seem to have fatty, but rather only fibrotic 

infiltrates of the cardiac tissue (179).  

In human AC hearts activation of the hippo signaling pathway, a pathway that can inhibit Wnt 

signaling, was found (65). Furthermore, in shPkp2-treated HL-1 cardiomyocytes, changes in 

the hippo signaling pathway were observed, along with increased phosphorylation of  

β-catenin and decreased Wnt signaling activity (65). On the other hand, in another study, 

utilizing shPkp2-treated HL-1 cardiomyocytes, no changes in Wnt or hippo signaling were 

found. Instead, changes in the miR expression pattern were observed and loss of miR-184 was 

found to be a driver of pro-lipogenic transcription (64). Increased lipogenesis was also observed 

in DSG2N271S mice, though PG localization appeared normal (182). Taken together, these data 

indicate that adipogenesis and lipogenesis must not necessarily be related to changes in Wnt or 

hippo signaling.  

Altogether, abnormalities in ion channel distribution, decreased cellular adhesion and increased 

fibro-fatty infiltrations (which do not conduct the cardiac excitation) lead to reduced and 

heterogeneous conduction. Finally, the “precision machine” heart (the engine of life) no longer 

functions properly: the stage is set for severe and life-threatening arrhythmias in AC patients 

(Figure 4). 
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Figure 4 - Mechanisms of AC, adapted from (141). 

1.6. The role of PKA, p38MAPK, ERK1/2, PKC, EGFR and ADAM17 in 

the heart  

As mentioned above, in keratinocytes and enterocytes, several pathways are known to influence 

cellular cohesion, including PKA, EGFR, PKC and the MAP kinases p38MAPK and ERK1/2. 

Furthermore, MMPs or ADAMs are known to be involved in cellular cohesion by shedding of 

adhesion molecules or release of transmitters which activate or repress signaling pathways. 

Since desmosomes can serve as signaling hubs, and in AC desmosomal contacts are disturbed, 

desmosomal signaling might also be affected in AC. Furthermore, signaling pathways can affect 

desmosomal composition. Therefore, to get a better understanding of the underlying 

mechanisms of AC it is crucial to investigate signaling pathways that regulate desmosomal 

cohesion. Since this work focuses on the role of PKA, p38MAPK, ERK1/2, PKC, EGFR and 

ADAM17 in cardiomyocyte cohesion, the next sections contain a brief introduction to the role 

of these proteins especially in the heart as well as on cellular cohesion in other tissues. So far, 

only an involvement of PKA and PKC in the regulation of cardiomyocyte cohesion was 

reported (10, 106). 
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1.6.1. PKA 

Upon binding of catecholamines to the β-adrenergic receptor in the heart, which is a  

G-protein coupled receptor (GPCR), its G-protein subunit is released into the cytoplasm and 

activates adenylyl cyclases which convert cellular ATP to cAMP, the main activator of PKA 

signaling (251). The central role of cAMP signaling via PKA in the heart is to control E-C 

coupling upon adrenergic stimulation (252). In this aspect, cAMP signaling is involved in the 

regulation of inotropy (contraction force), chronotropy (contraction rate) and lusitropy (ability 

to relax) by regulating Ca2+-handling proteins and the contractile apparatus (253, 254). Loss of 

PKA renders cardiomyocytes irresponsive to adrenergic signaling, but also leads to a slight 

dysregulation of Ca2+-handling without cardiac adverse effects (255). Apart from regulating E-

C coupling, PKA signaling in the heart also affects apoptosis, mitochondrial homeostasis and 

gene transcription (252). A cardiotoxic role of PKA activation especially upon MI, ischemia or 

during hypertrophy has been well established (251). Apart from that, PKA was found to be 

involved in diabetic cardiomyopathy, Takutsobo cardiomyopathy as well as anthracycline-

induced cardiomyopathy (251). On the other hand, nuclear and cytoplasmic PKA signaling 

might have opposite effects, since nuclear PKA activity favors, whereas cytoplasmic PKA 

signaling inhibits hypertrophy (256, 257). Furthermore, PKA can phosphorylate and thereby 

inhibit GSK3β, which in turn enhanced Gja1 mRNA levels in murine hearts upon MI (258). 

Besides, myocardial injury following MI is milder when cAMP levels are elevated prior to MI 

by β-adrenergic agonists, adenylyl cyclase activators or phosphodiesterase (PDE) inhibitors 

(251). 

The β-adrenergic receptor, which is the main activator of PKA signaling in the heart, has been 

shown to be localized at the ICD (10), thus misassembled ICDs might affect adrenergic 

signaling in the heart. In fact, adrenergic signaling induced positive adhesiotropy in 

cardiomyocytes, however was not effective to induce positive adhesiotropy in the absence of 

PG (106). Nevertheless, adrenergic signaling reduced arrhythmias in HL-1 cardiomyocytes 

with a siRNA-mediated Jup knockdown, indicating that adrenergic signaling can affect GJs in 

the absence of PG (25). Conversely, cholinergic signaling induced by acetylcholine (ACh) 

decreased cardiomyocyte cohesion via a phosphatidylinositol-3 kinase (PI3K)-AKT axis and 

prevented adrenergic signaling-mediated PG phosphorylation and positive adhesiotropy (259).  

1.6.2. p38MAPK and ERK1/2 

In siJUP keratinocytes, where p38MAPK activation was increased, inhibition of p38MAPK 

enhanced cellular cohesion, whereas it was ineffective in siDSP keratinocytes (71). 

Furthermore, inhibition of p38MAPK prevented loss of cell cohesion in keratinocytes treated 
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with mucosal PV-IgG (m-PV-IgG, containing autoantibodies targeting DSG3), mucocutaneous 

PV-IgG (mc-PV-IgG, containing autoantibodies targeting DSG1 and DSG3), or pemphigus 

foliaceus IgG (PF-IgG, containing autoantibodies targeting DSG1) (260). Increased p38MAPK 

or ERK1/2 activity in the heart seems to be a two-sided sword. ERK1/2 inhibition protected 

mice against ischemia/reperfusion injury by reducing cardiac inflammation, as well as 

cardiomyocyte apoptosis and autophagy (261). Increased ERK1/2 activity is involved in 

hypertrophic cardiomyopathy, maladaptive hypertrophy in response to anthracycline treatment 

and in adaptive cardiac hypertrophy e.g., upon cardiac stress to prevent apoptosis and cardiac 

injury. ERK1/2 downregulation has been suggested to favor the transition to maladaptive 

hypertrophy during pressure overload and subsequent heart failure (262). In mice expressing 

constitutively active MEK1, the upstream kinase of ERK1/2, increased hypertrophy was 

observed. Interestingly, these mice showed increased resistance to cardiac apoptosis (143), 

indicating that the role of ERK1/2 in cardiomyocytes is rather complex. It has been suggested 

that ERK1/2 signaling mediates hypertrophy, whereas p38MAPK is more associated with 

apoptosis during post-MI remodeling of the heart (263). After ischemia-reperfusion injury as 

seen after MI, p38MAPK was activated and induced apoptotic pathways, whereas inhibition or 

knockout of p38MAPK, especially the main cardiac isoform p38MAPKα, reduced apoptosis, 

cardiac hypertrophy and fibrosis (264-267). In a pacing-induced heart failure model in rabbits, 

phosphorylation of p38MAPK was significantly increased along with fibrosis and hypertrophy 

and was correlated to the number of apoptotic cells (268). On the other hand, a cardioprotective 

role of p38MAPK upon MI was shown in rats (269). Inhibition or a cardiac-specific knockout 

of p38MAPKα induced hypertrophic cardiomyopathy with reduced cardiac function, and the 

severity of the cardiomyopathy was correlated to the degree of p38MAPK inhibition (270). 

Furthermore, under certain conditions, e.g., after anoxic preconditioning, p38MAPK activity 

was anti-apoptotic in cardiomyocytes (271). On the other hand, in diabetic mice suffering from 

diabetes-induced cardiac dysfunction or diabetic cardiomyopathy, p38MAPK activation was 

increased in the heart, accompanied by hypertrophy and increased apoptosis. In contrast, 

inhibition or knockdown of p38MAPK reduced hypertrophy, apoptosis and reduced 

inflammatory cytokine levels, leading to cardioprotection (272-275). In hearts explanted from 

patients with DCM, kinase activities of p38MAPK, SRC, ERK, c-Jun, JNK, BMK1 and 

p90RSK were upregulated (276). In PKP2 or DP-deficient NRMVs, TGFβ was upregulated and 

led to the transcription of pro-inflammatory and pro-fibrotic genes via p38MAPK signaling, 

whereas p38MAPK inhibition prevented the changes in gene expression (66). All in all, data 

indicate that different pools or isoforms of p38MAPK might have different functions in the 
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heart, and that the activity of these kinases needs to be tightly regulated to hold the balance 

between their cardioprotective and cardiotoxic effects. Given the role of ERK1/2 and 

p38MAPK in regulation of cell cohesion in other cell types, these proteins might be of interest 

in regulation of cardiomyocyte adhesion. 

1.6.3. PKC 

The PKC family consists of three major groups of PKCs which were classified by the 

mechanism that activates their signaling: a) classical PKCs, which are activated by Ca2+ and 

diacylglycerol (DAG), b) novel PKCs, which are activated only by DAG, independent of Ca2+ 

and c) atypical PKCs, which are independent of both, Ca2+ and DAG (277). Knockout of a 

specific PKC isozyme can lead to the compensatory upregulation of other PKC isozymes (277). 

Depending on the isozyme in question and the physiological context, PKC signaling can be 

cardioprotective or cardiotoxic. Upon ligand binding, PKCs translocate to the cytoplasm where 

they are directed to specific target sites through receptors of C kinase proteins (278).  

PKC activation is associated with the cardiac inflammatory response, whereas PKC inhibition 

reduced the secretion of inflammatory cytokines in the heart (277, 279, 280). Furthermore, PKC 

isozymes differentially regulate MMPs or ADAMs, and thereby affect extracellular matrix 

composition, adhesion molecules, as well as the secretion of membrane-bound mediators into 

the extracellular space (281-283). Cardiac fibrosis is differentially regulated by PKC isozymes 

in the heart (284-287). Inhibition of PKCα and PKCβ one week post-MI improved cardiac 

function (288). Aberrant PKCα or PKCβ activity induced cardiomyocyte hypertrophy via 

ERK1/2 and enhanced protein synthesis (278, 289, 290), whereas PKCε activity was associated 

with compensated hypertrophy without heart failure (291). Overexpression of PKCβ or its 

constitutive activity led to cardiomyopathy resembling diabetic cardiomyopathy (292). PKCθ 

inhibition ameliorated diabetic cardiomyopathy in mice by reducing fibrosis (293). On the other 

hand, PKCθ-knockout in mice led to a phenotype resembling DCM with cardiomyocyte 

hypertrophy and apoptosis, cardiac fibrosis and cardiac dysfunction (294). Inhibition of PKCε 

resulted in a potentially lethal cardiomyopathy that resembled DCM (295). Furthermore, 

cardiomyocyte-specific expression of an inhibitory protein fragment for PKCδ decreased 

SERCA protein levels and resulted in lethal myofibrillar cardiomyopathy in mice (296). Apart 

from that, novel PKC activation is involved in ischemic preconditioning, through which the 

heart is partially protected from ischemia-reperfusion injury, whereas inhibition of novel PKCs 

abolished the cardioprotectiveness of ischemic preconditioning (297-300). 

In AC patients, PKC protein levels were decreased, which was also observed in murine AC 

models, where PKC localization at the ICD was reduced compared to wildtype mice (65). 
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Decreased PKC levels were also observed in shPkp2-treated HL-1 cardiomyocytes, leading to 

an activation of the hippo signaling pathway, since PKC inhibits the hippo signaling pathway 

through phosphorylation of NF2 and Merlin (65). Furthermore, PKC activation induced 

positive adhesiotropy in HL-1 cardiomyocytes (25) and might therefore be of interest in AC. 

1.6.4. EGFR  

The EGFR family consists of four receptor tyrosine kinases: EGFR, ErbB2, ErbB3 and ErB4. 

EGFR can be activated by several ligands, including EGF, amphiregulin, heparin-bound EGF 

(HB-EGF), TGFα, betacellulin or epiregulin. These ligands are expressed as transmembrane 

precursors and are cleaved by ADAMs or MMPs (301). Upon ligand binding, EGFR dimerizes, 

leading to its autophosphorylation and subsequent signaling events through phosphorylation or 

binding of signaling effectors (302). EGFR activation can also occur independently of ligand 

binding by transactivation; then other proteins, such as angiotensin II (Ang II), the death 

receptor 5, PKC or the β-adrenergic receptor activate EGFR (303-307).  

Proteins of the EGFR family are crucial during embryogenesis and knockout or mutation of 

either one member of the EGFR family led to severe, sometimes lethal cardiovascular defects 

(308). The role of EGFR in adult cardiomyocytes is complex. EGFR signaling decreased 

cardiomyocyte apoptosis and was needed for proper cardiac contractility, ischemic 

preconditioning and was protective during ischemia-reperfusion injury or adrenergic signaling-

induced cardiac damage, whereas EGFR inhibition or mutation led to myocardial dysfunction 

(309-312). Mice with a cardiac-specific EGFR knockdown first seemed healthy; however, 

cardiac function decreased starting from the age of nine weeks with subsequent cardiac 

remodeling at the age of ten months. However, chronic adrenergic stimulation rescued cardiac 

function without leading to hypertrophy. Furthermore, these mice had alterations in  

Ca2+-homeostasis through decreased PLN and cardiac troponin C phosphorylation. Untreated, 

these mice had a median survival of 13 months (313). EGFR transactivation by the cardiac 

death receptor 5 led to hypertrophy without fibrosis or apoptosis in mice (303). Vascular and 

cardiomyocyte-specific Egfr knockout mice had increased inflammation, fibrosis, hypertrophy 

and increased lethality (314). EGFR was involved in morphine-induced protection from 

ischemia-reperfusion injury in rats and treatment with EGF showed similar effects as morphine 

(315). Chronic exposure of mice to the EGFR inhibitors EKB-569 and AG1478 increased 

cardiac fibrosis, especially in female mice (316). Apart from that, EGFR downregulation 

decreased cardiac function in mice and led to hypertrophy, interstitial fibrosis, altered Ca2+-

homeostasis and ultimately to death. EGFR inhibition-sensitive changes in cytokine expression 

upon adrenergic stimulation were mainly attributed to cardiac fibroblasts (317). After MI, 
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cardiac EGFR expression was increased, however, enhanced EGFR protein levels were mainly 

found in fibroblasts rather than in cardiomyocytes (318). In mice, EGFR inhibition by gefitinib 

prevented cardiomyocyte apoptosis, hypertrophy and expression of inflammatory cytokines 

induced by chronic isoprenaline treatment, but did not affect fibrosis, whereas gefitinib 

treatment alone, similar to isoprenaline, induced fibrosis (317). However, opposite results were 

obtained when subjecting mice chronically treated with isoprenaline to erlotinib (307). Deletion 

or mutation of ErbB2, another member of the EGFR family, led to DCM in mice and decreased 

survival after pressure overload and increased sensitivity to anthracycline-induced 

cardiomyocyte injury (301, 319). In diabetic rats, EGFR protein levels were increased and led 

to vascular dysfunction. In contrast, acute EGFR activation protected the heart from ischemic 

injury, whereas EGFR inhibition worsened cardiac function (320). On the other hand, EGFR 

and ErbB2 inhibition by lapatinib or inhibition of EGFR alone by AG1478 attenuated diabetes-

induced vascular dysfunction and reversed the diabetes-induced changes in gene expression as 

well as the increase of NFκB, ROCK, and ERK1/2 protein levels and activity (321-323). 

Furthermore, in diabetic mice or mice with diabetic cardiomyopathy, EGFR inhibition 

ameliorated cardiac fibrosis, endoplasmic reticulum stress and endothelial dysfunction, reduced 

cardiac remodeling, hypertrophy as well as myocardial injury, cardiomyocyte apoptosis, 

reactive oxygen species generation, oxidative damage and restored SERCA2a localization 

(324-326). Furthermore, EGFR inhibition protected the heart from ischemia-reperfusion injury 

by reducing inflammation, apoptosis, fibrosis, and endoplasmic reticulum stress in a diabetic 

setting (327). EGFR inhibition also prevented obesity-induced cardiac fibrosis, injury and 

inflammation in mice, thereby attenuating hyperlipidemia-induced cardiomyopathy (328). 

Overexpression of ErbB2 led to hypertrophy, fibrosis and increased lethality in response to 

adrenergic signaling, whereas lapatinib-treatment reversed the ErbB2 effects (329). Enhanced 

EGFR signaling through overexpression of HB-EGF accelerated cardiac fibroblast proliferation 

and enhanced cardiomyocyte hypertrophy, whereas overexpression of HB-EGF two or four 

weeks after MI increased fibrosis and apoptosis (330). EGFR activation was observed after MI 

in mice, whereas silencing of amphiregulin reduced EGFR activation and improved cardiac 

function by reducing fibrosis but not apoptosis (331). Inhibition of ADAM12, an ADAM that 

can transactivate EGFR through HB-EGF shedding, prevented cardiac hypertrophy by 

decreasing EGFR signaling (332). Reduced EGFR protein levels were associated with reduced 

fibrosis in healthy mice and reduced pressure overload-induced cardiac dysfunction (333). 

Furthermore, EGFR signaling was associated with renal fibrosis, whereas EGFR inhibition 

decreased renal inflammation (334, 335). EGFR inhibition protected cardiomyocytes against 
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aldosterone-induced damage (336). Ang II via EGFR signaling induced cardiac fibrosis, 

inflammatory cytokine production and hypertrophy, whereas SRC inhibition, EGFR inhibition, 

downregulation or mutation, or mutation of the Ang II receptor lacking the ability to 

transactivate EGFR, reduced these effects (337-341). Though mice with mutated EGFR showed 

remodeling upon aldosterone treatment, they were protected from aldosterone-induced 

endothelial dysfunction (342). Furthermore, erlotinib treatment prevented abdominal aortic 

aneurysm formation as well as hypertrophy, fibrosis and upregulation of IL6 and TGFβ in mice 

upon treatment with Ang II and β-aminopropionitrile (343). In rats treated with ACh, cardiac 

fibroblast proliferation and collagen content was increased through nicotinic ACh receptor 

(nAChR) signaling via EGFR, whereas inhibition of nAChR signaling decreased fibrosis, 

reduced EGFR phosphorylation and ameliorated cardiac function in rats with pulmonary 

hypertrophy (344). Altogether it seems that EGFR signaling needs to be tightly controlled in 

the heart since its dysregulation leads to cardiovascular pathologies (345). Since EGFR 

inhibition affected keratinocyte cohesion, and EGFR is regulated in several cardiac pathologies, 

regulation of EGFR activity might be of interest in the pathogenesis of AC. 

1.6.5. ADAM17  

Dysregulation of ADAM17, also known as TNFα converting enzyme (TACE), is involved in 

several diseases, including cardiovascular or renal pathologies, cancers, acute pancreatitis, 

inflammatory and autoimmune disorders, nervous system disorders or liver diseases (346-350). 

ADAM17 can be activated by GPCRs, PKC, p38MAPK or other ADAMs or MMPs (346, 351). 

Ang II increased ADAM17 protein levels and activity in murine hearts via p38MAPK (352). 

Furthermore, Ang II-mediated EGFR effects can be modulated by ADAM17 (353). ADAMs 

and EGFR can be activated by cholinergic signaling, which is also known to reduce cellular 

cohesion in cardiomyocytes (259, 344, 354). 

Over 80 substrates of ADAM17 have been identified so far, including proteins that mediate cell 

adhesion, but also EGF, TNFα, IL6 and other cytokines, IL6R and the β-adrenergic receptor 

(302, 335, 347, 351, 355).  

Mice with reduced ADAM17 protein levels were more susceptible to inflammatory bowel 

disease (IBD) and developed atherosclerosis through defective EGFR or TNFα receptor 2 

signaling (356, 357). Apart from that, these mice had cardiac hypertrophy, opaque eyes and 

waved hair follicles (357). In line with that, ADAM17 loss of function mutations were associated 

with a phenotype resembling inflammatory skin and bowel disease, as well as ventricular 

dilation, with increased DSG2 expression in keratinocytes and decreased TNFα production 
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(358, 359). Furthermore, cardiomyocyte-specific Adam17 knockdown mice developed 

cardiomyopathy and had suppressed angiogenesis after MI and decreased survival rates (360). 

On the other hand, after acute MI as well as in patients with myocarditis, ADAM17 and TNFα 

levels were increased and were correlated to in-hospital complications or severity of 

myocarditis (361-363). Furthermore, ADAM17 inhibition reduced fibroblast migration in vitro 

and reduced fibrosis and improved cardiac function after acute MI in vivo (364). ADAM17 is 

involved in cardiac hypertrophy, whereas miR or shRNA-mediated knockdown of Adam17 

decreased hypertrophy (365). Inhibition or deletion of ADAM17 protected mice from EGFR-

mediated kidney fibrosis upon acute kidney injury and reduced inflammation upon renal injury 

in mice, whereas in patients with chronic kidney disease, ADAM17 was upregulated (366). 

Increased ADAM17 protein levels were found in murine diabetic hearts, whereas a 

cardiomyocyte-specific knockout of ADAM17 improved cardiac function and remodeling in 

diabetic mice and reduced cardiomyocyte apoptosis (367). In patients with DCM or 

hypertrophic obstructive cardiomyopathy, increased ADAM17 and TNFα levels were 

observed, whereas protein levels of tissue inhibitor of metalloproteinases 3 (TIMP3), an 

inhibitor of ADAM17, were decreased (368, 369). Furthermore, TIMP3 deficiency led to DCM 

with impaired cardiac function, hypertrophy and increased soluble TNFα levels, as well as to 

heart failure or interstitial renal fibrosis (370-372). Simultaneous inhibition of MMPs and TNFα 

prevented heart failure in TIMP3-deficient mice (372). TIMP3 overexpression reduced tissue 

damage and mortality after ischemia-reperfusion injury or doxorubicin-induced cardiac injury 

by decreasing infarct size and cardiomyocyte apoptosis via inhibition of MAPK signaling (373). 

Increased ADAM17 mRNA and protein levels were observed in two week old Dsg2E4-5 mice, 

whereas in adult mice ADAM17 levels were comparable to wildtype mice (218). 

All in all, these data suggest that a basal activity of ADAM17 is needed for physiological tissue 

homeostasis, whereas overexpression or increased ADAM17 activity can favor pathologies. 

Given that ADAM17 is upregulated in several cardiovascular pathologies as well as in hearts 

of two week old AC mice and can shed DSG2 and TNFα, inhibition of ADAM17 might be 

beneficial in AC. 

Together, these data show that PKA, PKC, p38MAPK, EGFR or SRC signaling as well as 

ADAM17 activity are involved in several cardiac pathologies and in some cases have already 

been associated with AC or with regulation of cellular cohesion. Regulating the activity of these 

proteins might affect cardiomyocyte cohesion and might thereby be beneficial in AC. 
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2. Aims of the thesis 

Arrhythmogenic cardiomyopathy (AC) is a genetic disease, that untreated can lead to sudden 

cardiac death, which in some cases occurs even before patients felt symptoms of the disease. 

The hallmarks of AC are arrhythmia, fibro-fatty replacement of the myocardium and cardiac 

inflammation. Mutations in genes coding for proteins of the desmosome can cause AC through 

destabilization of cardiomyocyte cohesion and changes in ion channel localization. To date, 

treatment possibilities for AC are only symptomatic treatment options, such as changes in 

lifestyle, antiarrhythmic drugs, implantable cardioverter-defibrillators, or heart transplantation. 

To improve quality of life, it is crucial to find treatment options that go beyond symptomatic 

treatment and prevent disease progression. Since strengthening cardiomyocyte cohesion might 

improve the AC phenotype, in this study, mechanisms to strengthen cardiomyocyte cohesion 

were assessed in HL-1 cardiomyocytes and in Jup-/- mice, representing an AC model. 

Modulation of signaling pathways in AC is of interest, especially since desmosomes do not 

only provide cellular cohesion but can also regulate cellular signaling by serving as signaling 

hubs. After identifying signaling pathways which increase cellular cohesion in cardiomyocytes, 

the underlying mechanisms of enhanced cardiomyocyte cohesion will be investigated. These 

possibilities to strengthen cardiomyocyte cohesion can pave the way for finding new 

therapeutical approaches of AC beyond symptomatic treatment. Furthermore, the findings can 

also be of interest for other cardiac pathologies and other diseases caused by dysfunction of 

desmosomes with which AC shares common aspects. 
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3. Discussion 

Impaired desmosome turnover which weakens cellular cohesion is one of the drivers of AC 

leading to arrhythmia, cardiac injury, fibrosis and adipogenesis. Therefore, in order to find 

therapeutic options beyond symptomatic treatment for AC, it is necessary to get a better 

understanding of desmosomal adhesion which is crucial for cardiomyocyte cohesion. In this 

work, several, in part interdependent mechanisms regulating cardiomyocyte cohesion were 

discovered and are summarized in Figure 5. These findings might pave the way in finding new 

therapeutic approaches for AC beyond symptomatic treatment. 

 

Figure 5 – mechanisms regulating cardiomyocyte cohesion.  

Activation of adrenergic signaling and PKC induced positive adhesiotropy. Furthermore, inhibition of p38MAPK, 

EGFR or ADAM17 also enhanced cardiomyocyte cohesion. Positive adhesiotropy upon adrenergic signaling, PKC 

activation and p38MAPK inhibition was dependent on ERK1/2. EGFR inhibition-mediated positive adhesiotropy 

was mediated through enhanced desmosomal assembly dependent on ROCK activity. In contrast, ADAM17 

inhibition did not lead to enhanced desmosomal assembly. Apart from that, p38MAPK inhibition prevented the 

AC autoantibody-mediated loss of cardiomyocyte cohesion.  

Greyed out parts of the image show what was known before (left) or what was shown by other lab members (DSG2 

cleavage through autoantibodies, right).  

This cartoon was created using Biorender.com 

In this work, Jup-/- mice were utilized as a murine AC model. Jup-/- mice show extensive fibrosis 

already at the age of six weeks (13, 374). Furthermore, these mice have arrhythmia, decreased 

levels of DSG2 at the ICD and increased β-catenin protein levels (106, 175, 179, 180, 374). 

While the knockout of either, Jup or Ctnnb1 (coding for β-catenin) is not lethal, a conditional 

knockout of both genes led to conduction abnormalities, severe arrhythmia, ICD disassembly 

and SCD in mice (375).  
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In the current thesis, it was shown that Jup-/- mice have increased EGFR protein expression and 

increased p38MAPK activation compared to wildtype littermates, indicating a possible 

involvement of these signaling pathways in the pathogenesis of AC. Furthermore, in heart 

lysates obtained from Pkp2-/- mice, increased EGFR levels were found. Increased EGFR protein 

levels were also observed in samples obtained from the left atrium of AC patients as compared 

to samples from patients with DCM. The effectiveness of several pathways enhancing 

cardiomyocyte cohesion, termed positive adhesiotropy, was assessed. As shown before (25, 

106), adrenergic signaling via PKA, induced by Forskolin and Rolipram (F/R, Forskolin being 

an adenylyl cyclase activator and Rolipram a PDE4 inhibitor) or isoprenaline (a β-adrenergic 

agonist), as well as PKC activation by phorbol 12-myristate 13-acetate (PMA) led to positive 

adhesiotropy in HL-1 cardiomyocytes and in wildtype mice, and PKC activation was also 

effective to enhance cardiomyocyte cohesion in Jup-/- mice. Inhibition of p38MAPK by 

SB202190 (SB20), inhibition of EGFR by erlotinib, inhibition of SRC by PP2 or inhibition of 

ADAM17 by TAPI-1 induced positive adhesiotropy in HL-1 cardiomyocytes, in wildtype mice 

and in Jup-/- mice. Positive adhesiotropy was paralleled by enhanced DSG2 localization at the 

membrane of HL-1 cardiomyocytes in all cases apart from PKC activation. Furthermore, DP 

localization was enhanced at the membranes upon inhibition of EGFR, SRC or ADAM17. The 

enhanced localization of DSG2 as well as DP at the ICD was confirmed in wildtype cardiac 

slice cultures upon inhibition of EGFR or SRC, whereas in Jup-/- cardiac slice cultures, only 

DSG2 was increased at the ICD after EGFR or SRC inhibition. Apart from that, in HL-1 

cardiomyocytes, adrenergic signaling, PKC activation and p38MAPK inhibition induced 

desmosome hyperadhesion independent of ERK1/2 activity. In HL-1 cardiomyocytes, positive 

adhesiotropy mediated by adrenergic signaling, PKC activation or p38MAPK inhibition was 

dependent on the expression of PG, DP and DSG2 as well as ERK1/2 activity. ADAM17 

inhibition-induced positive adhesiotropy was dependent on the expression of DSG2 (the other 

desmosomal components were not assessed). Positive adhesiotropy upon inhibition of EGFR 

or SRC was only dependent on the expression of DP, but was still effective upon knockdown 

of Dsg2. Erlotinib-mediated positive adhesiotropy was achieved through enhanced desmosomal 

assembly, which was dependent on EGFR inhibition-mediated ROCK activation. In contrast, 

positive adhesiotropy upon ADAM17 inhibition was not mediated by enhanced desmosomal 

assembly.  

3.1. The role of desmosomal proteins in cardiomyocyte cohesion 

Cellular cohesion is provided by desmosomes and AJs, the components of which intermingle 

in the heart, reflected by the term area composita (30, 31). Therefore, a deficiency or mutation 
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of components of cellular junctions can destabilize tissue integrity through weakened cellular 

cohesion. However, siRNA-mediated knockdowns of Dsg2, Jup or Dsp in HL-1 

cardiomyocytes did not alter cellular cohesion, as observed before (259). This indicates that 

other junctional proteins might compensate for the siRNA-mediated reduction of desmosomal 

proteins or that the amount of protein remaining after siRNA-mediated knockdown was 

sufficient to provide unchanged cellular cohesion. On the other hand, decreased cellular 

cohesion in murine cardiac slices obtained from Jup-/- mice as compared to wildtype controls 

was observed, showing that a knockout of Jup in a murine model is not directly comparable to 

a siRNA-mediated, time-limited knockdown in HL-1 cardiomyocytes.  

Furthermore, while in HL-1 cardiomyocytes with a siRNA-mediated Jup knockdown, PKC 

activation and p38MAPK inhibition were not effective in inducing positive adhesiotropy, in 

Jup-/- murine cardiac slice cultures, these signaling pathways enhanced cellular cohesion. At 

first glance, these differences between the cell culture model and the pathogenic mice seem to 

put into question the suitability of HL-1 cardiomyocytes for AC research. The differences in 

the results obtained from experiments performed in HL-1 cardiomyocytes and murine cardiac 

slice cultures might be caused by the different compensatory effects of a siRNA-mediated Jup 

knockdown in HL-1 cardiomyocytes and a cardiomyocyte-specific, congenital knockout of Jup 

in mice. Another aspect that might explain the differences between HL-1 cardiomyocytes and 

murine cardiac slice cultures is the different origin of the cells: HL-1 cardiomyocytes are murine 

atrial immortalized cardiomyocytes, whereas the murine cardiac slices were obtained from 

cardiac ventricles. Furthermore, HL-1 cardiomyocytes are immortalized, not fully 

differentiated cells, where only clusters of cells beat, whereas cells are differentiated and 

aligned in a tissue. Importantly, in murine cardiac slices obtained from wildtype mice, all 

positive adhesiotropic effects observed in HL-1 cardiomyocytes were reproducible, indicating 

that HL-1 cardiomyocytes are at least partially comparable to the ex vivo mouse model. Though 

in Jup-/- mice not all positive adhesiotropic pathways were functional, they might still induce 

positive adhesiotropy in other AC models, where PG, DSG2 or β-catenin protein levels and 

localization are not affected. Since HL-1 cardiomyocytes are not ideal, research could be 

repeated in other cardiomyocyte cell lines, some of which are commonly used in AC research: 

H9C2 cells, NRVMs and iPSC-derived cardiomyocytes. However, these models also have their 

downsides: NRVMs and H9C2 cells are immature cells, whereas culturing iPSC-derived 

cardiomyocytes is time-consuming and expensive (376). Taken together, HL-1 cardiomyocytes 

are a cost- and time-efficient possibility to perform AC research, which can and should be 

validated in in vivo or ex vivo animal AC models, such as transgenic mice, rats or Boxer dogs. 



31 
 

Positive adhesiotropy induced by adrenergic signaling, PKC activation or p38MAPK inhibition 

was dependent on the expression of the desmosomal proteins DP, DSG2 and PG in HL-1 

cardiomyocytes, as observed after siRNA-mediated knockdown of the corresponding genes. 

ADAM17 inhibition was not effective to induce positive adhesiotropy in HL-1 cardiomyocytes 

with a siRNA-mediated Dsg2 knockdown. In contrast, EGFR inhibition induced positive 

adhesiotropy after knockdown of Dsg2, but not after a Dsp knockdown. Nevertheless, EGFR 

inhibition-mediated positive adhesiotropy was still mediated by DSG2, as shown by enhanced 

localization of DSG2 at the membrane, and increased DSG2 interaction probability observed 

by AFM measurements upon EGFR inhibition by erlotinib. These differences between positive 

adhesiotropy upon adrenergic signaling, PKC activation, p38MAPK inhibition or EGFR 

inhibition indicate two things: a) positive adhesiotropy can be induced via different 

mechanisms, which was also suggested by the differential regulation of ERK1/2 activity by the 

treatments (see 3.3) and b) since after siRNA-mediated Dsg2 knockdown there was still some 

DSG2 protein left, this protein might be sufficient for the positive adhesiotropic effect of EGFR 

inhibition, whereas for other positive adhesiotropic treatments normal DSG2 protein expression 

might be needed in HL-1 cardiomyocytes.  

Even though adrenergic signaling was not effective to induce positive adhesiotropy after 

siRNA-mediated knockdown of Jup or Dsg2 in HL-1 cardiomyocytes, adrenergic signaling 

reduced siJup or siDsg2-induced arrhythmia, indicating that adrenergic signaling can affect GJs 

in the absence of PG or DSG2 (25). Future experiments involving murine AC models and in 

vivo experiments could shed more light on the beneficial role of adrenergic signaling in GJ 

function. 

All treatments that induced positive adhesiotropy (adrenergic signaling, PKC activation, 

p38MAPK inhibition, EGFR inhibition, SRC inhibition, ADAM17 inhibition) enhanced 

localization of DSG2 at the membrane of HL-1 cardiomyocytes, indicating that DSG2 might 

be a key driver of positive adhesiotropy, which was also observed in other studies (10, 107, 

175, 374). However, the mechanism by which DSG2 protein localization was increased at the 

cell membrane seems to differ between the treatments inducing positive adhesiotropy.  

In HL-1 cardiomyocytes with siRNA-mediated Dsg2 knockdown, PKC activation, inhibition 

of p38MAPK or ADAM17 did not result in positive adhesiotropy. However, despite very low 

protein levels of DSG2 in Jup-/- mice (106), PKC activation, p38MAPK, EGFR, SRC or 

ADAM17 inhibition induced positive adhesiotropy in murine cardiac slice cultures obtained 

from Jup-/- mice. Possible explanations for the differences between HL-1 cardiomyocytes and 

murine cardiac slice cultures were discussed above. 
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While positive adhesiotropy upon adrenergic signaling, PKC activation, p38MAPK or EGFR 

inhibition is mediated by signaling pathways, in the case of ADAM17 inhibition, positive 

adhesiotropy might be a purely mechanical issue: Reduced ADAM17 activity enhanced DSG2 

protein levels at the membrane, which might be caused by reduced ADAM17-mediated DSG2 

cleavage. However, this hypothesis was not proven conclusively in the scope of this thesis. 

Enhanced localization of DSG2 at the membrane was paralleled by enhanced localization of 

DP at the membrane upon treatments with TAPI-1, erlotinib and PP2 (the effect was not 

analyzed upon adrenergic signaling, PKC activation or p38MAPK inhibition), which in the case 

of ADAM17 inhibition might be a stabilization of the desmosome as a result of reduced 

desmosomal disassembly, since no changes in assembly were observed. In contrast, in the case 

of erlotinib and PP2-mediated positive adhesiotropy enhanced desmosomal assembly was 

confirmed through a Ca2+-switch assay in HL-1 cardiomyocytes. In this assay, depletion of Ca2+ 

leads to the disruption of desmosomal contacts since desmosomal cadherin binding is  

Ca2+-dependent. Upon Ca2+-repletion, desmosomes are reassembled and the effect of mediators 

on desmosomal assembly can be assessed. Inhibition of EGFR or SRC after a Ca2+-switch 

increased cellular cohesion as compared to control-treated samples, indicating enhanced 

desmosomal assembly. Enhanced desmosomal assembly was also reflected in enhanced 

localization of DSG2 and DP at the cell membrane of HL-1 cardiomyocytes upon inhibition of 

EGFR or SRC after a Ca2+-switch. 

In HL-1 cardiomyocytes, EGFR was found in complex with DSG2 along with other 

desmosomal proteins, indicating that EGFR signaling might directly affect the desmosome, and 

vice versa. Interaction of EGFR and DSG2 was previously observed in intestinal epithelial cells. 

However, in these cells, EGFR inhibition reduced cellular cohesion (45). Furthermore, in 

squamous cell carcinoma or colon adenocarcinoma cells, knockdown of DSG2 reduced EGFR 

protein and activation levels (44, 46). Unlike highly proliferative enterocytes or cancer cells, 

adult cardiomyocytes barely proliferate: The cells of the intestinal epithelium are replaced 

within one week, whereas only about 1% of the heart is replaced within one year (377, 378), 

which might explain the different effects of EGFR inhibition on cardiomyocyte and enterocyte 

cohesion since EGFR is classically associated with proliferative pathways. 

Together, these data strengthen the idea of desmosomes serving as signaling hubs, since EGFR 

protein levels and p38MAPK activation were increased in Jup-/- mice and indicate that some 

mechanisms which strengthen cardiomyocyte cohesion in wildtype cardiomyocytes, might be 

suited to enhance desmosomal cohesion even when desmosomal components are mutated or 

their expression is decreased. Further studies are warranted to investigate the efficacy of these 
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mechanisms to enhance cardiomyocyte cohesion in AC models with other underlying 

mutations. 

3.2. Adrenergic signaling in positive adhesiotropy and the role of PKA 

Since the β-adrenergic receptor was shown to be localized at the ICD (10), misassembled ICDs 

might affect adrenergic signaling in the heart. Furthermore, decreased PKA signaling caused 

by hyperlipidemia was observed in diabetic cardiomyopathy (379), whereas in AC patients, 

decreased β-adrenergic receptor densities were observed (380), indicating that modulating 

adrenergic signaling might be of interest in AC.  

F/R or isoprenaline treatment led to positive adhesiotropy in HL-1 cardiomyocytes paralleled 

by a PKA and ERK1/2-dependent enhancement of DSG2 localization at the membrane. 

Treatment with Apremilast, a PDE4 inhibitor, also induced positive adhesiotropy in HL-1 

cardiomyocytes (unpublished data). Conversely, carbachol-induced cholinergic signaling 

reduced cardiomyocyte cohesion, prevented F/R-mediated positive adhesiotropy and 

transactivated EGFR and MAPK (259, 381). 

Positive adhesiotropy induced by adrenergic signaling seems to be dependent on both, ERK1/2 

activity and PKA activity since inhibition of either pathway disrupted the positive adhesiotropic 

effect of F/R-treatment. However, inhibition of ERK1/2 or PKA alone did not alter 

cardiomyocyte cohesion.  

Phosphorylation of PG at S665 might be an effect exclusive to adrenergic signaling-mediated 

PKA activation since upon erlotinib-mediated EGFR inhibition, PKA was activated according 

to the PamGene Kinase assay (not validated), but no phosphorylation of PG at S665 was 

observed (unpublished data). Interestingly, β-catenin can be phosphorylated by PKA leading to 

enhanced nuclear translocation of β-catenin and to an activation of the Wnt signaling pathway. 

One of the phosphorylation sites of β-catenin targeted by PKA leading to β-catenin activation 

is S675 (382, 383) which corresponds to PG-S665. However, while PKA-mediated 

phosphorylation of β-catenin at S675 results in its activation and translocation from AJs to the 

nucleus, phosphorylation of PG at S665 enhances its localization at cell membranes (107, 384). 

Both, PG-S665 and β-catenin-S675 might therefore be beneficial in AC. In HEK293 cells and 

in fibroblast cell lines PKA phosphorylated and thereby inhibited GSK3β (385), a mechanism 

that has also been observed in cardiomyocytes and could be protective in AC patients (258) 

through activation of the Wnt pathway, which should be addressed in future studies.  

Adrenergic signaling in cardiac pathologies must be viewed with care since it can have 

cardiotoxic effects: It is known to induce arrhythmia, and extensive exercise, in the course of 

which adrenergic signaling is activated, worsens AC progression (25). Apart from that,  
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β-adrenergic signaling can transactivate EGFR (309), which might lead to loss of 

cardiomyocyte cohesion. Furthermore, one of the treatment options of AC is administration of 

antiarrhythmic drugs, i.e., β-adrenergic receptor blockers (136, 137). The finding that 

adrenergic signaling enhances cellular cohesion, which is disturbed in AC, might at first glance, 

put into question the β-adrenergic receptor blocker treatment. However, bisoprolol, a  

β-adrenergic receptor blocker, did not reduce cellular cohesion in HL-1 cardiomyocytes. On 

the other hand, since the β-adrenergic receptor is localized at the ICD (10), disturbed ICDs in 

AC might affect β-adrenergic receptor localization. Indeed, reduced β-adrenergic receptor 

densities were found in AC patients (380), and murine Jup-/- hearts did not show increased 

inotropy or chronotropy in response to F/R treatment (106). Short-time treatment with PDE3 

inhibitors was beneficial for cardiac function, whereas long-term treatment increased mortality 

of DCM patients (386). Preliminary clinical trials indicated that treatment with PDE inhibitors 

in combination with β-adrenergic receptor blocker therapy might reduce adverse side effects of 

both treatments in patients with heart failure (387-389). The question remains whether similar 

mechanisms are present in AC, thus, whether simultaneous adrenergic stimulation or PDE 

inhibition and β-receptor blocker treatment would still enhance cardiomyocyte cohesion. 

In cells, cAMP signaling leading to PKA activation is highly compartmentalized in a spatio- 

temporal manner, meaning that different pools of cAMP can have very distinct effects. 

Compartmentalization can be achieved through regulation of cAMP production and 

degradation through different GPCRs, adenylyl cyclases and PDEs, as well as through different 

localization of A kinase-anchoring proteins which direct PKA localization (252, 253, 390-392). 

Therefore, different pools of cAMP might mediate the positive adhesiotropic effect and the 

hypertrophic and necrotic response upon PKA activation. 

Taken together, the data indicate that though adrenergic signaling enhances cellular cohesion 

in wildtype mice and can affect GJs in the absence of PG and inhibit GSK3β, it might not be 

well-suited as a treatment option at least in AC patients with JUP mutations: Jup-/- mice had 

ruptured ICDs in response to isoprenaline treatment (106), and cardiomyocyte cohesion was 

not enhanced upon adrenergic signaling in Jup-/- mice. Nevertheless, understanding the 

underlying molecular mechanisms of adrenergic signaling-mediated positive adhesiotropy can 

help to find a more precise approach, by targeting downstream effectors of adrenergic signaling, 

which finally might be suited as a treatment option in AC without exerting cardiotoxic effects. 
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3.3. The role of p38MAPK and ERK1/2 in positive adhesiotropy in 

cardiomyocytes 

p38MAPK and ERK1/2 have a plethora of downstream targets and functions, some of which 

could be of interest in the pathophysiology of AC. The effects of p38MAPK and ERK1/2 seem 

to differ between the different pathways which induce positive adhesiotropy. Adrenergic 

signaling or PKC activation-mediated positive adhesiotropy was paralleled by ERK1/2 

activation. Moreover, positive adhesiotropy upon adrenergic signaling, PKC activation, or 

p38MAPK inhibition was dependent on ERK1/2 activity since ERK1/2 inhibition by U0126 

abolished the positive adhesiotropic effect of F/R, isoprenaline, PMA and SB20. On the other 

hand, EGFR inhibition-mediated positive adhesiotropy was independent of ERK1/2 activation, 

as ERK1/2 phosphorylation was reduced upon EGFR inhibition. 

Inhibition of ERK1/2 alone did not affect HL-1 cardiomyocyte cohesion or DSG2 localization. 

However, inhibition of ERK1/2 prior to PKC activation reduced membrane localization of 

DSG2 as compared to controls. In addition, adrenergic signaling and p38MAPK inhibition led 

to an ERK1/2-dependent enhanced DSG2 membrane localization. In contrast, EGFR inhibition 

also enhanced the localization of DSG2 and DP at the membrane and increased area composita 

length, though ERK1/2 activity was reduced. These data indicate that different cellular 

pathways involving ERK1/2 regulate desmosomal proteins and thereby cardiomyocyte 

cohesion.  

In ex vivo skin treated with autoantibodies from PV patients (PV-IgGs), inhibition of ERK1/2 

reduced blister formation and was therefore associated with increased cellular cohesion (393). 

Enhanced ERK1/2 activation was observed in Dsp knockdown HL-1 cardiomyocytes, in AC 

patients with various mutations, in DCM patients and in iPSC-derived cardiomyocytes from 

DCM patients with a LMNAS143P mutation (202, 394). Furthermore, ERK1/2 inhibition was 

protective in a murine model for diabetic cardiomyopathy, where it reduced hypertrophy and 

restored cardiac function by restoring X-box binding protein 1 nuclear localization and 

transcription (395). Apart from that, in LMNAR225X iPSC-derived cardiomyocytes, representing 

a DCM model, ERK1/2 inhibition reduced apoptosis (396). On the other hand, in  

shPkp2-treated HL-1 cardiomyocytes, ERK1/2 along with PKCα activation was decreased 

through activation of the hippo signaling pathway (65).  

It has been suggested that the effects of ERK1/2 activation in the heart depend on the 

localization, duration and intensity of the signal (262), which might explain the differential 

regulation of ERK1/2 activity during positive adhesiotropy. Thus, similar to cAMP signaling, 
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ERK1/2 signaling might also be compartmentalized in cardiomyocytes. However, to test this 

hypothesis, future experiments, including murine AC models, are necessary. 

All in all, the data obtained in this work suggest that a basal activity of ERK1/2 is needed for 

positive adhesiotropy since complete inhibition of ERK1/2 as seen after treatment with the 

MEK1/2 inhibitor U0126, disrupted positive adhesiotropic effects, whereas EGFR inhibition 

only decreased ERK1/2 activity but did not abolish it. However, it is possible that attempts to 

stabilize cardiomyocyte cohesion via pathways involving ERK1/2 activation would lead to 

hypertrophy and facilitate arrhythmias (143, 262, 397).  

Upon activation by TNFα, p38MAPK or ERK1/2 activated NFκB signaling via nuclear mitogen 

and stress activated protein kinase 1/2 in HEK293 cells and thereby activated inflammatory 

pathways (398). In keratinocytes with a siRNA-mediated JUP knockdown, where p38MAPK 

activity was increased, its inhibition was effective to enhance cellular cohesion, but was 

ineffective in keratinocytes with a siRNA-mediated DSP knockdown (71). In contrast, in 

intestinal epithelial cells, both, activation and inhibition of p38MAPK weakened cellular 

cohesion, indicating that in the intestine, p38MAPK signaling must be tightly regulated (47). 

p38MAPK inhibition induced positive adhesiotropy in HL-1 cardiomyocytes, paralleled by 

ERK1/2-dependent enhanced localization of DSG2 at the membrane. In Jup-/- mice, p38MAPK 

activity was upregulated. Inhibition of p38MAPK induced positive adhesiotropy in murine 

cardiac slice cultures obtained from Jup+/+ and Jup-/- mice. Furthermore, p38MAPK was 

activated upon treatment with IgGs isolated from AC patients (AC-IgG), whereas inhibition of 

p38MAPK prevented AC-IgG-induced loss of cardiomyocyte cohesion. On the other hand, 

positive adhesiotropy upon adrenergic signaling or PKC activation was paralleled by 

p38MAPK activation. However, direct p38MAPK activation reduced cellular cohesion in  

HL-1 cardiomyocytes, but did not affect cardiomyocyte cohesion in Jup+/+ or Jup-/- mice. 

A cardioprotective role of p38MAPK activation upon adrenergic signaling through reduction 

of β-adrenergic receptor-induced apoptosis in cardiomyocytes has been reported (399). Thus, 

p38MAPK activation observed upon adrenergic signaling might indeed be a cardioprotective 

mechanism. Furthermore, p38MAPK activation upon adrenergic signaling or PKC activation 

might be outbalanced by the mechanisms stabilizing cardiomyocyte cohesion. Another 

possibility could be that slight p38MAPK activation does not destabilize cardiomyocyte 

cohesion, whereas strong p38MAPK activation leads to the weakening of HL-1 cardiomyocyte 

contacts. On the other hand, in murine cardiac slice cultures from Jup+/+ as well as Jup-/- mice, 

p38MAPK activation did not affect cardiomyocyte cohesion.  
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Similar to p38MAPK inhibition prior to treatment of HL-1 cardiomyocytes with AC-IgGs, 

p38MAPK inhibition reduced PV-IgG-mediated loss of keratinocyte cohesion (400, 401). 

p38MAPK-mediated cardioprotection was observed after MI, whereas p38MAPK inhibition 

was associated with hypertrophic cardiomyopathy (268-270). In contrast, p38MAPK inhibition 

has been hypothesized to promote cardiac regeneration upon cardiac injury (402). Post MI, 

p38MAPK activated apoptotic pathways, whereas mice with a p38MAPKα loss of function 

amino acid substitution were partially protected from ischemia-reperfusion injury (264-267). 

Based on these observations, one could argue that the differential effects of p38MAPK 

inhibition on cardiomyocyte cohesion might be caused by different pools or isoforms of 

p38MAPK (402).  

Mice with diabetic cardiomyopathy had increased p38MAPK protein levels and activity along 

with hypertrophy, apoptosis and inflammation (272-274). Furthermore, in NRVMs 

representing AC models lacking DP or PKP2, increased p38MAPK activity induced by TGFβ 

was observed, whereas in DCM hearts, activity of p38MAPK, ERK and other kinases was 

increased (66, 276). Therefore, p38MAPK inhibition might be beneficial in AC, as seen in other 

cardiomyopathies. Indeed, until recently, a phase 3 clinical trial was performed using  

ARRY-371797, a p38MAPKα inhibitor, to treat DCM caused by LMNA mutations. However, 

this trial was stopped after an interim futility analysis (403, 404). Since the phase 3 clinical trial 

was not stopped due to safety concerns, and the phase 2 clinical trial showed promising results 

(405), inhibition of p38MAPK(α) might still be a treatment option for AC, even though it was 

not successful in LMNA mutation-induced DCM. In summary, p38MAPK inhibition can 

enhance cellular cohesion and decrease inflammation (71, 398, 400, 401). Future experiments 

could show whether in Jup-/- mice, where p38MAPK activation was increased, p38MAPK plays 

a pathogenic role in AC through destabilization of cellular contacts and induction of 

inflammation and whether p38MAPK inhibition is a promising approach in in vivo AC models. 

3.4. PKC activation and cardiomyocyte cohesion 

The role of PKC in the heart is even more complex than p38MAPK or ERK1/2 due to the 

different PKC isozymes which have opposing effects. Activation or overexpression of PKC can 

be cardiotoxic by increasing ADAM and MMP activity or by enhancing the inflammatory 

response in the heart (277, 279-283). PKC inhibition reduced fibrosis and cardiac dysfunction 

after MI and improved Ca2+-homeostasis, reduced fibrosis, inflammation and hypertrophy in 

heart failure (284-288). Furthermore, PKC activation increased protein synthesis in cardiac 

fibroblasts after atrial fibrillation but not in fibroblasts isolated from healthy hearts (406). Apart 

from that, PKC can activate p38MAPK (280). Overexpression of PKCβ in the myocardium led 
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to cardiomyopathy (292). On the other hand, PKCε inhibition prevented cardiac protection of 

ischemic preconditioning and led to a cardiomyopathy resembling DCM, whereas PKC 

activation mimicked ischemic preconditioning and decreased infarct size upon MI (295, 297-

299).  

PKC activation enhanced HL-1 cardiomyocyte cohesion, as previously described (25), by 

increasing DSG2 localization at the membrane in an ERK1/2-dependent manner.  

PKC-mediated phosphorylation of DP is needed for incorporation of DP into the desmosome, 

a process in which PKP2 is involved as a scaffold, whereas upon loss of PKP2, PKC 

phosphorylated other targets (62). Enhanced incorporation of DP into desmosomes might be 

one of the mechanisms behind PKC activation-mediated positive adhesiotropy and should be 

investigated further. Given that the majority of AC patients have a mutation in the PKP2 gene, 

and PKC activation restored DP localization at the membrane in a siPKP2-treated squamous 

cell carcinoma cell line, it is possible that a similar mechanism is beneficial for some AC 

patients (62, 116, 407). On the other hand, PKC inhibition reduced spontaneous Ca2+-sparks in 

Pkp2cKO right ventricular myocytes, supporting the arrhythmogenic role of PKC activation 

(200).  

The major limitation of the here presented data on PKC in the regulation of cardiomyocyte 

cohesion is that PMA activates classic and novel PKC isozymes, which might have differential 

effects on cardiomyocyte cohesion and fate. Though stabilizing cardiomyocyte cohesion is 

desirable in AC, PKC activation needs to be tightly controlled since it is known to induce 

arrhythmia (408). In murine cardiac slice cultures obtained from Jup-/- mice, PKC activation 

increased cardiomyocyte cohesion, and in shPkp2-treated HL-1 cardiomyocytes, as well as in 

human and murine AC hearts, reduced PKC protein levels were observed (65). Therefore, the 

above data argue that PKC activation might be a treatment option in AC. In that context, 

activation of PKC might restore physiological PKC signaling without exerting cardiotoxic 

effects. Taking the data on cardiac PKC signaling into account, a balance between the 

arrhythmogenic and the adhesion-stabilizing role of PKC activation needs to be maintained 

when modulating PKC activity in AC hearts. Understanding the exact molecular mechanism 

behind PKC activation-induced positive adhesiotropy might provide treatment options by 

targeting downstream targets of PKC, thereby overcoming the arrhythmogenic side effects of 

PKC activation.  

3.5. Hyperadhesion in the heart 

Desmosomal cadherin binding is strictly dependent on Ca2+. However, it has been suggested 

that the physiological state of intact epidermal keratinocytes is hyperadhesive, which is a strong 
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adhesion state where desmosomes are independent of Ca2+. During hyperadhesion, desmosomal 

cadherins are highly organized, which is visible by a dense midline in electron microscopy 

images of hyperadhesive desmosomes (409). Since Ca2+ is tightly regulated in the heart, it is 

possible that under physiologic conditions cardiomyocytes are also hyperadhesive. In HL-1 

cardiomyocytes, hyperadhesion was only observed after modulation of signaling pathways: 

adrenergic signaling, PKC activation and p38MAPK inhibition increased and even restored 

cardiomyocyte cohesion in a Ca2+-free environment. The ability to lead to enhanced 

cardiomyocyte cohesion upon Ca2+-depletion was termed hyperadhesion. In contrast to basal 

conditions, hyperadhesion induced by adrenergic signaling, PKC activation or p38MAPK 

inhibition was independent of ERK1/2 activity. The ability of EGFR, SRC or ADAM17 

inhibition to induce hyperadhesion in cardiomyocytes was not assessed. 

In contrast to cardiomyocytes, in keratinocytes, PKC activation prevented a hyperadhesive 

state, whereas PKC inhibition drove subconfluent cells into hyperadhesion (88, 410). The 

different effects of PKC activation on hyperadhesion observed between cardiomyocytes and 

keratinocytes might be caused by tissue-specific Ca2+-homeostasis.  

However, even though or especially because Ca2+-signaling in the heart is tightly controlled, 

Ca2+-chelation by EGTA, as performed in these experiments, is unphysiological. Nevertheless, 

understanding the mechanisms behind Ca2+-independent cardiomyocyte cohesion in the heart 

is important to find new treatment options for AC or other cardiac disorders, where  

Ca2+-signaling is impaired (67, 200, 411, 412). 

3.6. ADAM17 inhibition in cardiomyocytes 

The role of ADAM17 is controversial in the heart: Reduced ADAM17 levels or ADAM17 loss 

of function were associated with cardiomyopathy, ventricular dilation and decreased survival 

after MI (358-360). On the other hand, elevated ADAM17 was correlated to elevated TNFα 

levels and to the severity of several cardiovascular diseases, such as MI or myocarditis, whereas 

ADAM17 inhibition was beneficial and reduced fibrosis, hypertrophy and apoptosis (361-365, 

367). Decreased TIMP3 levels, TIMP3 being a physiological ADAM17 inhibitor, were found 

in patients with DCM or hypertrophic obstructive cardiomyopathy and were associated with 

heart failure or interstitial renal fibrosis (368-372). Apart from that, TIMP3 overexpression was 

cardioprotective upon ischemia-reperfusion injury (373). 

In mice, ADAM17 deficiency was protective against acute pancreatitis and pancreatic fibrosis, 

whereas ADAM17 activity was a driver of pancreatic inflammation (350). Furthermore, 

increased ADAM17 mRNA and protein levels were observed in two week-old Dsg2E4-5 mice, 

whereas in adult mice ADAM17 levels were comparable to wildtype littermates (218). Thus, 
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ADAM17 might be involved in early AC pathogenesis and be a driver of fibrosis and 

inflammation.  

Inhibition of ADAM17 induced positive adhesiotropy in HL-1 cardiomyocytes and in murine 

cardiac slice cultures from Jup+/+ and Jup-/- mice. In contrast to EGFR inhibition-mediated 

positive adhesiotropy, positive adhesiotropy upon ADAM17 inhibition was not mediated by 

enhanced desmosomal assembly, as shown by means of a Ca2+-switch assay. ADAM17 

inhibition-mediated positive adhesiotropy was dependent on DSG2 expression and was 

paralleled by increased localization of DSG2 and DP at the membrane. Several experiments 

were performed addressing the hypothesis that ADAM17 inhibition-mediated positive 

adhesiotropy was mediated by reduced DSG2 cleavage. Attempts to detect changes in DSG2 

cleavage upon ADAM17 inhibition by detecting intracellular or extracellular DSG2 cleavage 

products did not yield conclusive results even after overexpression of a DSG2-GFP construct. 

Indirect attempts to show reduced cleavage revealed that upon EGS-crosslinking, a trend 

towards increased DSG2 oligomerization was found at the membrane after ADAM17 

inhibition; however, this trend was not statistically significant. Since ADAM17 inhibition does 

not lead to enhanced desmosomal assembly, increased DSG2 localization at the membrane 

might be caused by decreased desmosomal disassembly, which would also explain enhanced 

DP localization at the membrane upon ADAM17 inhibition. However, no definite proof for 

decreased DSG2 cleavage upon ADAM17 inhibition was found, thus reduced DSG2 cleavage 

upon ADAM17 inhibition remains a hypothesis. 

Phosphorylation of p38MAPK, which can activate ADAM17, was increased in Jup-/- mice. 

However, no change in pro-ADAM17 or ADAM17 protein levels nor in ADAM17 

phosphorylation were observed between Jup+/+ and Jup-/- mice. However, ADAM17 can also 

be activated by p38MAPK independent of the phosphorylation at T735 (413). Further studies 

are warranted investigating the ADAM17 protease activity in Jup+/+ and Jup-/- hearts, which 

should include SB20 as p38MAPK inhibitor and TAPI-1 as ADAM17 inhibitor. Interestingly, 

TIMP3 mRNA levels were increased in the left ventricle of AC patients (414), which might be 

a compensatory mechanism in case of increased ADAM17 activity. However, since protein 

levels were not assessed it is not known whether the upregulation of the mRNA had a functional 

effect. 

Since ADAM17 can transactivate EGFR, the increase in cardiomyocyte cohesion upon 

ADAM17 inhibition by TAPI-1 might have been caused through inhibition of EGFR signaling. 

However, upon Egfr knockdown in HL-1 cardiomyocytes using siRNA, ADAM17 inhibition 

still induced positive adhesiotropy, indicating that enhanced cardiomyocyte cohesion upon 
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ADAM17 inhibition might be independent of EGFR protein expression. However, the 

knockdown, though statistically significant, was not very efficient, so that the possibility of 

EGFR involvement in ADAM17 inhibition-mediated positive adhesiotropy remains.  

On the other hand, EGF increased the half-life of ADAM17 and ADAM17-mediated DSG2 

shedding in A431 cells, indicating that EGF-induced signaling can be upstream of ADAM17 

(347). In line with this, SRC-mediated phosphorylation of ADAM17 at Y702 activated protease 

activity of ADAM17 (415), which might be another aspect of how SRC inhibition contributes 

to positive adhesiotropy, and which could be assessed by knocking down Adam17 and 

inhibiting SRC or EGFR. Apart from the SRC-mediated Y702 phosphorylation, 

phosphorylation of T735 by PI3K, a kinase involved in carbachol-induced loss of 

cardiomyocyte cohesion, was needed to activate ADAM17 in mesangial cells (259, 415). When 

activated through phosphorylation at Y702 and T735, ADAM17 led to a pro-fibrotic 

upregulation of TGFβ in murine embryonic fibroblasts (415). In autoimmune diseases, PI3K 

interacting protein 1 (PIK3IP1) was downregulated via IL21 signaling and associated with 

disease progression, whereas ADAM17 levels were elevated. Inhibition of p38MAPK 

prevented the IL21-induced ADAM17-mediated reduction of PIK3IP1 levels (416). Since 

PIK3IP1 is a physiological inhibitor of PI3K, similar mechanisms might be involved in 

ADAM17 and carbachol-induced loss of cardiomyocyte cohesion. It remains to be elucidated 

whether similar processes are found in AC.  

Subjecting colorectal adenocarcinoma cells for 24 h to TNFα activated p38MAPK, whereas 

p38MAPK inhibition prevented the TNFα-induced reduction of DSG2 localization at cellular 

junctions (417). Since enhanced ADAM17 activity is associated with increased TNFα levels, it 

is possible that a similar mechanism exists in the Jup-/- AC model. In that case, positive 

adhesiotropy mediated by p38MAPK inhibition might at least in part be mediated by ADAM17. 

This question could be answered by knocking down Adam17 in HL-1 cardiomyocytes and 

treating with SB20. 

Diabetic mice with a cardiomyocyte-specific Adam17 knockout had less diabetes-induced 

cardiac damage than wildtype mice along with significantly increased protein levels but 

decreased activity of the AMP-activated protein kinase (AMPK) (367). Upon EGFR inhibition 

by erlotinib in HL-1 cardiomyocytes, increased AMPK activity was indicated by the PamGene 

Kinase Assay and confirmed by Western blot (unpublished data). Furthermore, AMPK 

activation enhanced HL-1 cardiomyocyte cohesion (unpublished data). AMPK was shown to 

be located at the ICD (418), thus defective ICDs might affect AMPK signaling. Decreased 

AMPK signaling due to a mutation in the gene encoding AMPK was found in a patient with 
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cardiomyopathy (419). In contrast, activation of AMPK prevented cardiac fibrosis upon MI and 

was cardioprotective in ischemic cardiomyopathy (420-422). Together, these data indicate that 

AMPK might be an interesting target for future AC research.  

It has been suggested that ADAM17 inhibition is only beneficial in pathologic conditions where 

the renin-angiotensin system is activated, since ADAM17 can also be transactivated by Ang II 

(367). Treatment options for AC include angiotensin-converting enzyme inhibitors as well as 

Ang II receptor blockers, especially in the later stages of the disease. However, no study 

addressed the activity of the renin-angiotensin system in AC (146, 147, 423).  

Due to the multitude of ADAM17 substrates, ADAM17 inhibition can have severe side effects. 

Therefore, instead of inhibiting ADAM17 function, the pharmacological approach might be to 

modulate specific activation pathways of ADAM17, which could prevent ADAM17 activation 

under specific circumstances, whereas other ADAM17 activities would be undisturbed (415). 

ADAM17 inhibition by small molecules has been the subject of clinical trials to treat 

rheumatoid arthritis. However, these trials were discontinued due to liver toxicity or lack of 

efficacy. New and more specific strategies to target ADAM17 include inhibitory prodomains 

or inhibition of substrate recognition (424). Though these approaches have not been tested in 

clinical trials, they show that ADAM17 inhibition is of interest in several pathologies. Due to 

the detrimental effects of an ADAM17 loss of function or strong downregulation (357-359) and 

the fact that long term ADAM17 inhibition did not lead to positive adhesiotropy in HL-1 

cardiomyocytes, it is questionable, whether ADAM17 inhibition is a suitable approach to treat 

AC. Nevertheless, further research in vivo and ex vivo murine AC models might lead to a better 

understanding of AC pathogenesis or help to find a more targeted approach to stabilize 

cardiomyocyte cohesion and reduce inflammation. 

3.7. EGFR inhibition in cardiomyocytes and the role of ROCK 

Given that increased EGFR or SRC activity is associated with carcinogenesis, it seems only 

logical that inhibition of these kinases would stabilize cellular cohesion. However, the 

biological processes are not that simple. In the heart, both protective and cardiotoxic effects of 

EGFR signaling have been described.  

In Jup-/- mice, EGFR protein levels were increased as compared to wildtype littermates, 

indicating a potential role of EGFR in the pathogenesis of AC. Indeed, EGFR inhibition by 

erlotinib or inhibition of the EGFR effector molecule SRC by PP2 led to positive adhesiotropy 

in HL-1 cardiomyocytes, as well as in murine cardiac slice cultures from Jup+/+ and Jup-/- mice. 

Positive adhesiotropy was paralleled by enhanced localization of DSG2 and DP at the 

membrane and longer areae compositae in HL-1 cardiomyocytes, and increased localization of 
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both proteins at the ICD in wildtype mice. In contrast, in Jup-/- mice, only DSG2 localization at 

the ICD was increased.  

In mice chronically treated with isoprenaline, gefitinib-mediated EGFR inhibition decreased 

apoptosis, hypertrophy and inflammation. However, gefitinib induced fibrosis in mice that were 

not subjected to chronic isoprenaline treatment (317). In line with these findings, it has been 

suggested that EGFR signaling is essential for heart development and heart function under 

physiological conditions and that acute EGFR signaling can be cardioprotective, whereas 

chronic EGFR up- or downregulation can be detrimental especially in cardiovascular 

pathologies (345, 425). Therefore, EGFR inhibition in AC, where EGFR protein levels are 

increased, might indeed be cardioprotective and beneficial. 

Increased EGFR protein levels observed after MI were mainly found in fibroblasts (318). Since 

in AC fibrosis is increased, EGFR inhibition in fibroblasts could be beneficial by preventing 

fibroblast proliferation and attenuating fibrosis (328, 426). However, EGFR inhibition 

enhanced cardiomyocyte cohesion also in murine cardiac slice cultures from wildtype mice, 

indicating that inhibition of EGFR directly affects cardiomyocytes. Furthermore, in 

immunostainings performed in human heart tissue from two AC patients, a slight EGFR signal 

was observed at the ICD, which was absent in control tissue (unpublished data), indicating that 

enhanced EGFR levels in AC might also be found in cardiomyocytes 

Erlotinib ameliorated renal inflammation in mice upon treatment with TNF-like weak inducer 

of apoptosis (TWEAK), a member of the TNF family. Furthermore, TWEAK-induced renal 

inflammation involved an ADAM17-EGFR axis and direct activation of NFκB (335); processes 

that might also be of interest in AC since inhibition of NFκB was beneficial in murine AC 

models (228). In diabetic mice, increased NFκB activation through enhanced EGFR levels 

promoted inflammation, which was prevented upon EGFR inhibition (321, 427). The question 

remains whether EGFR inhibition could also decrease inflammation in the case of AC. Thus, 

for a better understanding of the role of EGFR in AC pathogenesis, long term in vivo 

experiments using an EGFR inhibitor are warranted, where the effect on cardiac inflammation 

should be assessed. 

Similar to what was observed in HL-1 cardiomyocytes in the work presented here, in 

enterocytes, DSG2 was also found in complex with EGFR. However, converse to 

cardiomyocytes, EGFR inhibition decreased cellular cohesion in enterocytes (45). Furthermore, 

in enterocytes, loss of DSG2 decreased EGFR signaling (44). In contrast, in hearts of Jup-/- mice 

with decreased protein levels of DSG2, EGFR protein levels were increased as compared to 

wildtype littermates.  



44 
 

Though acute EGFR inhibition by erlotinib induced positive adhesiotropy in HL-1 

cardiomyocytes, knockdown of Egfr by siRNA did not affect cardiomyocyte cohesion. This 

might be due to the relatively weak knockdown efficiency of siEgfr (40%), whereas erlotinib 

was used at IC50 concentration. Furthermore, since EGFR was found in complex with 

desmosomal proteins, a knockdown of Egfr might lead to changes at the desmosome, which do 

not occur upon EGFR inhibition. 

Similarly to EGFR inhibition-mediated positive adhesiotropy in cardiomyocytes, EGFR 

inhibition by AG1478 enhanced cellular cohesion of keratinocytes (428). Furthermore, in 

response to EGF treatment, DSG2 was internalized via a recycling pathway in a squamous cell 

carcinoma cell line, whereas E-CAD was proteolytically cleaved (429). However, in 

cardiomyocytes, EGF treatment did not affect cellular cohesion (unpublished data).  

In keratinocytes and enterocytes, knockdown or knockout of DSG2 reduced SRC 

phosphorylation and EGFR protein levels (45, 46), which is in contrast to hearts of Jup-/- mice, 

where low DSG2 levels and high EGFR protein levels were observed. Furthermore, in contrast 

to positive adhesiotropy upon SRC inhibition in cardiomyocytes, low SRC levels decreased 

cellular cohesion and increased intercellular space in MDCK cells with disruption of AJs but 

no changes at the desmosome (430). EGFR and SRC are known to increase  

β-catenin phosphorylation, leading to its translocation from AJs to the nucleus, thereby 

weakening keratinocyte cohesion (431-433) and promoting tumor cell invasiveness via AKT 

(434). The effect of SRC inhibition on cellular cohesion seems to be depending on the context 

since both SRC inhibition and expression of active SRC destabilized keratinocyte cohesion 

(105, 435). SRC inhibition prevented loss of keratinocyte cohesion upon treatment with  

m-PV-IgG, mc-PV-IgG or PF-IgG, as did EGFR inhibition (82, 105, 260, 436). In addition, 

EGFR inhibition prevented PV-IgG-induced apoptosis (437, 438). However, not all EGFR 

inhibitors prevented PV-IgG or PF-IgG-induced blistering of the skin (439). Therefore, the 

efficacy of other EGFR inhibitors other than erlotinib to induce positive adhesiotropy should 

be assessed in HL-1 cardiomyocytes or in in vivo or ex vivo animal models. 

Positive adhesiotropy induced by EGFR inhibition was not the result of altered DSG2 mobility 

but rather enhanced desmosomal assembly leading to an increase in DES insertions into 

desmosomes and enhanced protein levels of DSG2 and DP at the membranes along with 

enhanced area composita length. Enhanced desmosomal assembly upon EGFR inhibition was 

already observed in an oral squamous carcinoma cell line as well as in an epidermoid squamous 

cell carcinoma cell line (101, 102). The increase in DSG2 and DP localization at the membrane 

of HL-1 cardiomyocytes upon EGFR or SRC inhibition was reflected in immunostainings 
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performed in murine cardiac slices obtained from Jup+/+ as well as Jup-/- mice by increased 

DSG2 and DP staining width in wildtype cardiac slice cultures and increased DSG2 staining 

width in Jup-/- cardiac slices after inhibition of EGFR or SRC. Indeed, using electron 

microscopy, a similar reorganization of ICDs upon positive adhesiotropy after adrenergic 

signaling was observed before (374).  

To further understand the molecular mechanisms behind positive adhesiotropy upon EGFR 

inhibition, a PamGene Kinase assay was performed. Several kinases were differentially 

regulated after 30 or 60 minutes of EGFR inhibition, out of which ROCK seemed to be the most 

promising target. The effect of RhoA inhibition, which is upstream of ROCK, on cellular 

cohesion varies between cell types and the physiological context (440, 441). Enhanced 

keratinocyte cohesion was observed in primary keratinocytes cultured in high  

Ca2+-concentration containing medium and was paralleled by increased RhoA activity (428). 

Expression of a dominant negative Rho or Rac or inhibition of Rho led to a removal of  

E-CAD from the cellular junctions in keratinocytes, but not in fibroblasts (442). Furthermore, 

it was shown that the activity of both, RhoA, as well as Rac was needed to form cadherin-

cadherin cellular junctions (443). In keratinocytes, AJ assembly was paralleled by EGFR-

mediated Rac activation (444). Apart from that, ROCK inhibition reduced cellular cohesion and 

increased migration in keratinocytes (440, 445). Furthermore, ROCK inhibition facilitated PV-

IgG-mediated skin blistering and loss of cellular cohesion (446, 447). In contrast, RhoA 

activation strengthened keratinocyte cohesion and prevented PV-IgG-mediated loss of cell 

cohesion (445). Moreover, p38MAPK inhibition prevented the PV-IgG-induced inactivation of 

RhoA in keratinocytes (446). Similar mechanisms might be involved in inducing positive 

adhesiotropy in cardiomyocytes upon p38MAPK or EGFR inhibition in AC since both are 

increased in AC and can modulate ROCK activity.  

However, most studies on ROCK in the cardiovascular system report cardiotoxic effects of 

ROCK activity. In diabetic cardiomyopathy, increased EGFR levels along with increased 

ROCK levels were observed (321, 448), and ROCK was increased upon pressure overload in 

rat cardiomyocytes (449). Activated ROCK signaling led to hypertrophy and fibrotic 

cardiomyopathy, whereas ROCK inhibition restored Ca2+-homeostasis upon pressure overload-

induced cardiac hypertrophy (450-453). Nevertheless, an in silico model suggested an 

involvement of ROCK in the pathogenesis of AC (454). Furthermore, ROCK activated Wnt 

signaling and thereby negatively regulated adipogenesis (455). Indeed, expression of a 

dominant-negative ROCK led to AC in mice through translocation of PG to the nucleus. This 

way, ROCK inhibited Wnt signaling and altered gene expression resulting in an adipogenic 
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switch (456). Interestingly, in an AC patient with a PKP2 mutation, RhoA activity and Cx43 

protein expression were decreased, whereas in patients that had no PKP2-mutation, RhoA 

activity was enhanced, paralleled by increased Cx43 protein expression (457), indicating that 

modulation of the RhoA-ROCK axis might not be suited for all AC patients. Furthermore, in 

PKP2c.1760delT iPSC-derived cardiomyocytes, decreased RhoA levels and activity reduced 

ROCK signaling and thereby enhanced lipogenesis. In line with that, in wildtype iPSC-derived 

cardiomyocytes, ROCK inhibition induced lipogenesis and reduced cellular cohesion by 

reducing PKP2 localization at the membrane (458). Upon loss of PKP2, RhoA activity was 

increased in a squamous cell carcinoma cell line and in HL-1 cardiomyocytes. However, RhoA 

failed to localize at cell-cell contact sites upon knockdown of PKP2, resulting in defective 

desmosomal assembly (61).  

Inhibition of ROCK2, the primary cardiac ROCK isoform, enhanced adipogenesis in 3T3-L1 

cells, which was prevented upon inhibition of PI3K (459). On the other hand, cholinergic 

stimulation led to phosphorylation of myosin light chain 2 (MLC2) via ROCK resulting in a 

positive inotropic response (460-462), showing that ROCK signaling might not only be 

beneficial in AC, since positive inotropy is not necessarily desirable in AC patients.  

In HL-1 cardiomyocytes, EGFR inhibition enhanced RhoA activation and thereby ROCK 

activity. Indeed, erlotinib-induced enhanced desmosomal assembly and positive adhesiotropy 

were dependent on ROCK activity in HL-1 cardiomyocytes. ROCK-dependency of 

desmosomal assembly was previously observed in a squamous cell carcinoma cell line (61). In 

myoblasts, cell-cell contact formation led to RhoA activation, whereas disruption of cadherin-

cadherin contacts through addition of EGTA inhibited RhoA, which was reversible upon 

addition of Ca2+. Presence of anti-N-CAD antibodies inhibited RhoA and prevented its 

activation after a Ca2+-switch (463). Since in HL-1 cardiomyocytes erlotinib-induced positive 

adhesiotropy was dependent on ROCK, it seems unlikely that increased ROCK activity is just 

a consequence of increased cell-cell contact formation during desmosomal assembly. 

Furthermore, RhoA activation by CN04 enhanced cardiomyocyte cohesion (unpublished data), 

indicating that ROCK may indeed be involved in regulating cardiomyocyte cohesion. In line 

with that, ROCK inhibition decreased HL-1 cardiomyocyte cohesion and decreased DSG2 

localization at the membrane of HL-1 cardiomyocytes. 

Given the differential regulation of RhoA activity in AC patients with and without PKP2 

mutations, the effect of an EGFR inhibition in the absence of fully functional PKP2 should be 

evaluated (457). In Pkp2-/- mice, increased EGFR protein levels were observed. Whether 
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inhibiting EGFR in these mice would also lead to positive adhesiotropy, remains to be 

elucidated.  

Taken together, EGFR inhibition might be beneficial in AC by enhancing cardiomyocyte 

cohesion through enhanced desmosomal assembly and reduced NFκB-mediated inflammation. 

If EGFR inhibition was to be considered as a treatment option for AC, one should bear in mind 

that the dose-response curve of EGFR inhibitors which prevented PV-IgG-mediated loss of 

keratinocyte cohesion was not linear, but V-shaped, meaning that low and high concentrations 

of the inhibitor were not effective (439). Compared to all other mediators presented in this work 

that induced positive adhesiotropy, erlotinib has the advantage that it is already being used in 

clinics to treat some kinds of cancer. Among the clinically approved EGFR inhibitors, erlotinib 

seems to have fewer cardiac side-effects (464). Taken together, long term in vivo experiments 

using different EGFR inhibitors and AC models are warranted to assess, whether EGFR 

inhibition is suited as a treatment option in AC. 

3.8. Links to other cardiac or desmosomal diseases 

The findings presented in this work are important not only for finding new therapeutic 

approaches for AC and other cardiovascular diseases, but also for pemphigus or IBD since AC 

shares common pathological aspects with these diseases. 

Cardiomyopathies are a heterogeneous group of diseases with abnormalities in heart muscle 

function and structure that are not caused by coronary artery disease, hypertension or valve 

defects (465, 466). Therefore, similar consequences of heart muscle damage can be observed 

in cardiomyopathies even though the underlying causes differ. Some cardiomyopathies share 

similar causative mechanisms or mutations (467). For example, mutations of genes coding for 

proteins of the area composita or SCN5A are not only causing AC, but can also be found in 

DCM, HCM, the Brugada syndrome or lead to heart failure (184, 185, 468). Apart from that, 

changes in localization of Cx43 can also observed after MI, ischemia-reperfusion injury or other 

cardiomyopathies, such as HCM, DCM or ischemic cardiomyopathy (152). Similar to what was 

shown in this work for AC, in DCM, p38MAPK is increased. Apart from that, in DCM, ERK1/2 

and SRC phosphorylation are increased, as is ADAM17 activity (276, 368, 369). Furthermore, 

in DCM increased TNFα levels were found, whereas TIMP3 was decreased (368, 370-372). 

Thus, inhibition of SRC, p38MAPK or ADAM17 might be of interest in the context of DCM. 

Furthermore, PKCε inhibition led to a cardiomyopathy resembling DCM, thus also the 

regulation of PKC levels might be of interest in DCM (295).  

Decreased localization of desmosomal proteins at the ICD was observed in patients with 

sarcoidosis or giant cell myocarditis (225), indicating that stabilization of desmosomal 
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cardiomyocyte cohesion might be beneficial in these conditions. Furthermore, reduced PG 

localization at the cardiomyocyte membrane was observed after exposure to TNFα, IL6 or IL17 

(225), indicating that stabilization of desmosomal junctions might be beneficial in a wide range 

of cardiac inflammatory diseases with increased cytokine levels.  

Recently it was suggested that AC, similar to IBD and PV has so-called ‘hot phases’, where 

disease symptoms are more severe than during ‘latent’ phases (469). Like AC, pemphigus is a 

disease of the desmosome. In pemphigus, autoantibodies against DSG1 and/or DSG3 lead to 

blistering of skin and mucosa. In some pemphigus patients, cardiac involvement, as well as 

anti-ICD autoantibodies were observed (470-473). Autoantibodies directed against the ICD or 

against DSG2 were recently found in the blood of AC patients (232, 233). Autoantibodies 

against cardiomyocyte components were also observed in DCM patients (474, 475). In 

keratinocytes, inhibition of p38MAPK, ERK1/2 or SRC, as well as PKA activation was 

protective against PV-IgG-mediated loss of keratinocyte cohesion (393, 400, 436, 476). Indeed, 

p38MAPK inhibition prevented AC-IgG-mediated loss of cardiomyocyte cohesion, indicating 

that similar mechanisms might be mediating the effect of PV-IgG and AC-IgG on cellular 

cohesion. Another aspect linking AC and PV are the cardio-cutaneous diseases, such as 

Carvajal syndrome and Naxos disease, where mutations of DP or PG lead to AC with woolly 

hair and palmoplantar keratoderma, respectively (129, 130).  

Modulation of PKA activity or its downstream signaling events might be of interest in some, 

but not all cardiomyopathies. Increased PKA activity was associated with Takutsobo 

cardiomyopathy and anthracycline-induced cardiomyopathy (477, 478). On the other hand, 

decreased PKA signaling was observed in DCM (479), which was at least in part caused by 

mutated PKA substrates (480). Furthermore, hyperlipidemia reduced PKA signaling in diabetic 

cardiomyopathy (379). Similar to what was shown in heart failure (387-389), a combination of 

PDE inhibitors and β-receptor blockers might be of interest in AC. In ulcerative colitis patients, 

treatment with Apremilast, a PDE4 inhibitor, reduced inflammation and fibrosis, and thereby 

attenuated colon damage (481, 482). Whether Apremilast, which induced positive adhesiotropy 

in HL-1 cardiomyocytes (unpublished data), would also be effective to reduce inflammation in 

AC, remains to be elucidated. 

Increased p38MAPK activity was found in mice with diabetic cardiomyopathy. In these mice, 

inhibition or loss of function of p38MAPK reduced hypertrophy, apoptosis and inflammation 

(272-275), all of which might also be beneficial in AC. Furthermore, a phase 3 clinical trial 

with DCM patients was performed using ARRY-371797, a p38MAPKα inhibitor, however, it 

was stopped after an interim futility analysis (403, 404). In contrast, p38MAPK inhibition was 
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associated with hypertrophic cardiomyopathy (270), indicating that p38MAPK inhibition might 

not be suited for all cardiomyopathies. 

Enhanced p38MAPK activation was not only observed upon treatment of HL-1 cardiomyocytes 

with AC-IgG and in hearts of Jup-/- mice, but also in the intestine of patients with IBD, as well 

as in keratinocytes following PV-IgG binding, in pemphigus patient skin biopsies, and was 

correlated to the severity of the inflammation in the case of IBD (400, 483-485). p38MAPK 

inhibition was protective in mice with IBD, even though TNFα production was increased (486, 

487) and prevented loss of keratinocyte cohesion induced by PV-IgG or PF-IgG (400, 488). 

Furthermore, p38MAPK inhibition was protective in patients with Crohn’s disease (CD), one 

specific IBD (483). However, safety concerns upon p38MAPK inhibition were raised, 

therefore, it has been suggested to target downstream effectors of p38MAPK (489). CD has 

been associated with decreased DSG2 protein levels in the intestine (417). Treatment with 

TNFα, a cytokine that is often increased in CD, led to p38MAPK activation and reduced DSG2 

staining at cell junctions in a colorectal adenocarcinoma cell line. SB20 prevented the  

TNFα-induced p38MAPK activation and restored DSG2 localization (417). Thus, regulation of 

p38MAPK might be of interest also in other cardiac diseases, in pemphigus and in CD. 

Inhibition or knockout of PKCδ, PKCε or PKCθ in mice caused dilated, diabetic or myofibrillar 

cardiomyopathy (293-296). However, overexpression of PKCβ was also associated with 

cardiomyopathy in mice (292), indicating that modulation of PKC activity might be of interest 

in several cardiomyopathies. However, when targeting PKC, attention should be paid to the 

specific isozymes and their downstream target proteins. 

Similar to pemphigus, Darier disease (DD) causes acantholysis of the skin. DD can be caused 

by ATP2A2 mutations leading to SERCA2 loss of function, resulting in defective desmosomal 

and AJ assembly (490). It has been suggested that the loss of functional SERCA2 results in 

decreased activation and localization of PKCα at the membrane, which causes the defects in AJ 

and desmosomal assembly. Indeed, PKC activation enhanced keratinocyte cohesion upon loss 

of SERCA2 function (491). Thus, PKC activation might be of interest in DD. In contrast, upon 

binding of PV-IgG, activation of PKC was observed (492), whereas inhibition of PKC or PKC 

downstream effectors prevented PV-IgG-induced loss of keratinocyte cohesion (84, 493-495). 

Furthermore, PKCα activation was paralleled by increased keratinocyte apoptosis and 

inflammation in murine skin (496). 

Apart from that, several PKC isozymes were protective against IBD by regulating intestinal 

epithelial barrier integrity and reducing inflammation (497-499). Furthermore, upon CD 
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progression, reduced expression of protective PKC isozymes in human intestinal biopsies was 

observed (500).  

Taken together, these data indicate that activation of specific PKC isozymes or their 

downstream targets might be of therapeutical use in DD or IBD patients, but not in PV patients.  

The PamGene Kinase assay suggested that PKA might be activated upon EGFR inhibition in 

cardiomyocytes. Thus, EGFR inhibition might be beneficial during hyperlipidemia, where PKA 

signaling is decreased (379). Indeed, EGFR inhibition prevented cardiac damage in 

hyperlipidemia-induced cardiomyopathy (328). Inhibition of ERK1/2, which is downstream of 

EGFR, was protective in a murine model for diabetic cardiomyopathy and in several  

iPSC-derived cardiomyocytes with LMNA mutations, which served as a model for DCM (395, 

396). Furthermore, diabetic cardiomyopathy or diabetes-induced cardiac damage were 

ameliorated upon EGFR inhibition (321-327). Positive adhesiotropy induced by EGFR 

inhibition was mediated by ROCK; therefore, ROCK might be of interest in diabetic 

cardiomyopathy. However, increased ROCK2 activity was observed in mice with diabetic 

cardiomyopathy and was associated with increased cardiomyocyte apoptosis (448).  

Binding of PF-IgGs or PV-IgGs activated EGFR (501), which in the case of PV-IgG was 

prevented by p38MAPK inhibition (83, 502). EGFR inhibition normalized DSG3 localization 

upon treatment with PV-IgG and prevented the PV-IgG-mediated loss of keratinocyte cohesion, 

apoptosis and skin blistering (82, 83, 437, 438). However, these effects were not seen with all 

EGFR inhibitors (439). Similarly, binding of PV-IgGs activated SRC, whereas SRC inhibition 

prevented blistering of the skin induced by m-PV-IgGs, mc-PV-IgGs and PF-IgGs (105, 260, 

436). Thus, targeting p38MAPK, EGFR or SRC might be of interest in patients with PV or PF. 

In macrophages from patients with ulcerative colitis, EGFR activation was observed, and a 

myeloid cell-specific knockout of Egfr ameliorated colitis in mice by reducing inflammatory 

cytokine levels and increasing anti-inflammatory IL10 cytokine levels (503). In contrast, mice 

with defective EGFR were more susceptible to colitis (504). Furthermore, upon disease 

remission, EGFR protein levels were increased in CD patients as compared to active disease 

state levels (505). Thus, EGFR inhibition might be beneficial in diabetic cardiomyopathy, AC 

and PV, but not in intestinal diseases. 

Increased ADAM17 protein levels were observed upon diabetic cardiomyopathy, DCM and 

hypertrophic obstructive cardiomyopathy (367-369). Furthermore, ADAM17 and TNFα levels 

were negatively correlated with left ventricular function and were correlated with disease 

severity and in-hospital complications upon acute MI and myocarditis (361-363, 369). 

Knockout of Timp3 in mice led to DCM and heart failure, which could be ameliorated upon 
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inhibition of ADAM17 and TNFα (372). Conversely, a cardiomyocyte-specific Adam17 

knockout was protective against diabetic cardiomyopathy in mice (367).  

Recently, increased ADAM17 activity was associated with autoimmune diseases, such as 

rheumatoid arthritis, multiple sclerosis and systemic lupus erythematosus (416). Increased 

ADAM17 protein levels were observed in skin of patients with bullous pemphigoid, an 

autoimmune disease different from PV with autoantibodies targeting hemidesmosomal 

components rather than desmosomal proteins (506, 507). However, ADAM17 inhibition did 

not enhance keratinocyte cohesion and did not reduce PV-IgG-induced loss of keratinocyte 

cohesion (508). Furthermore, activation of ADAM17 was not observed upon PV-IgG binding, 

indicating that targeting ADAM17 might be beneficial in bullous pemphigoid but not in PV 

patients (509).  

Systemic Adam17 knockout mice were more susceptible to colitis by reducing intestinal barrier 

integrity and regeneration (510). In line with that, decreased ADAM17 protein levels led to IBD 

with cardiac and cutaneous involvement (357-359). On the other hand, increased ADAM17 

protein levels and activity elevated TNFα-shedding and were associated with IBD (511-513). 

However, increased ADAM17 activity was hypothesized to be a protective mechanism in IBD 

patients through EGFR activation (510). Specific ADAM17 single nucleotide polymorphism 

haplotypes were associated with an increased efficiency of TNFα-blocker treatment, which is a 

common CD medication (514).  

Taken together, regulation of p38MAPK, SRC, EGFR, ADAM17, PKC or PKA activity might 

be of interest in several cardiovascular pathologies besides AC, including HCM, DCM, 

ischemic cardiomyopathy or diabetic cardiomyopathy, but also in skin diseases or IBD. 

However, opposite effects on the heart, skin and intestine were observed upon modulation of 

some of the here presented signaling pathways. Nevertheless, some findings from AC research 

can give rise to new research ideas and therapeutic strategies not only for other 

cardiomyopathies but also other cardiac diseases and even for IBD or pemphigus research.  
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4. Conclusions and Outlook 

In this work, p38MAPK, EGFR, SRC or ADAM17 inhibition were identified as new pathways 

to stabilize cardiomyocyte cohesion and the mechanisms behind adrenergic signaling and PKC 

activation-mediated positive adhesiotropy were further investigated. These pathways induced 

positive adhesiotropy in HL-1 cardiomyocytes and wildtype murine cardiac slice cultures, and 

only adrenergic signaling did not induce positive adhesiotropy in Jup-/- murine cardiac slice 

cultures. Positive adhesiotropy was paralleled by increased DSG2 localization at the membrane 

of HL-1 cardiomyocytes in all cases but PKC activation. Inhibition of EGFR, SRC or ADAM17 

increased DP localization at the membrane. In HL-1 cardiomyocytes, EGFR or SRC inhibition 

increased area composita length and enhanced DSG2 and DP staining width in wildtype murine 

cardiac slice cultures. In Jup-/- mice, only DSG2 staining width was enhanced upon EGFR or 

SRC inhibition. Positive adhesiotropy upon adrenergic signaling, PKC activation or p38MAPK 

inhibition was dependent on ERK1/2 activity and induced hyperadhesion independent of 

ERK1/2. EGFR inhibition-induced positive adhesiotropy was mediated by ROCK-dependent 

enhanced desmosomal assembly. In contrast, positive adhesiotropy induced by ADAM17 

inhibition was neither signaling-mediated nor via enhanced desmosomal assembly and might 

be a mechanical issue through reduced desmosomal disassembly upon reduced DSG2 cleavage. 

However, most of the investigated pathways enhancing cardiomyocyte cohesion might have 

their downsides in vivo. Adrenergic signaling can induce arrhythmia, was not effective in the 

Jup-/- model and might counteract current AC treatment by β-adrenergic receptor blockers (136, 

137, 515). Similarly, PKC activation can also induce arrhythmias and hypertrophy (200, 408). 

EGFR signaling can be cardiotoxic, and whether EGFR signaling is cardioprotective in AC, 

remains to be investigated. Finally, reduced ADAM17 levels were associated with 

inflammatory skin and bowel disease (358, 359), and long term ADAM17 inhibition did induce 

positive adhesiotropy in HL-1 cardiomyocytes. However, p38MAPK and EGFR were 

upregulated in Jup-/- mice, and EGFR seems to be upregulated in AC patients. Thus, an 

inhibition of these kinases might restore physiological kinase activity. A more detailed 

understanding of the underlying mechanisms of positive adhesiotropy upon adrenergic 

signaling, PKC activation, p38MAPK, EGFR, SRC or ADAM17 inhibition should be addressed 

in future studies. To find the most suitable target which restores cardiomyocyte cohesion with 

limited adverse effects in AC, in vivo studies with animal models, not only limited to Jup-/- 

mice, are required. Apart from that, the findings presented here might be of use in other 

cardiovascular pathologies, but also in intestinal or skin diseases.  



53 
 

References 

1. Piven OO, Winata CL. The canonical way to make a heart: beta-catenin and plakoglobin in heart 

development and remodeling. Exp Biol Med (Maywood). 2017;242(18):1735-45. 

2. Hick C, Hick A. mediscript Kurzlehrbuch Physiologie. 7 ed. Urban & Fischer Verlag: Elsevier; 

2013. 

3. Eisner DA, Caldwell JL, Kistamas K, Trafford AW. Calcium and Excitation-Contraction 

Coupling in the Heart. Circ Res. 2017;121(2):181-95. 

4. Keefe JA, Moore OM, Ho KS, Wehrens XHT. Role of Ca(2+) in healthy and pathologic cardiac 

function: from normal excitation-contraction coupling to mutations that cause inherited arrhythmia. 

Arch Toxicol. 2022. 

5. Buijtendijk MFJ, Barnett P, van den Hoff MJB. Development of the human heart. Am J Med 

Genet C Semin Med Genet. 2020;184(1):7-22. 

6. Woodcock EA, Matkovich SJ. Cardiomyocytes structure, function and associated pathologies. 

Int J Biochem Cell Biol. 2005;37(9):1746-51. 

7. Travers JG, Kamal FA, Robbins J, Yutzey KE, Blaxall BC. Cardiac Fibrosis: The Fibroblast 

Awakens. Circ Res. 2016;118(6):1021-40. 

8. Manring HR, Dorn LE, Ex-Willey A, Accornero F, Ackermann MA. At the heart of inter- and 

intracellular signaling: the intercalated disc. Biophys Rev. 2018;10(4):961-71. 

9. Estigoy CB, Ponten F, Odeberg J, Herbert B, Guilhaus M, Charleston M, et al. Intercalated 

discs: multiple proteins perform multiple functions in non-failing and failing human hearts. Biophys 

Rev. 2009;1(1):43. 

10. Schlipp A, Schinner C, Spindler V, Vielmuth F, Gehmlich K, Syrris P, et al. Desmoglein-2 

interaction is crucial for cardiomyocyte cohesion and function. Cardiovasc Res. 2014;104(2):245-57. 

11. Harris TJ, Tepass U. Adherens junctions: from molecules to morphogenesis. Nat Rev Mol Cell 

Biol. 2010;11(7):502-14. 

12. Cadherins and cardiac function. Journal of Cell Science. 2002;115(8):e803-e. 

13. Sheikh F, Ross RS, Chen J. Cell-cell connection to cardiac disease. Trends Cardiovasc Med. 

2009;19(6):182-90. 

14. Radice GL, Rayburn H, Matsunami H, Knudsen KA, Takeichi M, Hynes RO. Developmental 

defects in mouse embryos lacking N-cadherin. Dev Biol. 1997;181(1):64-78. 

15. Kostetskii I, Moore R, Kemler R, Radice GL. Differential adhesion leads to segregation and 

exclusion of N-cadherin-deficient cells in chimeric embryos. Dev Biol. 2001;234(1):72-9. 

16. Kostetskii I, Li J, Xiong Y, Zhou R, Ferrari VA, Patel VV, et al. Induced deletion of the N-

cadherin gene in the heart leads to dissolution of the intercalated disc structure. Circ Res. 

2005;96(3):346-54. 

17. Ferreira-Cornwell MC, Luo Y, Narula N, Lenox JM, Lieberman M, Radice GL. Remodeling 

the intercalated disc leads to cardiomyopathy in mice misexpressing cadherins in the heart. J Cell Sci. 

2002;115(Pt 8):1623-34. 

18. Michels C, Buchta T, Bloch W, Krieg T, Niessen CM. Classical cadherins regulate desmosome 

formation. J Invest Dermatol. 2009;129(8):2072-5. 

19. Najor NA. Desmosomes in Human Disease. Annu Rev Pathol. 2018;13:51-70. 

20. Green KJ, Roth-Carter Q, Niessen CM, Nichols SA. Tracing the Evolutionary Origin of 

Desmosomes. Curr Biol. 2020;30(10):R535-R43. 

21. Watt FM, Mattey DL, Garrod DR. Calcium-induced reorganization of desmosomal components 

in cultured human keratinocytes. J Cell Biol. 1984;99(6):2211-5. 

22. Johnson JL, Najor NA, Green KJ. Desmosomes: regulators of cellular signaling and adhesion 

in epidermal health and disease. Cold Spring Harb Perspect Med. 2014;4(11):a015297. 

23. Merritt AJ, Berika MY, Zhai W, Kirk SE, Ji B, Hardman MJ, et al. Suprabasal desmoglein 3 

expression in the epidermis of transgenic mice results in hyperproliferation and abnormal differentiation. 

Mol Cell Biol. 2002;22(16):5846-58. 

24. Harrison OJ, Brasch J, Lasso G, Katsamba PS, Ahlsen G, Honig B, et al. Structural basis of 

adhesive binding by desmocollins and desmogleins. Proc Natl Acad Sci U S A. 2016;113(26):7160-5. 

25. Schinner C, Erber BM, Yeruva S, Waschke J. Regulation of cardiac myocyte cohesion and gap 

junctions via desmosomal adhesion. Acta Physiol (Oxf). 2019;226(2):e13242. 



54 
 

26. Samuelov L, Sarig O, Harmon RM, Rapaport D, Ishida-Yamamoto A, Isakov O, et al. 

Desmoglein 1 deficiency results in severe dermatitis, multiple allergies and metabolic wasting. Nat 

Genet. 2013;45(10):1244-8. 

27. Rickman L, Simrak D, Stevens HP, Hunt DM, King IA, Bryant SP, et al. N-terminal deletion in 

a desmosomal cadherin causes the autosomal dominant skin disease striate palmoplantar keratoderma. 

Hum Mol Genet. 1999;8(6):971-6. 

28. Epifantseva I, Shaw RM. Intracellular trafficking pathways of Cx43 gap junction channels. 

Biochim Biophys Acta Biomembr. 2018;1860(1):40-7. 

29. Kanno S, Saffitz JE. The role of myocardial gap junctions in electrical conduction and 

arrhythmogenesis. Cardiovasc Pathol. 2001;10(4):169-77. 

30. Borrmann CM, Grund C, Kuhn C, Hofmann I, Pieperhoff S, Franke WW. The area composita 

of adhering junctions connecting heart muscle cells of vertebrates. II. Colocalizations of desmosomal 

and fascia adhaerens molecules in the intercalated disk. Eur J Cell Biol. 2006;85(6):469-85. 

31. Franke WW, Borrmann CM, Grund C, Pieperhoff S. The area composita of adhering junctions 

connecting heart muscle cells of vertebrates. I. Molecular definition in intercalated disks of 

cardiomyocytes by immunoelectron microscopy of desmosomal proteins. Eur J Cell Biol. 

2006;85(2):69-82. 

32. Yeruva S, Waschke J. Structure and regulation of desmosomes in intercalated discs: Lessons 

from epithelia. J Anat. 2022. 

33. Muller L, Hatzfeld M, Keil R. Desmosomes as Signaling Hubs in the Regulation of Cell 

Behavior. Front Cell Dev Biol. 2021;9:745670. 

34. Hegazy M, Perl AL, Svoboda SA, Green KJ. Desmosomal Cadherins in Health and Disease. 

Annu Rev Pathol. 2022;17:47-72. 

35. Thomason HA, Scothern A, McHarg S, Garrod DR. Desmosomes: adhesive strength and 

signalling in health and disease. Biochem J. 2010;429(3):419-33. 

36. Eshkind L, Tian Q, Schmidt A, Franke WW, Windoffer R, Leube RE. Loss of desmoglein 2 

suggests essential functions for early embryonic development and proliferation of embryonal stem cells. 

Eur J Cell Biol. 2002;81(11):592-8. 

37. Den Z, Cheng X, Merched-Sauvage M, Koch PJ. Desmocollin 3 is required for pre-implantation 

development of the mouse embryo. J Cell Sci. 2006;119(Pt 3):482-9. 

38. Chidgey M, Brakebusch C, Gustafsson E, Cruchley A, Hail C, Kirk S, et al. Mice lacking 

desmocollin 1 show epidermal fragility accompanied by barrier defects and abnormal differentiation. J 

Cell Biol. 2001;155(5):821-32. 

39. Hardman MJ, Liu K, Avilion AA, Merritt A, Brennan K, Garrod DR, et al. Desmosomal 

cadherin misexpression alters beta-catenin stability and epidermal differentiation. Mol Cell Biol. 

2005;25(3):969-78. 

40. Brennan D, Hu Y, Joubeh S, Choi YW, Whitaker-Menezes D, O'Brien T, et al. Suprabasal Dsg2 

expression in transgenic mouse skin confers a hyperproliferative and apoptosis-resistant phenotype to 

keratinocytes. J Cell Sci. 2007;120(Pt 5):758-71. 

41. Getsios S, Simpson CL, Kojima S, Harmon R, Sheu LJ, Dusek RL, et al. Desmoglein 1-

dependent suppression of EGFR signaling promotes epidermal differentiation and morphogenesis. J Cell 

Biol. 2009;185(7):1243-58. 

42. Harmon RM, Simpson CL, Johnson JL, Koetsier JL, Dubash AD, Najor NA, et al. Desmoglein-

1/Erbin interaction suppresses ERK activation to support epidermal differentiation. J Clin Invest. 

2013;123(4):1556-70. 

43. Godsel LM, Roth-Carter QR, Koetsier JL, Tsoi LC, Huffine AL, Broussard JA, et al. 

Translational implications of Th17-skewed inflammation due to genetic deficiency of a cadherin stress 

sensor. J Clin Invest. 2022;132(3). 

44. Kamekura R, Kolegraff KN, Nava P, Hilgarth RS, Feng M, Parkos CA, et al. Loss of the 

desmosomal cadherin desmoglein-2 suppresses colon cancer cell proliferation through EGFR signaling. 

Oncogene. 2014;33(36):4531-6. 

45. Ungewiss H, Rotzer V, Meir M, Fey C, Diefenbacher M, Schlegel N, et al. Dsg2 via Src-

mediated transactivation shapes EGFR signaling towards cell adhesion. Cell Mol Life Sci. 

2018;75(22):4251-68. 

46. Overmiller AM, McGuinn KP, Roberts BJ, Cooper F, Brennan-Crispi DM, Deguchi T, et al. c-

Src/Cav1-dependent activation of the EGFR by Dsg2. Oncotarget. 2016;7(25):37536-55. 



55 
 

47. Ungewiss H, Vielmuth F, Suzuki ST, Maiser A, Harz H, Leonhardt H, et al. Desmoglein 2 

regulates the intestinal epithelial barrier via p38 mitogen-activated protein kinase. Sci Rep. 

2017;7(1):6329. 

48. Burkard N, Meir M, Kannapin F, Otto C, Petzke M, Germer CT, et al. Desmoglein2 Regulates 

Claudin2 Expression by Sequestering PI-3-Kinase in Intestinal Epithelial Cells. Front Immunol. 

2021;12:756321. 

49. Kamekura R, Nava P, Feng M, Quiros M, Nishio H, Weber DA, et al. Inflammation-induced 

desmoglein-2 ectodomain shedding compromises the mucosal barrier. Mol Biol Cell. 

2015;26(18):3165-77. 

50. Tsang SM, Brown L, Gadmor H, Gammon L, Fortune F, Wheeler A, et al. Desmoglein 3 acting 

as an upstream regulator of Rho GTPases, Rac-1/Cdc42 in the regulation of actin organisation and 

dynamics. Exp Cell Res. 2012;318(18):2269-83. 

51. Uttagomol J, Ahmad US, Rehman A, Huang Y, Laly AC, Kang A, et al. Evidence for the 

Desmosomal Cadherin Desmoglein-3 in Regulating YAP and Phospho-YAP in Keratinocyte Responses 

to Mechanical Forces. Int J Mol Sci. 2019;20(24). 

52. Rehman A, Cai Y, Hunefeld C, Jedlickova H, Huang Y, Teck Teh M, et al. The desmosomal 

cadherin desmoglein-3 acts as a keratinocyte anti-stress protein via suppression of p53. Cell Death Dis. 

2019;10(10):750. 

53. Tsang SM, Liu L, Teh MT, Wheeler A, Grose R, Hart IR, et al. Desmoglein 3, via an interaction 

with E-cadherin, is associated with activation of Src. PLoS One. 2010;5(12):e14211. 

54. Rotzer V, Hartlieb E, Winkler J, Walter E, Schlipp A, Sardy M, et al. Desmoglein 3-Dependent 

Signaling Regulates Keratinocyte Migration and Wound Healing. J Invest Dermatol. 2016;136(1):301-

10. 

55. Cui T, Chen Y, Yang L, Knosel T, Huber O, Pacyna-Gengelbach M, et al. The p53 target gene 

desmocollin 3 acts as a novel tumor suppressor through inhibiting EGFR/ERK pathway in human lung 

cancer. Carcinogenesis. 2012;33(12):2326-33. 

56. Kolegraff K, Nava P, Helms MN, Parkos CA, Nusrat A. Loss of desmocollin-2 confers a 

tumorigenic phenotype to colonic epithelial cells through activation of Akt/beta-catenin signaling. Mol 

Biol Cell. 2011;22(8):1121-34. 

57. Arimoto K, Burkart C, Yan M, Ran D, Weng S, Zhang DE. Plakophilin-2 promotes tumor 

development by enhancing ligand-dependent and -independent epidermal growth factor receptor 

dimerization and activation. Mol Cell Biol. 2014;34(20):3843-54. 

58. Mertens C, Hofmann I, Wang Z, Teichmann M, Sepehri Chong S, Schnolzer M, et al. Nuclear 

particles containing RNA polymerase III complexes associated with the junctional plaque protein 

plakophilin 2. Proc Natl Acad Sci U S A. 2001;98(14):7795-800. 

59. Wolf A, Krause-Gruszczynska M, Birkenmeier O, Ostareck-Lederer A, Huttelmaier S, Hatzfeld 

M. Plakophilin 1 stimulates translation by promoting eIF4A1 activity. J Cell Biol. 2010;188(4):463-71. 

60. Nagler S, Ghoreishi Y, Kollmann C, Kelm M, Gerull B, Waschke J, et al. Plakophilin 2 regulates 

intestinal barrier function by modulating protein kinase C activity in vitro. Tissue Barriers. 

2022:2138061. 

61. Godsel LM, Dubash AD, Bass-Zubek AE, Amargo EV, Klessner JL, Hobbs RP, et al. 

Plakophilin 2 couples actomyosin remodeling to desmosomal plaque assembly via RhoA. Mol Biol Cell. 

2010;21(16):2844-59. 

62. Bass-Zubek AE, Hobbs RP, Amargo EV, Garcia NJ, Hsieh SN, Chen X, et al. Plakophilin 2: a 

critical scaffold for PKC alpha that regulates intercellular junction assembly. J Cell Biol. 

2008;181(4):605-13. 

63. Bendrick JL, Eldredge LA, Williams EI, Haight NB, Dubash AD. Desmoplakin Harnesses Rho 

GTPase and p38 Mitogen-Activated Protein Kinase Signaling to Coordinate Cellular Migration. J Invest 

Dermatol. 2019;139(6):1227-36. 

64. Gurha P, Chen X, Lombardi R, Willerson JT, Marian AJ. Knockdown of Plakophilin 2 

Downregulates miR-184 Through CpG Hypermethylation and Suppression of the E2F1 Pathway and 

Leads to Enhanced Adipogenesis In Vitro. Circ Res. 2016;119(6):731-50. 

65. 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(3):454-68. 



56 
 

66. Dubash AD, Kam CY, Aguado BA, Patel DM, Delmar M, Shea LD, et al. Plakophilin-2 loss 

promotes TGF-beta1/p38 MAPK-dependent fibrotic gene expression in cardiomyocytes. J Cell Biol. 

2016;212(4):425-38. 

67. Cerrone M, Montnach J, Lin X, Zhao YT, Zhang M, Agullo-Pascual E, et al. Plakophilin-2 is 

required for transcription of genes that control calcium cycling and cardiac rhythm. Nat Commun. 

2017;8(1):106. 

68. Franzen CA, Todorovic V, Desai BV, Mirzoeva S, Yang XJ, Green KJ, et al. The desmosomal 

armadillo protein plakoglobin regulates prostate cancer cell adhesion and motility through vitronectin-

dependent Src signaling. PLoS One. 2012;7(7):e42132. 

69. Todorovic V, Desai BV, Patterson MJ, Amargo EV, Dubash AD, Yin T, et al. Plakoglobin 

regulates cell motility through Rho- and fibronectin-dependent Src signaling. J Cell Sci. 2010;123(Pt 

20):3576-86. 

70. Yin T, Getsios S, Caldelari R, Kowalczyk AP, Muller EJ, Jones JC, et al. Plakoglobin suppresses 

keratinocyte motility through both cell-cell adhesion-dependent and -independent mechanisms. Proc 

Natl Acad Sci U S A. 2005;102(15):5420-5. 

71. Spindler V, Dehner C, Hubner S, Waschke J. Plakoglobin but not desmoplakin regulates 

keratinocyte cohesion via modulation of p38MAPK signaling. J Invest Dermatol. 2014;134(6):1655-64. 

72. Aktary Z, Kulak S, Mackey J, Jahroudi N, Pasdar M. Plakoglobin interacts with the transcription 

factor p53 and regulates the expression of 14-3-3sigma. J Cell Sci. 2013;126(Pt 14):3031-42. 

73. Dusek RL, Godsel LM, Chen F, Strohecker AM, Getsios S, Harmon R, et al. Plakoglobin 

deficiency protects keratinocytes from apoptosis. J Invest Dermatol. 2007;127(4):792-801. 

74. Yang L, Chen Y, Cui T, Knosel T, Zhang Q, Albring KF, et al. Desmoplakin acts as a tumor 

suppressor by inhibition of the Wnt/beta-catenin signaling pathway in human lung cancer. 

Carcinogenesis. 2012;33(10):1863-70. 

75. Fang WK, Liao LD, Li LY, Xie YM, Xu XE, Zhao WJ, et al. Down-regulated desmocollin-2 

promotes cell aggressiveness through redistributing adherens junctions and activating beta-catenin 

signalling in oesophageal squamous cell carcinoma. J Pathol. 2013;231(2):257-70. 

76. Chen YJ, Lee LY, Chao YK, Chang JT, Lu YC, Li HF, et al. DSG3 facilitates cancer cell growth 

and invasion through the DSG3-plakoglobin-TCF/LEF-Myc/cyclin D1/MMP signaling pathway. PLoS 

One. 2013;8(5):e64088. 

77. Maher MT, Flozak AS, Stocker AM, Chenn A, Gottardi CJ. Activity of the beta-catenin 

phosphodestruction complex at cell-cell contacts is enhanced by cadherin-based adhesion. J Cell Biol. 

2009;186(2):219-28. 

78. Hay E, Laplantine E, Geoffroy V, Frain M, Kohler T, Muller R, et al. N-cadherin interacts with 

axin and LRP5 to negatively regulate Wnt/beta-catenin signaling, osteoblast function, and bone 

formation. Mol Cell Biol. 2009;29(4):953-64. 

79. Zhang J, Woodhead GJ, Swaminathan SK, Noles SR, McQuinn ER, Pisarek AJ, et al. Cortical 

neural precursors inhibit their own differentiation via N-cadherin maintenance of beta-catenin signaling. 

Dev Cell. 2010;18(3):472-9. 

80. Puviani M, Marconi A, Cozzani E, Pincelli C. Fas ligand in pemphigus sera induces keratinocyte 

apoptosis through the activation of caspase-8. J Invest Dermatol. 2003;120(1):164-7. 

81. Waschke J. The desmosome and pemphigus. Histochem Cell Biol. 2008;130(1):21-54. 

82. Walter E, Vielmuth F, Wanuske MT, Seifert M, Pollmann R, Eming R, et al. Role of Dsg1- and 

Dsg3-Mediated Signaling in Pemphigus Autoantibody-Induced Loss of Keratinocyte Cohesion. Front 

Immunol. 2019;10:1128. 

83. Bektas M, Jolly PS, Berkowitz P, Amagai M, Rubenstein DS. A pathophysiologic role for 

epidermal growth factor receptor in pemphigus acantholysis. J Biol Chem. 2013;288(13):9447-56. 

84. Schmitt T, Egu DT, Walter E, Sigmund AM, Eichkorn R, Yazdi A, et al. Ca(2+) signalling is 

critical for autoantibody-induced blistering of human epidermis in pemphigus. Br J Dermatol. 

2021;185(3):595-604. 

85. Williamson L, Raess NA, Caldelari R, Zakher A, de Bruin A, Posthaus H, et al. Pemphigus 

vulgaris identifies plakoglobin as key suppressor of c-Myc in the skin. EMBO J. 2006;25(14):3298-309. 

86. Wheelock MJ, Shintani Y, Maeda M, Fukumoto Y, Johnson KR. Cadherin switching. J Cell Sci. 

2008;121(Pt 6):727-35. 



57 
 

87. Mrozik KM, Blaschuk OW, Cheong CM, Zannettino ACW, Vandyke K. N-cadherin in cancer 

metastasis, its emerging role in haematological malignancies and potential as a therapeutic target in 

cancer. BMC Cancer. 2018;18(1):939. 

88. Wallis S, Lloyd S, Wise I, Ireland G, Fleming TP, Garrod D. The alpha isoform of protein kinase 

C is involved in signaling the response of desmosomes to wounding in cultured epithelial cells. Mol 

Biol Cell. 2000;11(3):1077-92. 

89. Dusek RL, Attardi LD. Desmosomes: new perpetrators in tumour suppression. Nat Rev Cancer. 

2011;11(5):317-23. 

90. Chidgey M, Dawson C. Desmosomes: a role in cancer? Br J Cancer. 2007;96(12):1783-7. 

91. Hu P, Berkowitz P, Madden VJ, Rubenstein DS. Stabilization of plakoglobin and enhanced 

keratinocyte cell-cell adhesion by intracellular O-glycosylation. J Biol Chem. 2006;281(18):12786-91. 

92. Cirillo N, AlShwaimi E, McCullough M, Prime SS. Pemphigus vulgaris autoimmune globulin 

induces Src-dependent tyrosine-phosphorylation of plakophilin 3 and its detachment from desmoglein 

3. Autoimmunity. 2014;47(2):134-40. 

93. Klessner JL, Desai BV, Amargo EV, Getsios S, Green KJ. EGFR and ADAMs cooperate to 

regulate shedding and endocytic trafficking of the desmosomal cadherin desmoglein 2. Mol Biol Cell. 

2009;20(1):328-37. 

94. Green KJ, Getsios S, Troyanovsky S, Godsel LM. Intercellular junction assembly, dynamics, 

and homeostasis. Cold Spring Harb Perspect Biol. 2010;2(2):a000125. 

95. Hoschuetzky H, Aberle H, Kemler R. Beta-catenin mediates the interaction of the cadherin-

catenin complex with epidermal growth factor receptor. J Cell Biol. 1994;127(5):1375-80. 

96. Shibamoto S, Hayakawa M, Takeuchi K, Hori T, Oku N, Miyazawa K, et al. Tyrosine 

phosphorylation of beta-catenin and plakoglobin enhanced by hepatocyte growth factor and epidermal 

growth factor in human carcinoma cells. Cell Adhes Commun. 1994;1(4):295-305. 

97. Provost E, Rimm DL. Controversies at the cytoplasmic face of the cadherin-based adhesion 

complex. Curr Opin Cell Biol. 1999;11(5):567-72. 

98. Brady-Kalnay SM, Rimm DL, Tonks NK. Receptor protein tyrosine phosphatase PTPmu 

associates with cadherins and catenins in vivo. J Cell Biol. 1995;130(4):977-86. 

99. Muller T, Choidas A, Reichmann E, Ullrich A. Phosphorylation and free pool of beta-catenin 

are regulated by tyrosine kinases and tyrosine phosphatases during epithelial cell migration. J Biol 

Chem. 1999;274(15):10173-83. 

100. Yin T, Getsios S, Caldelari R, Godsel LM, Kowalczyk AP, Muller EJ, et al. Mechanisms of 

plakoglobin-dependent adhesion: desmosome-specific functions in assembly and regulation by 

epidermal growth factor receptor. J Biol Chem. 2005;280(48):40355-63. 

101. Gaudry CA, Palka HL, Dusek RL, Huen AC, Khandekar MJ, Hudson LG, et al. Tyrosine-

phosphorylated plakoglobin is associated with desmogleins but not desmoplakin after epidermal growth 

factor receptor activation. J Biol Chem. 2001;276(27):24871-80. 

102. Lorch JH, Klessner J, Park JK, Getsios S, Wu YL, Stack MS, et al. Epidermal growth factor 

receptor inhibition promotes desmosome assembly and strengthens intercellular adhesion in squamous 

cell carcinoma cells. J Biol Chem. 2004;279(35):37191-200. 

103. Hu P, Berkowitz P, O'Keefe EJ, Rubenstein DS. Keratinocyte adherens junctions initiate nuclear 

signaling by translocation of plakoglobin from the membrane to the nucleus. J Invest Dermatol. 

2003;121(2):242-51. 

104. Tokonzaba E, Chen J, Cheng X, Den Z, Ganeshan R, Muller EJ, et al. Plakoglobin as a regulator 

of desmocollin gene expression. J Invest Dermatol. 2013;133(12):2732-40. 

105. Calautti E, Cabodi S, Stein PL, Hatzfeld M, Kedersha N, Paolo Dotto G. Tyrosine 

phosphorylation and src family kinases control keratinocyte cell-cell adhesion. J Cell Biol. 

1998;141(6):1449-65. 

106. Schinner C, Vielmuth F, Rotzer V, Hiermaier M, Radeva MY, Co TK, et al. Adrenergic 

Signaling Strengthens Cardiac Myocyte Cohesion. Circ Res. 2017;120(8):1305-17. 

107. Schinner C, Olivares-Florez S, Schlipp A, Trenz S, Feinendegen M, Flaswinkel H, et al. The 

inotropic agent digitoxin strengthens desmosomal adhesion in cardiac myocytes in an ERK1/2-

dependent manner. Basic Res Cardiol. 2020;115(4):46. 

108. Kawel N, Turkbey EB, Carr JJ, Eng J, Gomes AS, Hundley WG, et al. Normal left ventricular 

myocardial thickness for middle-aged and older subjects with steady-state free precession cardiac 



58 
 

magnetic resonance: the multi-ethnic study of atherosclerosis. Circ Cardiovasc Imaging. 2012;5(4):500-

8. 

109. Thiene G. Arrhythmogenic cardiomyopathy: from autopsy to genes and transgenic mice (SCVP 

Achievement Award Lecture, San Antonio, TX, February 27, 2011). Cardiovasc Pathol. 

2012;21(4):229-39. 

110. Patel DM, Green KJ. Desmosomes in the heart: a review of clinical and mechanistic analyses. 

Cell Commun Adhes. 2014;21(3):109-28. 

111. Marcus FI, McKenna WJ, Sherrill D, Basso C, Bauce B, Bluemke DA, et al. Diagnosis of 

arrhythmogenic right ventricular cardiomyopathy/dysplasia: proposed modification of the task force 

criteria. Circulation. 2010;121(13):1533-41. 

112. Rampazzo A, Calore M, van Hengel J, van Roy F. Intercalated discs and arrhythmogenic 

cardiomyopathy. Circ Cardiovasc Genet. 2014;7(6):930-40. 

113. Pilichou K, Thiene G, Bauce B, Rigato I, Lazzarini E, Migliore F, et al. Arrhythmogenic 

cardiomyopathy. Orphanet J Rare Dis. 2016;11:33. 

114. Guiraudon CM. Histological diagnosis of right ventricular dysplasia: a role for electron 

microscopy? Eur Heart J. 1989;10 Suppl D:95-6. 

115. Yang Z, Bowles NE, Scherer SE, Taylor MD, Kearney DL, Ge S, et al. Desmosomal dysfunction 

due to mutations in desmoplakin causes arrhythmogenic right ventricular dysplasia/cardiomyopathy. 

Circ Res. 2006;99(6):646-55. 

116. van Tintelen JP, Entius MM, Bhuiyan ZA, Jongbloed R, Wiesfeld AC, Wilde AA, et al. 

Plakophilin-2 mutations are the major determinant of familial arrhythmogenic right ventricular 

dysplasia/cardiomyopathy. Circulation. 2006;113(13):1650-8. 

117. Pilichou K, Nava A, Basso C, Beffagna G, Bauce B, Lorenzon A, et al. Mutations in 

desmoglein-2 gene are associated with arrhythmogenic right ventricular cardiomyopathy. Circulation. 

2006;113(9):1171-9. 

118. Beffagna G, De Bortoli M, Nava A, Salamon M, Lorenzon A, Zaccolo M, et al. Missense 

mutations in desmocollin-2 N-terminus, associated with arrhythmogenic right ventricular 

cardiomyopathy, affect intracellular localization of desmocollin-2 in vitro. BMC Med Genet. 2007;8:65. 

119. Good JM, Fellmann F, Bhuiyan ZA, Rotman S, Pruvot E, Schlapfer J. ACTN2 variant associated 

with a cardiac phenotype suggestive of left-dominant arrhythmogenic cardiomyopathy. HeartRhythm 

Case Rep. 2020;6(1):15-9. 

120. Lopez-Ayala JM, Ortiz-Genga M, Gomez-Milanes I, Lopez-Cuenca D, Ruiz-Espejo F, Sanchez-

Munoz JJ, et al. A mutation in the Z-line Cypher/ZASP protein is associated with arrhythmogenic right 

ventricular cardiomyopathy. Clin Genet. 2015;88(2):172-6. 

121. van Hengel J, Calore M, Bauce B, Dazzo E, Mazzotti E, De Bortoli M, et al. Mutations in the 

area composita protein alphaT-catenin are associated with arrhythmogenic right ventricular 

cardiomyopathy. Eur Heart J. 2013;34(3):201-10. 

122. Mayosi BM, Fish M, Shaboodien G, Mastantuono E, Kraus S, Wieland T, et al. Identification 

of Cadherin 2 (CDH2) Mutations in Arrhythmogenic Right Ventricular Cardiomyopathy. Circ 

Cardiovasc Genet. 2017;10(2). 

123. Tiso N, Stephan DA, Nava A, Bagattin A, Devaney JM, Stanchi F, 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(3):189-94. 

124. van der Zwaag PA, van Rijsingen IA, Asimaki A, Jongbloed JD, van Veldhuisen DJ, Wiesfeld 

AC, 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(11):1199-207. 

125. Merner ND, Hodgkinson KA, Haywood AF, Connors S, French VM, Drenckhahn JD, 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(4):809-21. 

126. Beffagna G, Occhi G, Nava A, Vitiello L, Ditadi A, Basso C, et al. Regulatory mutations in 

transforming growth factor-beta3 gene cause arrhythmogenic right ventricular cardiomyopathy type 1. 

Cardiovasc Res. 2005;65(2):366-73. 

127. Quarta G, Syrris P, Ashworth M, Jenkins S, Zuborne Alapi K, Morgan J, et al. Mutations in the 

Lamin A/C gene mimic arrhythmogenic right ventricular cardiomyopathy. Eur Heart J. 

2012;33(9):1128-36. 



59 
 

128. Roberts JD, Murphy NP, Hamilton RM, Lubbers ER, James CA, Kline CF, et al. Ankyrin-B 

dysfunction predisposes to arrhythmogenic cardiomyopathy and is amenable to therapy. J Clin Invest. 

2019;129(8):3171-84. 

129. McKoy G, Protonotarios N, Crosby A, Tsatsopoulou A, Anastasakis A, Coonar A, et al. 

Identification of a deletion in plakoglobin in arrhythmogenic right ventricular cardiomyopathy with 

palmoplantar keratoderma and woolly hair (Naxos disease). Lancet. 2000;355(9221):2119-24. 

130. Norgett EE, Hatsell SJ, Carvajal-Huerta L, Cabezas JC, Common J, Purkis PE, et al. Recessive 

mutation in desmoplakin disrupts desmoplakin-intermediate filament interactions and causes dilated 

cardiomyopathy, woolly hair and keratoderma. Hum Mol Genet. 2000;9(18):2761-6. 

131. Ding Y, Yang J, Chen P, Lu T, Jiao K, Tester DJ, et al. Knockout of SORBS2 Protein Disrupts 

the Structural Integrity of Intercalated Disc and Manifests Features of Arrhythmogenic 

Cardiomyopathy. J Am Heart Assoc. 2020;9(17):e017055. 

132. De Bortoli M, Postma AV, Poloni G, Calore M, Minervini G, Mazzotti E, et al. Whole-Exome 

Sequencing Identifies Pathogenic Variants in TJP1 Gene Associated With Arrhythmogenic 

Cardiomyopathy. Circ Genom Precis Med. 2018;11(10):e002123. 

133. Hall CL, Gurha P, Sabater-Molina M, Asimaki A, Futema M, Lovering RC, et al. RNA 

sequencing-based transcriptome profiling of cardiac tissue implicates novel putative disease 

mechanisms in FLNC-associated arrhythmogenic cardiomyopathy. Int J Cardiol. 2020;302:124-30. 

134. Andreasen C, Nielsen JB, Refsgaard L, Holst AG, Christensen AH, Andreasen L, et al. New 

population-based exome data are questioning the pathogenicity of previously cardiomyopathy-

associated genetic variants. Eur J Hum Genet. 2013;21(9):918-28. 

135. Zhang H, Liu S, Dong T, Yang J, Xie Y, Wu Y, et al. Profiling of differentially expressed 

microRNAs in arrhythmogenic right ventricular cardiomyopathy. Sci Rep. 2016;6:28101. 

136. Agrimi J, Scalco A, Agafonova J, Williams Iii L, Pansari N, Keceli G, et al. Psychosocial Stress 

Hastens Disease Progression and Sudden Death in Mice with Arrhythmogenic Cardiomyopathy. J Clin 

Med. 2020;9(12). 

137. Cerrone M, Remme CA, Tadros R, Bezzina CR, Delmar M. Beyond the One Gene-One Disease 

Paradigm: Complex Genetics and Pleiotropy in Inheritable Cardiac Disorders. Circulation. 

2019;140(7):595-610. 

138. Kirchhof P, Fabritz L, Zwiener M, Witt H, Schafers M, Zellerhoff S, et al. Age- and training-

dependent development of arrhythmogenic right ventricular cardiomyopathy in heterozygous 

plakoglobin-deficient mice. Circulation. 2006;114(17):1799-806. 

139. Veeranki S, Givvimani S, Kundu S, Metreveli N, Pushpakumar S, Tyagi SC. Moderate intensity 

exercise prevents diabetic cardiomyopathy associated contractile dysfunction through restoration of 

mitochondrial function and connexin 43 levels in db/db mice. J Mol Cell Cardiol. 2016;92:163-73. 

140. Zorzi A, Cipriani A, Bariani R, Pilichou K, Corrado D, Bauce B. Role of Exercise as a 

Modulating Factor in Arrhythmogenic Cardiomyopathy. Curr Cardiol Rep. 2021;23(6):57. 

141. Hoorntje ET, Te Rijdt WP, James CA, Pilichou K, Basso C, Judge DP, et al. Arrhythmogenic 

cardiomyopathy: pathology, genetics, and concepts in pathogenesis. Cardiovasc Res. 

2017;113(12):1521-31. 

142. Gercek M, Gercek M, Kant S, Simsekyilmaz S, Kassner A, Milting H, et al. Cardiomyocyte 

Hypertrophy in Arrhythmogenic Cardiomyopathy. Am J Pathol. 2017;187(4):752-66. 

143. Bueno OF, De Windt LJ, Tymitz KM, Witt SA, Kimball TR, Klevitsky R, et al. The MEK1-

ERK1/2 signaling pathway promotes compensated cardiac hypertrophy in transgenic mice. EMBO J. 

2000;19(23):6341-50. 

144. Chelko SP, Keceli G, Carpi A, Doti N, Agrimi J, Asimaki A, et al. Exercise triggers CAPN1-

mediated AIF truncation, inducing myocyte cell death in arrhythmogenic cardiomyopathy. Sci Transl 

Med. 2021;13(581). 

145. James CA, Bhonsale A, Tichnell C, Murray B, Russell SD, Tandri H, et al. Exercise increases 

age-related penetrance and arrhythmic risk in arrhythmogenic right ventricular 

dysplasia/cardiomyopathy-associated desmosomal mutation carriers. J Am Coll Cardiol. 

2013;62(14):1290-7. 

146. Migliore F, Mattesi G, Zorzi A, Bauce B, Rigato I, Corrado D, et al. Arrhythmogenic 

Cardiomyopathy-Current Treatment and Future Options. J Clin Med. 2021;10(13). 



60 
 

147. Corrado D, Wichter T, Link MS, Hauer RN, Marchlinski FE, Anastasakis A, et al. Treatment of 

Arrhythmogenic Right Ventricular Cardiomyopathy/Dysplasia: An International Task Force Consensus 

Statement. Circulation. 2015;132(5):441-53. 

148. van der Voorn SM, Te Riele A, Basso C, Calkins H, Remme CA, van Veen TAB. 

Arrhythmogenic cardiomyopathy: pathogenesis, pro-arrhythmic remodelling, and novel approaches for 

risk stratification and therapy. Cardiovasc Res. 2020;116(9):1571-84. 

149. Jansen JA, Noorman M, Musa H, Stein M, de Jong S, van der Nagel R, et al. Reduced 

heterogeneous expression of Cx43 results in decreased Nav1.5 expression and reduced sodium current 

that accounts for arrhythmia vulnerability in conditional Cx43 knockout mice. Heart Rhythm. 

2012;9(4):600-7. 

150. Agullo-Pascual E, Lin X, Leo-Macias A, Zhang M, Liang FX, Li Z, et al. Super-resolution 

imaging reveals that loss of the C-terminus of connexin43 limits microtubule plus-end capture and 

NaV1.5 localization at the intercalated disc. Cardiovasc Res. 2014;104(2):371-81. 

151. Delmar M, Makita N. Cardiac connexins, mutations and arrhythmias. Curr Opin Cardiol. 

2012;27(3):236-41. 

152. Fontes MS, van Veen TA, de Bakker JM, van Rijen HV. Functional consequences of abnormal 

Cx43 expression in the heart. Biochim Biophys Acta. 2012;1818(8):2020-9. 

153. Noorman M, Hakim S, Kessler E, Groeneweg JA, Cox MG, Asimaki A, et al. Remodeling of 

the cardiac sodium channel, connexin43, and plakoglobin at the intercalated disk in patients with 

arrhythmogenic cardiomyopathy. Heart Rhythm. 2013;10(3):412-9. 

154. Asimaki A, Tandri H, Huang H, Halushka MK, Gautam S, Basso C, et al. A new diagnostic test 

for arrhythmogenic right ventricular cardiomyopathy. N Engl J Med. 2009;360(11):1075-84. 

155. Fidler LM, Wilson GJ, Liu F, Cui X, Scherer SW, Taylor GP, et al. Abnormal connexin43 in 

arrhythmogenic right ventricular cardiomyopathy caused by plakophilin-2 mutations. J Cell Mol Med. 

2009;13(10):4219-28. 

156. Kaplan SR, Gard JJ, Protonotarios N, Tsatsopoulou A, Spiliopoulou C, Anastasakis A, et al. 

Remodeling of myocyte gap junctions in arrhythmogenic right ventricular cardiomyopathy due to a 

deletion in plakoglobin (Naxos disease). Heart Rhythm. 2004;1(1):3-11. 

157. Chen X, Chen L, Chen Z, Chen X, Song J. Remodelling of myocardial intercalated disc protein 

connexin 43 causes increased susceptibility to malignant arrhythmias in ARVC/D patients. Forensic Sci 

Int. 2017;275:14-22. 

158. Tandri H, Asimaki A, Dalal D, Saffitz JE, Halushka MK, Calkins H. Gap junction remodeling 

in a case of arrhythmogenic right ventricular dysplasia due to plakophilin-2 mutation. J Cardiovasc 

Electrophysiol. 2008;19(11):1212-4. 

159. Gomes J, Finlay M, Ahmed AK, Ciaccio EJ, Asimaki A, Saffitz JE, et al. Electrophysiological 

abnormalities precede overt structural changes in arrhythmogenic right ventricular cardiomyopathy due 

to mutations in desmoplakin-A combined murine and human study. Eur Heart J. 2012;33(15):1942-53. 

160. Asimaki A, Protonotarios A, James CA, Chelko SP, Tichnell C, Murray B, et al. Characterizing 

the Molecular Pathology of Arrhythmogenic Cardiomyopathy in Patient Buccal Mucosa Cells. Circ 

Arrhythm Electrophysiol. 2016;9(2):e003688. 

161. Wang L, Liu S, Zhang H, Hu S, Wei Y. Arrhythmogenic cardiomyopathy: Identification of 

desmosomal gene variations and desmosomal protein expression in variation carriers. Exp Ther Med. 

2018;15(3):2255-62. 

162. Kaplan SR, Gard JJ, Carvajal-Huerta L, Ruiz-Cabezas JC, Thiene G, Saffitz JE. Structural and 

molecular pathology of the heart in Carvajal syndrome. Cardiovasc Pathol. 2004;13(1):26-32. 

163. Noorman M, Groeneweg JA, Asimaki A, Rizzo S, Papegaaij M, van Stuijvenberg L, et al. End 

stage of arrhythmogenic cardiomyopathy with severe involvement of the interventricular septum. Heart 

Rhythm. 2013;10(2):283-9. 

164. Vila J, Pariaut R, Moise NS, Oxford EM, Fox PR, Reynolds CA, et al. Structural and molecular 

pathology of the atrium in boxer arrhythmogenic right ventricular cardiomyopathy. J Vet Cardiol. 

2017;19(1):57-67. 

165. Yoshida T, Kawano H, Kusumoto S, Fukae S, Koga S, Ikeda S, et al. Relationships Between 

Clinical Characteristics and Decreased Plakoglobin and Connexin 43 Expressions in Myocardial 

Biopsies From Patients With Arrhythmogenic Right Ventricular Cardiomyopathy. Int Heart J. 

2015;56(6):626-31. 



61 
 

166. Oxford EM, Everitt M, Coombs W, Fox PR, Kraus M, Gelzer AR, et al. Molecular composition 

of the intercalated disc in a spontaneous canine animal model of arrhythmogenic right ventricular 

dysplasia/cardiomyopathy. Heart Rhythm. 2007;4(9):1196-205. 

167. Gehmlich K, Syrris P, Reimann M, Asimaki A, Ehler E, Evans A, et al. Molecular changes in 

the heart of a severe case of arrhythmogenic right ventricular cardiomyopathy caused by a desmoglein-

2 null allele. Cardiovasc Pathol. 2012;21(4):275-82. 

168. Kam CY, Dubash AD, Magistrati E, Polo S, Satchell KJF, Sheikh F, et al. Desmoplakin 

maintains gap junctions by inhibiting Ras/MAPK and lysosomal degradation of connexin-43. J Cell 

Biol. 2018;217(9):3219-35. 

169. Giacomelli E, Meraviglia V, Campostrini G, Cochrane A, Cao X, van Helden RWJ, et al. 

Human-iPSC-Derived Cardiac Stromal Cells Enhance Maturation in 3D Cardiac Microtissues and 

Reveal Non-cardiomyocyte Contributions to Heart Disease. Cell Stem Cell. 2020;26(6):862-79 e11. 

170. Asimaki A, Kapoor S, Plovie E, Karin Arndt A, Adams E, Liu Z, et al. Identification of a new 

modulator of the intercalated disc in a zebrafish model of arrhythmogenic cardiomyopathy. Sci Transl 

Med. 2014;6(240):240ra74. 

171. Lyon RC, Mezzano V, Wright AT, Pfeiffer E, Chuang J, Banares K, et al. Connexin defects 

underlie arrhythmogenic right ventricular cardiomyopathy in a novel mouse model. Hum Mol Genet. 

2014;23(5):1134-50. 

172. Oxford EM, Musa H, Maass K, Coombs W, Taffet SM, Delmar M. Connexin43 remodeling 

caused by inhibition of plakophilin-2 expression in cardiac cells. Circ Res. 2007;101(7):703-11. 

173. Kant S, Holthofer B, Magin TM, Krusche CA, Leube RE. Desmoglein 2-Dependent 

Arrhythmogenic Cardiomyopathy Is Caused by a Loss of Adhesive Function. Circ Cardiovasc Genet. 

2015;8(4):553-63. 

174. Padron-Barthe L, Villalba-Orero M, Gomez-Salinero JM, Dominguez F, Roman M, Larrasa-

Alonso J, et al. Severe Cardiac Dysfunction and Death Caused by Arrhythmogenic Right Ventricular 

Cardiomyopathy Type 5 Are Improved by Inhibition of Glycogen Synthase Kinase-3beta. Circulation. 

2019;140(14):1188-204. 

175. Schinner C, Erber BM, Yeruva S, Schlipp A, Rotzer V, Kempf E, et al. Stabilization of 

desmoglein-2 binding rescues arrhythmia in arrhythmogenic cardiomyopathy. JCI Insight. 2020;5(9). 

176. Yang J, Argenziano MA, Burgos Angulo M, Bertalovitz A, Beidokhti MN, McDonald TV. 

Phenotypic Variability in iPSC-Induced Cardiomyocytes and Cardiac Fibroblasts Carrying Diverse 

LMNA Mutations. Front Physiol. 2021;12:778982. 

177. Caspi O, Huber I, Gepstein A, Arbel G, Maizels L, Boulos M, et al. Modeling of arrhythmogenic 

right ventricular cardiomyopathy with human induced pluripotent stem cells. Circ Cardiovasc Genet. 

2013;6(6):557-68. 

178. Joshi-Mukherjee R, Coombs W, Musa H, Oxford E, Taffet S, Delmar M. Characterization of 

the molecular phenotype of two arrhythmogenic right ventricular cardiomyopathy (ARVC)-related 

plakophilin-2 (PKP2) mutations. Heart Rhythm. 2008;5(12):1715-23. 

179. Li J, 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(6):1134-44. 

180. Li D, Liu Y, Maruyama M, Zhu W, Chen H, Zhang W, et al. Restrictive loss of plakoglobin in 

cardiomyocytes leads to arrhythmogenic cardiomyopathy. Hum Mol Genet. 2011;20(23):4582-96. 

181. Stevens TL, Manring HR, Wallace MJ, Argall A, Dew T, Papaioannou P, et al. Humanized Dsp 

ACM Mouse Model Displays Stress-Induced Cardiac Electrical and Structural Phenotypes. Cells. 

2022;11(19). 

182. Pilichou K, Remme CA, Basso C, Campian ME, Rizzo S, Barnett P, et al. Myocyte necrosis 

underlies progressive myocardial dystrophy in mouse dsg2-related arrhythmogenic right ventricular 

cardiomyopathy. J Exp Med. 2009;206(8):1787-802. 

183. Rizzo S, Lodder EM, Verkerk AO, Wolswinkel R, Beekman L, Pilichou K, et al. Intercalated 

disc abnormalities, reduced Na(+) current density, and conduction slowing in desmoglein-2 mutant mice 

prior to cardiomyopathic changes. Cardiovasc Res. 2012;95(4):409-18. 

184. Wilde AAM, Amin AS. Clinical Spectrum of SCN5A Mutations: Long QT Syndrome, Brugada 

Syndrome, and Cardiomyopathy. JACC Clin Electrophysiol. 2018;4(5):569-79. 

185. Zaklyazminskaya E, Dzemeshkevich S. The role of mutations in the SCN5A gene in 

cardiomyopathies. Biochim Biophys Acta. 2016;1863(7 Pt B):1799-805. 



62 
 

186. Leo-Macias A, Agullo-Pascual E, Sanchez-Alonso JL, Keegan S, Lin X, Arcos T, et al. 

Nanoscale visualization of functional adhesion/excitability nodes at the intercalated disc. Nat Commun. 

2016;7:10342. 

187. Desplantez T, McCain ML, Beauchamp P, Rigoli G, Rothen-Rutishauser B, Parker KK, et al. 

Connexin43 ablation in foetal atrial myocytes decreases electrical coupling, partner connexins, and 

sodium current. Cardiovasc Res. 2012;94(1):58-65. 

188. Lubkemeier I, Requardt RP, Lin X, Sasse P, Andrie R, Schrickel JW, et al. Deletion of the last 

five C-terminal amino acid residues of connexin43 leads to lethal ventricular arrhythmias in mice 

without affecting coupling via gap junction channels. Basic Res Cardiol. 2013;108(3):348. 

189. Zhang Q, Deng C, Rao F, Modi RM, Zhu J, Liu X, et al. Silencing of desmoplakin decreases 

connexin43/Nav1.5 expression and sodium current in HL1 cardiomyocytes. Mol Med Rep. 

2013;8(3):780-6. 

190. Sato PY, Musa H, Coombs W, Guerrero-Serna G, Patino GA, Taffet SM, et al. Loss of 

plakophilin-2 expression leads to decreased sodium current and slower conduction velocity in cultured 

cardiac myocytes. Circ Res. 2009;105(6):523-6. 

191. Sato PY, Coombs W, Lin X, Nekrasova O, Green KJ, Isom LL, et al. Interactions between 

ankyrin-G, Plakophilin-2, and Connexin43 at the cardiac intercalated disc. Circ Res. 2011;109(2):193-

201. 

192. Agullo-Pascual E, Reid DA, Keegan S, Sidhu M, Fenyo D, Rothenberg E, et al. Super-resolution 

fluorescence microscopy of the cardiac connexome reveals plakophilin-2 inside the connexin43 plaque. 

Cardiovasc Res. 2013;100(2):231-40. 

193. Cerrone M, Lin X, Zhang M, Agullo-Pascual E, Pfenniger A, Chkourko Gusky H, et al. 

Missense mutations in plakophilin-2 cause sodium current deficit and associate with a Brugada 

syndrome phenotype. Circulation. 2014;129(10):1092-103. 

194. Cerrone M, Noorman M, Lin X, Chkourko H, Liang FX, van der Nagel R, et al. Sodium current 

deficit and arrhythmogenesis in a murine model of plakophilin-2 haploinsufficiency. Cardiovasc Res. 

2012;95(4):460-8. 

195. Khudiakov A, Zaytseva A, Perepelina K, Smolina N, Pervunina T, Vasichkina E, et al. Sodium 

current abnormalities and deregulation of Wnt/beta-catenin signaling in iPSC-derived cardiomyocytes 

generated from patient with arrhythmogenic cardiomyopathy harboring compound genetic variants in 

plakophilin 2 gene. Biochim Biophys Acta Mol Basis Dis. 2020;1866(11):165915. 

196. De Zio R, Pietrafesa G, Milano S, Procino G, Bramerio M, Pepe M, et al. Role of Nuclear Lamin 

A/C in the Regulation of Nav1.5 Channel and Microtubules: Lesson From the Pathogenic Lamin A/C 

Variant Q517X. Frontiers in Cell and Developmental Biology. 2022;10. 

197. El-Battrawy I, Zhao Z, Lan H, Cyganek L, Tombers C, Li X, et al. Electrical dysfunctions in 

human-induced pluripotent stem cell-derived cardiomyocytes from a patient with an arrhythmogenic 

right ventricular cardiomyopathy. Europace. 2018;20(FI1):f46-f56. 

198. Rogalska ME, Vafiadaki E, Erpapazoglou Z, Haghighi K, Green L, Mantzoros CS, et al. Isoform 

changes of action potential regulators in the ventricles of arrhythmogenic phospholamban-R14del 

humanized mouse hearts. Metabolism. 2022:155344. 

199. Lissoni A, Hulpiau P, Martins-Marques T, Wang N, Bultynck G, Schulz R, et al. RyR2 regulates 

Cx43 hemichannel intracellular Ca2+-dependent activation in cardiomyocytes. Cardiovasc Res. 

2021;117(1):123-36. 

200. Kim JC, Perez-Hernandez M, Alvarado FJ, Maurya SR, Montnach J, Yin Y, et al. Disruption of 

Ca(2+)i Homeostasis and Connexin 43 Hemichannel Function in the Right Ventricle Precedes Overt 

Arrhythmogenic Cardiomyopathy in Plakophilin-2-Deficient Mice. Circulation. 2019;140(12):1015-30. 

201. Maione AS, Faris P, Iengo L, Catto V, Bisonni L, Lodola F, et al. Ca2+ dysregulation in cardiac 

stromal cells sustains fibro-adipose remodeling in Arrhythmogenic Cardiomyopathy and can be 

modulated by flecainide. Journal of Translational Medicine. 2022;20(1):522. 

202. Wang Y, Li C, Shi L, Chen X, Cui C, Huang J, et al. Integrin beta1D Deficiency-Mediated 

RyR2 Dysfunction Contributes to Catecholamine-Sensitive Ventricular Tachycardia in Arrhythmogenic 

Right Ventricular Cardiomyopathy. Circulation. 2020;141(18):1477-93. 

203. Nakayama H, Chen X, Baines CP, Klevitsky R, Zhang X, Zhang H, et al. Ca2+- and 

mitochondrial-dependent cardiomyocyte necrosis as a primary mediator of heart failure. J Clin Invest. 

2007;117(9):2431-44. 



63 
 

204. van Opbergen CJM, den Braven L, Delmar M, van Veen TAB. Mitochondrial Dysfunction as 

Substrate for Arrhythmogenic Cardiomyopathy: A Search for New Disease Mechanisms. Front Physiol. 

2019;10:1496. 

205. Meraviglia V, Alcalde M, Campuzano O, Bellin M. Inflammation in the Pathogenesis of 

Arrhythmogenic Cardiomyopathy: Secondary Event or Active Driver? Front Cardiovasc Med. 

2021;8:784715. 

206. Olcum M, Rouhi L, Fan S, Gonzales MM, Jeong H-H, Zhao Z, et al. PANoptosis is a prominent 

feature of desmoplakin cardiomyopathy. 2023;3(1):3. 

207. Basso C, Thiene G, Corrado D, Angelini A, Nava A, Valente M. Arrhythmogenic right 

ventricular cardiomyopathy. Dysplasia, dystrophy, or myocarditis? Circulation. 1996;94(5):983-91. 

208. Mallat Z, Tedgui A, Fontaliran F, Frank R, Durigon M, Fontaine G. Evidence of apoptosis in 

arrhythmogenic right ventricular dysplasia. N Engl J Med. 1996;335(16):1190-6. 

209. Kavantzas NG, Lazaris AC, Agapitos EV, Nanas J, Davaris PS. Histological assessment of 

apoptotic cell death in cardiomyopathies. Pathology. 2000;32(3):176-80. 

210. Valente M, Calabrese F, Thiene G, Angelini A, Basso C, Nava A, et al. In vivo evidence of 

apoptosis in arrhythmogenic right ventricular cardiomyopathy. Am J Pathol. 1998;152(2):479-84. 

211. Runge MS, Stouffer GA, Sheahan RG, Yamamoto S, Tsyplenkova VG, James TN. 

Morphological patterns of death by myocytes in arrhythmogenic right ventricular dysplasia. Am J Med 

Sci. 2000;320(5):310-9. 

212. Nagata M, Hiroe M, Ishiyama S, Nishikawa T, Sakomura Y, Kasanuki H, et al. Apoptotic cell 

death in arrhythmogenic right ventricular cardiomyopathy: a comparative study with idiopathic 

sustained ventricular tachycardia. Jpn Heart J. 2000;41(6):733-41. 

213. Thiene G, Corrado D, Nava A, Rossi L, Poletti A, Boffa GM, et al. Right ventricular 

cardiomyopathy: is there evidence of an inflammatory aetiology? Eur Heart J. 1991;12 Suppl D:22-5. 

214. Chelko SP, Asimaki A, Andersen P, Bedja D, Amat-Alarcon N, DeMazumder D, et al. Central 

role for GSK3beta in the pathogenesis of arrhythmogenic cardiomyopathy. JCI Insight. 2016;1(5). 

215. Hariharan V, Asimaki A, Michaelson JE, Plovie E, MacRae CA, Saffitz JE, et al. 

Arrhythmogenic right ventricular cardiomyopathy mutations alter shear response without changes in 

cell-cell adhesion. Cardiovasc Res. 2014;104(2):280-9. 

216. Yuan P, Cheedipudi SM, Rouhi L, Fan S, Simon L, Zhao Z, et al. Single-Cell RNA Sequencing 

Uncovers Paracrine Functions of the Epicardial-Derived Cells in Arrhythmogenic Cardiomyopathy. 

Circulation. 2021;143(22):2169-87. 

217. Lubos N, van der Gaag S, Gercek M, Kant S, Leube RE, Krusche CA. Inflammation shapes 

pathogenesis of murine arrhythmogenic cardiomyopathy. Basic Res Cardiol. 2020;115(4):42. 

218. Ng KE, Delaney PJ, Thenet D, Murtough S, Webb CM, Zaman N, et al. Early inflammation 

precedes cardiac fibrosis and heart failure in desmoglein 2 murine model of arrhythmogenic 

cardiomyopathy. Cell Tissue Res. 2021;386(1):79-98. 

219. Lin YN, Mesquita T, Sanchez L, Chen YH, Liu W, Li C, et al. Extracellular vesicles from 

immortalized cardiosphere-derived cells attenuate arrhythmogenic cardiomyopathy in desmoglein-2 

mutant mice. Eur Heart J. 2021;42(35):3558-71. 

220. Kant S, Krull P, Eisner S, Leube RE, Krusche CA. Histological and ultrastructural abnormalities 

in murine desmoglein 2-mutant hearts. Cell Tissue Res. 2012;348(2):249-59. 

221. Campuzano O, Alcalde M, Iglesias A, Barahona-Dussault C, Sarquella-Brugada G, Benito B, 

et al. Arrhythmogenic right ventricular cardiomyopathy: severe structural alterations are associated with 

inflammation. J Clin Pathol. 2012;65(12):1077-83. 

222. Mavroidis M, Davos CH, Psarras S, Varela A, N CA, Katsimpoulas M, et al. Complement 

system modulation as a target for treatment of arrhythmogenic cardiomyopathy. Basic Res Cardiol. 

2015;110(3):27. 

223. Lu W, Rao Y, Li Y, Dai Y, Chen K. The Landscape of Cell Death Processes with Associated 

Immunogenic and Fibrogenic Effects in Arrhythmogenic Cardiomyopathy. Journal of Cardiovascular 

Development and Disease. 2022;9(9):301. 

224. Asimaki A, Kleber AG, MacRae CA, Saffitz JE. Arrhythmogenic Cardiomyopathy - New 

Insights into Disease Mechanisms and Drug Discovery. Prog Pediatr Cardiol. 2014;37(1-2):3-7. 

225. Asimaki A, Tandri H, Duffy ER, Winterfield JR, Mackey-Bojack S, Picken MM, et al. Altered 

desmosomal proteins in granulomatous myocarditis and potential pathogenic links to arrhythmogenic 

right ventricular cardiomyopathy. Circ Arrhythm Electrophysiol. 2011;4(5):743-52. 



64 
 

226. Campian ME, Verberne HJ, Hardziyenka M, de Groot EA, van Moerkerken AF, van Eck-Smit 

BL, et al. Assessment of inflammation in patients with arrhythmogenic right ventricular 

cardiomyopathy/dysplasia. Eur J Nucl Med Mol Imaging. 2010;37(11):2079-85. 

227. Bonny A, Lellouche N, Ditah I, Hidden-Lucet F, Yitemben MT, Granger B, et al. C-reactive 

protein in arrhythmogenic right ventricular dysplasia/cardiomyopathy and relationship with ventricular 

tachycardia. Cardiol Res Pract. 2010;2010. 

228. Chelko SP, Asimaki A, Lowenthal J, Bueno-Beti C, Bedja D, Scalco A, et al. Therapeutic 

Modulation of the Immune Response in Arrhythmogenic Cardiomyopathy. Circulation. 

2019;140(18):1491-505. 

229. Hamstra SI, Braun JL, Chelko SP, Fajardo VA. GSK3-inhibition improves maximal SERCA 

activity in a murine model of Arrhythmogenic cardiomyopathy. Biochim Biophys Acta Mol Basis Dis. 

2022;1868(12):166536. 

230. Chen L, Yang F, Chen X, Rao M, Zhang NN, Chen K, et al. Comprehensive Myocardial 

Proteogenomics Profiling Reveals C/EBPalpha as the Key Factor in the Lipid Storage of ARVC. J 

Proteome Res. 2017;16(8):2863-76. 

231. Ren J, Chen L, Chen X, Zhang N, Sun X, Song J. Acylation-stimulating protein and heart failure 

progression in arrhythmogenic right ventricular cardiomyopathy. ESC Heart Fail. 2022. 

232. Chatterjee D, Fatah M, Akdis D, Spears DA, Koopmann TT, Mittal K, et al. An autoantibody 

identifies arrhythmogenic right ventricular cardiomyopathy and participates in its pathogenesis. Eur 

Heart J. 2018;39(44):3932-44. 

233. Caforio ALP, Re F, Avella A, Marcolongo R, Baratta P, Seguso M, et al. Evidence From Family 

Studies for Autoimmunity in Arrhythmogenic Right Ventricular Cardiomyopathy: Associations of 

Circulating Anti-Heart and Anti-Intercalated Disk Autoantibodies With Disease Severity and Family 

History. Circulation. 2020;141(15):1238-48. 

234. Dorian D, Chatterjee D, Connelly KA, Goodman JM, Yan AT, Bentley RF, et al. A Novel 

Arrhythmogenic Right Ventricular Cardiomyopathy (ARVC) Biomarker-Anti-DSG2-Is Absent in 

Athletes With Right Ventricular Enlargement. CJC Open. 2021;3(12):1413-8. 

235. Vasireddi SK, Sattayaprasert P, Yang D, Dennis AT, Bektik E, Fu JD, et al. Adipogenic 

Signaling Promotes Arrhythmia Substrates before Structural Abnormalities in TMEM43 ARVC. J Pers 

Med. 2022;12(10). 

236. Schinner C, Xu L, Franz H, Zimmermann A, Wanuske MT, Rathod M, et al. Defective 

Desmosomal Adhesion Causes Arrhythmogenic Cardiomyopathy by Involving an Integrin-

alphaVbeta6/TGF-beta Signaling Cascade. Circulation. 2022. 

237. Lorenzon A, Calore M, Poloni G, De Windt LJ, Braghetta P, Rampazzo A. Wnt/beta-catenin 

pathway in arrhythmogenic cardiomyopathy. Oncotarget. 2017;8(36):60640-55. 

238. Zhurinsky J, Shtutman M, Ben-Ze'ev A. Differential mechanisms of LEF/TCF family-

dependent transcriptional activation by beta-catenin and plakoglobin. Mol Cell Biol. 2000;20(12):4238-

52. 

239. 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. 

240. Ross SE, Hemati N, Longo KA, Bennett CN, Lucas PC, Erickson RL, et al. Inhibition of 

adipogenesis by Wnt signaling. Science. 2000;289(5481):950-3. 

241. Garcia-Gras E, Lombardi R, Giocondo MJ, Willerson JT, Schneider MD, Khoury DS, et al. 

Suppression of canonical Wnt/beta-catenin signaling by nuclear plakoglobin recapitulates phenotype of 

arrhythmogenic right ventricular cardiomyopathy. J Clin Invest. 2006;116(7):2012-21. 

242. Williams BO, Barish GD, Klymkowsky MW, Varmus HE. A comparative evaluation of beta-

catenin and plakoglobin signaling activity. Oncogene. 2000;19(50):5720-8. 

243. Ma D, Wei H, Lu J, Ho S, Zhang G, Sun X, et al. Generation of patient-specific induced 

pluripotent stem cell-derived cardiomyocytes as a cellular model of arrhythmogenic right ventricular 

cardiomyopathy. Eur Heart J. 2013;34(15):1122-33. 

244. van Opbergen CJM, Noorman M, Pfenniger A, Copier JS, Vermij SH, Li Z, et al. Plakophilin-

2 Haploinsufficiency Causes Calcium Handling Deficits and Modulates the Cardiac Response Towards 

Stress. Int J Mol Sci. 2019;20(17). 

245. 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(12):1342-53. 



65 
 

246. Oxford EM, Danko CG, Fox PR, Kornreich BG, Moise NS. Change in beta-catenin localization 

suggests involvement of the canonical Wnt pathway in Boxer dogs with arrhythmogenic right 

ventricular cardiomyopathy. J Vet Intern Med. 2014;28(1):92-101. 

247. Lombardi R, Chen SN, Ruggiero A, Gurha P, Czernuszewicz GZ, Willerson JT, et al. Cardiac 

Fibro-Adipocyte Progenitors Express Desmosome Proteins and Preferentially Differentiate to 

Adipocytes Upon Deletion of the Desmoplakin Gene. Circ Res. 2016;119(1):41-54. 

248. Martherus R, Jain R, Takagi K, Mendsaikhan U, Turdi S, Osinska H, et al. Accelerated cardiac 

remodeling in desmoplakin transgenic mice in response to endurance exercise is associated with 

perturbed Wnt/beta-catenin signaling. Am J Physiol Heart Circ Physiol. 2016;310(2):H174-87. 

249. Calore M, Lorenzon A, Vitiello L, Poloni G, Khan MAF, Beffagna G, et al. A novel murine 

model for arrhythmogenic cardiomyopathy points to a pathogenic role of Wnt signalling and miRNA 

dysregulation. Cardiovasc Res. 2019;115(4):739-51. 

250. Kim C, Wong J, Wen J, Wang S, Wang C, Spiering S, et al. Studying arrhythmogenic right 

ventricular dysplasia with patient-specific iPSCs. Nature. 2013;494(7435):105-10. 

251. Liu Y, Chen J, Fontes SK, Bautista EN, Cheng Z. Physiological and pathological roles of protein 

kinase A in the heart. Cardiovasc Res. 2022;118(2):386-98. 

252. Leroy J, Vandecasteele G, Fischmeister R. Cyclic AMP signaling in cardiac myocytes. Current 

Opinion in Physiology. 2018;1:161-71. 

253. Ghigo A, Mika D. cAMP/PKA signaling compartmentalization in cardiomyocytes: Lessons 

from FRET-based biosensors. J Mol Cell Cardiol. 2019;131:112-21. 

254. Cuello F, Herberg FW, Stathopoulou K, Henning P, Diering S. Regulation of Cardiac PKA 

Signaling by cAMP and Oxidants. Antioxidants (Basel). 2021;10(5). 

255. Zhang Y, Wang WE, Zhang X, Li Y, Chen B, Liu C, et al. Cardiomyocyte PKA Ablation 

Enhances Basal Contractility While Eliminates Cardiac beta-Adrenergic Response Without Adverse 

Effects on the Heart. Circ Res. 2019;124(12):1760-77. 

256. Pare GC, Bauman AL, McHenry M, Michel JJ, Dodge-Kafka KL, Kapiloff MS. The mAKAP 

complex participates in the induction of cardiac myocyte hypertrophy by adrenergic receptor signaling. 

J Cell Sci. 2005;118(Pt 23):5637-46. 

257. Zoccarato A, Surdo NC, Aronsen JM, Fields LA, Mancuso L, Dodoni G, et al. Cardiac 

Hypertrophy Is Inhibited by a Local Pool of cAMP Regulated by Phosphodiesterase 2. Circ Res. 

2015;117(8):707-19. 

258. Lee TM, Lin SZ, Chang NC. Both PKA and Epac pathways mediate N-acetylcysteine-induced 

Connexin43 preservation in rats with myocardial infarction. PLoS One. 2013;8(8):e71878. 

259. Yeruva S, Koerber L, Hiermaier M, Egu DT, Kempf E, Waschke J. Cholinergic signaling 

impairs cardiomyocyte cohesion. Acta Physiol (Oxf). 2022:e13881. 

260. Walter E, Vielmuth F, Rotkopf L, Sardy M, Horvath ON, Goebeler M, et al. Different signaling 

patterns contribute to loss of keratinocyte cohesion dependent on autoantibody profile in pemphigus. 

Sci Rep. 2017;7(1):3579. 

261. Wang A, Zhang H, Liang Z, Xu K, Qiu W, Tian Y, et al. U0126 attenuates ischemia/reperfusion-

induced apoptosis and autophagy in myocardium through MEK/ERK/EGR-1 pathway. Eur J Pharmacol. 

2016;788:280-5. 

262. Gallo S, Vitacolonna A, Bonzano A, Comoglio P, Crepaldi T. ERK: A Key Player in the 

Pathophysiology of Cardiac Hypertrophy. Int J Mol Sci. 2019;20(9). 

263. Yeh CC, Li H, Malhotra D, Turcato S, Nicholas S, Tu R, et al. Distinctive ERK and p38 

signaling in remote and infarcted myocardium during post-MI remodeling in the mouse. J Cell Biochem. 

2010;109(6):1185-91. 

264. Ma XL, Kumar S, Gao F, Louden CS, Lopez BL, Christopher TA, et al. Inhibition of p38 

mitogen-activated protein kinase decreases cardiomyocyte apoptosis and improves cardiac function 

after myocardial ischemia and reperfusion. Circulation. 1999;99(13):1685-91. 

265. Ren J, Zhang S, Kovacs A, Wang Y, Muslin AJ. Role of p38alpha MAPK in cardiac apoptosis 

and remodeling after myocardial infarction. J Mol Cell Cardiol. 2005;38(4):617-23. 

266. Kaiser RA, Bueno OF, Lips DJ, Doevendans PA, Jones F, Kimball TF, et al. Targeted inhibition 

of p38 mitogen-activated protein kinase antagonizes cardiac injury and cell death following ischemia-

reperfusion in vivo. J Biol Chem. 2004;279(15):15524-30. 



66 
 

267. Porras A, Zuluaga S, Black E, Valladares A, Alvarez AM, Ambrosino C, et al. P38 alpha 

mitogen-activated protein kinase sensitizes cells to apoptosis induced by different stimuli. Mol Biol 

Cell. 2004;15(2):922-33. 

268. Schulz R, Aker S, Belosjorow S, Konietzka I, Rauen U, Heusch G. Stress kinase 

phosphorylation is increased in pacing-induced heart failure in rabbits. Am J Physiol Heart Circ Physiol. 

2003;285(5):H2084-90. 

269. Mitra A, Ray A, Datta R, Sengupta S, Sarkar S. Cardioprotective role of P38 MAPK during 

myocardial infarction via parallel activation of alpha-crystallin B and Nrf2. J Cell Physiol. 

2014;229(9):1272-82. 

270. Braz JC, Bueno OF, Liang Q, Wilkins BJ, Dai YS, Parsons S, et al. Targeted inhibition of p38 

MAPK promotes hypertrophic cardiomyopathy through upregulation of calcineurin-NFAT signaling. J 

Clin Invest. 2003;111(10):1475-86. 

271. Liu D, He M, Yi B, Guo WH, Que AL, Zhang JX. Pim-3 protects against cardiomyocyte 

apoptosis in anoxia/reoxygenation injury via p38-mediated signal pathway. Int J Biochem Cell Biol. 

2009;41(11):2315-22. 

272. Qi Y, Xu Z, Zhu Q, Thomas C, Kumar R, Feng H, et al. Myocardial loss of IRS1 and IRS2 

causes heart failure and is controlled by p38alpha MAPK during insulin resistance. Diabetes. 

2013;62(11):3887-900. 

273. Zuo G, Ren X, Qian X, Ye P, Luo J, Gao X, et al. Inhibition of JNK and p38 MAPK-mediated 

inflammation and apoptosis by ivabradine improves cardiac function in streptozotocin-induced diabetic 

cardiomyopathy. J Cell Physiol. 2019;234(2):1925-36. 

274. Thandavarayan RA, Watanabe K, Ma M, Gurusamy N, Veeraveedu PT, Konishi T, et al. 

Dominant-negative p38alpha mitogen-activated protein kinase prevents cardiac apoptosis and 

remodeling after streptozotocin-induced diabetes mellitus. Am J Physiol Heart Circ Physiol. 

2009;297(3):H911-9. 

275. Westermann D, Rutschow S, Van Linthout S, Linderer A, Bucker-Gartner C, Sobirey M, et al. 

Inhibition of p38 mitogen-activated protein kinase attenuates left ventricular dysfunction by mediating 

pro-inflammatory cardiac cytokine levels in a mouse model of diabetes mellitus. Diabetologia. 

2006;49(10):2507-13. 

276. Takeishi Y, Huang Q, Abe J, Che W, Lee JD, Kawakatsu H, et al. Activation of mitogen-

activated protein kinases and p90 ribosomal S6 kinase in failing human hearts with dilated 

cardiomyopathy. Cardiovasc Res. 2002;53(1):131-7. 

277. Palaniyandi SS, Sun L, Ferreira JC, Mochly-Rosen D. Protein kinase C in heart failure: a 

therapeutic target? Cardiovasc Res. 2009;82(2):229-39. 

278. Braz JC, Bueno OF, De Windt LJ, Molkentin JD. PKC alpha regulates the hypertrophic growth 

of cardiomyocytes through extracellular signal-regulated kinase1/2 (ERK1/2). J Cell Biol. 

2002;156(5):905-19. 

279. Shapira L, Sylvia VL, Halabi A, Soskolne WA, Van Dyke TE, Dean DD, et al. Bacterial 

lipopolysaccharide induces early and late activation of protein kinase C in inflammatory macrophages 

by selective activation of PKC-epsilon. Biochem Biophys Res Commun. 1997;240(3):629-34. 

280. Devaraj S, Venugopal SK, Singh U, Jialal I. Hyperglycemia induces monocytic release of 

interleukin-6 via induction of protein kinase c-{alpha} and -{beta}. Diabetes. 2005;54(1):85-91. 

281. Xie Z, Singh M, Singh K. Differential regulation of matrix metalloproteinase-2 and -9 

expression and activity in adult rat cardiac fibroblasts in response to interleukin-1beta. J Biol Chem. 

2004;279(38):39513-9. 

282. Kveiborg M, Instrell R, Rowlands C, Howell M, Parker PJ. PKCalpha and PKCdelta regulate 

ADAM17-mediated ectodomain shedding of heparin binding-EGF through separate pathways. PLoS 

One. 2011;6(2):e17168. 

283. Kohutek ZA, diPierro CG, Redpath GT, Hussaini IM. ADAM-10-mediated N-cadherin 

cleavage is protein kinase C-alpha dependent and promotes glioblastoma cell migration. J Neurosci. 

2009;29(14):4605-15. 

284. Braun MU, Mochly-Rosen D. Opposing effects of delta- and zeta-protein kinase C isozymes on 

cardiac fibroblast proliferation: use of isozyme-selective inhibitors. J Mol Cell Cardiol. 2003;35(8):895-

903. 



67 
 

285. Inagaki K, Koyanagi T, Berry NC, Sun L, Mochly-Rosen D. Pharmacological inhibition of 

epsilon-protein kinase C attenuates cardiac fibrosis and dysfunction in hypertension-induced heart 

failure. Hypertension. 2008;51(6):1565-9. 

286. Ferreira JC, Koyanagi T, Palaniyandi SS, Fajardo G, Churchill EN, Budas G, et al. 

Pharmacological inhibition of betaIIPKC is cardioprotective in late-stage hypertrophy. J Mol Cell 

Cardiol. 2011;51(6):980-7. 

287. Klein G, Schaefer A, Hilfiker-Kleiner D, Oppermann D, Shukla P, Quint A, et al. Increased 

collagen deposition and diastolic dysfunction but preserved myocardial hypertrophy after pressure 

overload in mice lacking PKCepsilon. Circ Res. 2005;96(7):748-55. 

288. Boyle AJ, Kelly DJ, Zhang Y, Cox AJ, Gow RM, Way K, et al. Inhibition of protein kinase C 

reduces left ventricular fibrosis and dysfunction following myocardial infarction. J Mol Cell Cardiol. 

2005;39(2):213-21. 

289. Sil P, Kandaswamy V, Sen S. Increased protein kinase C activity in myotrophin-induced 

myocyte growth. Circ Res. 1998;82(11):1173-88. 

290. Bowman JC, Steinberg SF, Jiang T, Geenen DL, Fishman GI, Buttrick PM. Expression of 

protein kinase C beta in the heart causes hypertrophy in adult mice and sudden death in neonates. J Clin 

Invest. 1997;100(9):2189-95. 

291. Takeishi Y, Ping P, Bolli R, Kirkpatrick DL, Hoit BD, Walsh RA. Transgenic overexpression 

of constitutively active protein kinase C epsilon causes concentric cardiac hypertrophy. Circ Res. 

2000;86(12):1218-23. 

292. Wakasaki H, Koya D, Schoen FJ, Jirousek MR, Ways DK, Hoit BD, et al. Targeted 

overexpression of protein kinase C beta2 isoform in myocardium causes cardiomyopathy. Proc Natl 

Acad Sci U S A. 1997;94(17):9320-5. 

293. Li Z, Abdullah CS, Jin ZQ. Inhibition of PKC-theta preserves cardiac function and reduces 

fibrosis in streptozotocin-induced diabetic cardiomyopathy. Br J Pharmacol. 2014;171(11):2913-24. 

294. Paoletti R, Maffei A, Madaro L, Notte A, Stanganello E, Cifelli G, et al. Protein kinase Ctheta 

is required for cardiomyocyte survival and cardiac remodeling. Cell Death Dis. 2010;1:e45. 

295. Mochly-Rosen D, Wu G, Hahn H, Osinska H, Liron T, Lorenz JN, et al. Cardiotrophic effects 

of protein kinase C epsilon: analysis by in vivo modulation of PKCepsilon translocation. Circ Res. 

2000;86(11):1173-9. 

296. Hahn HS, Yussman MG, Toyokawa T, Marreez Y, Barrett TJ, Hilty KC, et al. Ischemic 

protection and myofibrillar cardiomyopathy: dose-dependent effects of in vivo deltaPKC inhibition. 

Circ Res. 2002;91(8):741-8. 

297. Gray MO, Karliner JS, Mochly-Rosen D. A selective epsilon-protein kinase C antagonist 

inhibits protection of cardiac myocytes from hypoxia-induced cell death. J Biol Chem. 

1997;272(49):30945-51. 

298. Dorn GW, 2nd, Souroujon MC, Liron T, Chen CH, Gray MO, Zhou HZ, et al. Sustained in vivo 

cardiac protection by a rationally designed peptide that causes epsilon protein kinase C translocation. 

Proc Natl Acad Sci U S A. 1999;96(22):12798-803. 

299. Inagaki K, Begley R, Ikeno F, Mochly-Rosen D. Cardioprotection by epsilon-protein kinase C 

activation from ischemia: continuous delivery and antiarrhythmic effect of an epsilon-protein kinase C-

activating peptide. Circulation. 2005;111(1):44-50. 

300. Ishida T, Yarimizu K, Gute DC, Korthuis RJ. Mechanisms of ischemic preconditioning. Shock. 

1997;8(2):86-94. 

301. Ozcelik C, Erdmann B, Pilz B, Wettschureck N, Britsch S, Hubner N, et al. Conditional mutation 

of the ErbB2 (HER2) receptor in cardiomyocytes leads to dilated cardiomyopathy. Proc Natl Acad Sci 

U S A. 2002;99(13):8880-5. 

302. Makki N, Thiel KW, Miller FJ, Jr. The epidermal growth factor receptor and its ligands in 

cardiovascular disease. Int J Mol Sci. 2013;14(10):20597-613. 

303. Tanner MA, Thomas TP, Grisanti LA. Death receptor 5 contributes to cardiomyocyte 

hypertrophy through epidermal growth factor receptor transactivation. J Mol Cell Cardiol. 2019;136:1-

14. 

304. Leserer M, Gschwind A, Ullrich A. Epidermal growth factor receptor signal transactivation. 

IUBMB Life. 2000;49(5):405-9. 



68 
 

305. Kagiyama S, Eguchi S, Frank GD, Inagami T, Zhang YC, Phillips MI. Angiotensin II-induced 

cardiac hypertrophy and hypertension are attenuated by epidermal growth factor receptor antisense. 

Circulation. 2002;106(8):909-12. 

306. Takayanagi T, Kawai T, Forrester SJ, Obama T, Tsuji T, Fukuda Y, et al. Role of epidermal 

growth factor receptor and endoplasmic reticulum stress in vascular remodeling induced by angiotensin 

II. Hypertension. 2015;65(6):1349-55. 

307. Noma T, Lemaire A, Naga Prasad SV, Barki-Harrington L, Tilley DG, Chen J, et al. Beta-

arrestin-mediated beta1-adrenergic receptor transactivation of the EGFR confers cardioprotection. J Clin 

Invest. 2007;117(9):2445-58. 

308. Sanchez-Soria P, Camenisch TD. ErbB signaling in cardiac development and disease. Semin 

Cell Dev Biol. 2010;21(9):929-35. 

309. Grisanti LA, Talarico JA, Carter RL, Yu JE, Repas AA, Radcliffe SW, et al. beta-Adrenergic 

receptor-mediated transactivation of epidermal growth factor receptor decreases cardiomyocyte 

apoptosis through differential subcellular activation of ERK1/2 and Akt. J Mol Cell Cardiol. 

2014;72:39-51. 

310. Ma J, Jin G. Epidermal growth factor protects against myocardial ischaemia reperfusion injury 

through activating Nrf2 signalling pathway. Free Radic Res. 2019;53(3):313-23. 

311. Lee JW, Koeppen M, Seo SW, Bowser JL, Yuan X, Li J, et al. Transcription-independent 

Induction of ERBB1 through Hypoxia-inducible Factor 2A Provides Cardioprotection during Ischemia 

and Reperfusion. Anesthesiology. 2020;132(4):763-80. 

312. Lorita J, Escalona N, Faraudo S, Soley M, Ramirez I. Effects of epidermal growth factor on 

epinephrine-stimulated heart function in rodents. Am J Physiol Heart Circ Physiol. 2002;283(5):H1887-

95. 

313. Guo S, Okyere AD, McEachern E, Strong JL, Carter RL, Patwa VC, et al. Epidermal growth 

factor receptor-dependent maintenance of cardiac contractility. Cardiovasc Res. 2022;118(5):1276-88. 

314. Schreier B, Rabe S, Schneider B, Bretschneider M, Rupp S, Ruhs S, et al. Loss of epidermal 

growth factor receptor in vascular smooth muscle cells and cardiomyocytes causes arterial hypotension 

and cardiac hypertrophy. Hypertension. 2013;61(2):333-40. 

315. Xu J, Bian X, Zhao H, Sun Y, Tian Y, Li X, et al. Morphine Prevents Ischemia/Reperfusion-

Induced Myocardial Mitochondrial Damage by Activating delta-opioid Receptor/EGFR/ROS Pathway. 

Cardiovasc Drugs Ther. 2022;36(5):841-57. 

316. Barrick CJ, Yu M, Chao HH, Threadgill DW. Chronic pharmacologic inhibition of EGFR leads 

to cardiac dysfunction in C57BL/6J mice. Toxicol Appl Pharmacol. 2008;228(3):315-25. 

317. Grisanti LA, Repas AA, Talarico JA, Gold JI, Carter RL, Koch WJ, et al. Temporal and 

gefitinib-sensitive regulation of cardiac cytokine expression via chronic beta-adrenergic receptor 

stimulation. Am J Physiol Heart Circ Physiol. 2015;308(4):H316-30. 

318. Tanaka N, Masamura K, Yoshida M, Kato M, Kawai Y, Miyamori I. A role of heparin-binding 

epidermal growth factor-like growth factor in cardiac remodeling after myocardial infarction. Biochem 

Biophys Res Commun. 2002;297(2):375-81. 

319. Crone SA, Zhao YY, Fan L, Gu Y, Minamisawa S, Liu Y, et al. ErbB2 is essential in the 

prevention of dilated cardiomyopathy. Nat Med. 2002;8(5):459-65. 

320. Akhtar S, Yousif MH, Chandrasekhar B, Benter IF. Activation of EGFR/ERBB2 via pathways 

involving ERK1/2, P38 MAPK, AKT and FOXO enhances recovery of diabetic hearts from ischemia-

reperfusion injury. PLoS One. 2012;7(6):e39066. 

321. Benter IF, Sarkhou F, Al-Khaldi AT, Chandrasekhar B, Attur S, Dhaunsi GS, et al. The dual 

targeting of EGFR and ErbB2 with the inhibitor Lapatinib corrects high glucose-induced apoptosis and 

vascular dysfunction by opposing multiple diabetes-induced signaling changes. J Drug Target. 

2015;23(6):506-18. 

322. Akhtar S, Yousif MH, Dhaunsi GS, Sarkhouh F, Chandrasekhar B, Attur S, et al. Activation of 

ErbB2 and Downstream Signalling via Rho Kinases and ERK1/2 Contributes to Diabetes-Induced 

Vascular Dysfunction. PLoS One. 2013;8(6):e67813. 

323. Benter IF, Benboubetra M, Hollins AJ, Yousif MH, Canatan H, Akhtar S. Early inhibition of 

EGFR signaling prevents diabetes-induced up-regulation of multiple gene pathways in the mesenteric 

vasculature. Vascul Pharmacol. 2009;51(4):236-45. 

324. Galan M, Kassan M, Choi SK, Partyka M, Trebak M, Henrion D, et al. A novel role for 

epidermal growth factor receptor tyrosine kinase and its downstream endoplasmic reticulum stress in 



69 
 

cardiac damage and microvascular dysfunction in type 1 diabetes mellitus. Hypertension. 

2012;60(1):71-80. 

325. Liang D, Zhong P, Hu J, Lin F, Qian Y, Xu Z, et al. EGFR inhibition protects cardiac damage 

and remodeling through attenuating oxidative stress in STZ-induced diabetic mouse model. J Mol Cell 

Cardiol. 2015;82:63-74. 

326. Shah S, Akhtar MS, Hassan MQ, Akhtar M, Paudel YN, Najmi AK. EGFR tyrosine kinase 

inhibition decreases cardiac remodeling and SERCA2a/NCX1 depletion in streptozotocin induced 

cardiomyopathy in C57/BL6 mice. Life Sci. 2018;210:29-39. 

327. Mali V, Haddox S, Hornersmith C, Matrougui K, Belmadani S. Essential role for EGFR tyrosine 

kinase and ER stress in myocardial infarction in type 2 diabetes. Pflugers Arch. 2018;470(3):471-80. 

328. Li W, Fang Q, Zhong P, Chen L, Wang L, Zhang Y, et al. EGFR Inhibition Blocks Palmitic 

Acid-induced inflammation in cardiomyocytes and Prevents Hyperlipidemia-induced Cardiac Injury in 

Mice. Sci Rep. 2016;6:24580. 

329. Sysa-Shah P, Xu Y, Guo X, Belmonte F, Kang B, Bedja D, et al. Cardiac-specific over-

expression of epidermal growth factor receptor 2 (ErbB2) induces pro-survival pathways and 

hypertrophic cardiomyopathy in mice. PLoS One. 2012;7(8):e42805. 

330. Ushikoshi H, Takahashi T, Chen X, Khai NC, Esaki M, Goto K, et al. Local overexpression of 

HB-EGF exacerbates remodeling following myocardial infarction by activating noncardiomyocytes. 

Lab Invest. 2005;85(7):862-73. 

331. Liu L, Jin X, Hu CF, Zhang YP, Zhou Z, Li R, et al. Amphiregulin enhances cardiac fibrosis 

and aggravates cardiac dysfunction in mice with experimental myocardial infarction partly through 

activating EGFR-dependent pathway. Basic Res Cardiol. 2018;113(2):12. 

332. Asakura M, Kitakaze M, Takashima S, Liao Y, Ishikura F, Yoshinaka T, et al. Cardiac 

hypertrophy is inhibited by antagonism of ADAM12 processing of HB-EGF: metalloproteinase 

inhibitors as a new therapy. Nat Med. 2002;8(1):35-40. 

333. Bi HL, Zhang XL, Zhang YL, Xie X, Xia YL, Du J, et al. The deubiquitinase UCHL1 regulates 

cardiac hypertrophy by stabilizing epidermal growth factor receptor. Sci Adv. 2020;6(16):eaax4826. 

334. Liu N, He S, Ma L, Ponnusamy M, Tang J, Tolbert E, et al. Blocking the class I histone 

deacetylase ameliorates renal fibrosis and inhibits renal fibroblast activation via modulating TGF-beta 

and EGFR signaling. PLoS One. 2013;8(1):e54001. 

335. Rayego-Mateos S, Morgado-Pascual JL, Sanz AB, Ramos AM, Eguchi S, Batlle D, et al. 

TWEAK transactivation of the epidermal growth factor receptor mediates renal inflammation. J Pathol. 

2013;231(4):480-94. 

336. De Giusti VC, Nolly MB, Yeves AM, Caldiz CI, Villa-Abrille MC, Chiappe de Cingolani GE, 

et al. Aldosterone stimulates the cardiac Na(+)/H(+) exchanger via transactivation of the epidermal 

growth factor receptor. Hypertension. 2011;58(5):912-9. 

337. Grisanti LA, Guo S, Tilley DG. Cardiac GPCR-Mediated EGFR Transactivation: Impact and 

Therapeutic Implications. J Cardiovasc Pharmacol. 2017;70(1):3-9. 

338. Zhai P, Galeotti J, Liu J, Holle E, Yu X, Wagner T, et al. An angiotensin II type 1 receptor 

mutant lacking epidermal growth factor receptor transactivation does not induce angiotensin II-mediated 

cardiac hypertrophy. Circ Res. 2006;99(5):528-36. 

339. Ai W, Zhang Y, Tang QZ, Yan L, Bian ZY, Liu C, et al. Silibinin attenuates cardiac hypertrophy 

and fibrosis through blocking EGFR-dependent signaling. J Cell Biochem. 2010;110(5):1111-22. 

340. Peng K, Tian X, Qian Y, Skibba M, Zou C, Liu Z, et al. Novel EGFR inhibitors attenuate cardiac 

hypertrophy induced by angiotensin II. J Cell Mol Med. 2016;20(3):482-94. 

341. Cai J, Yi FF, Yang L, Shen DF, Yang Q, Li A, et al. Targeted expression of receptor-associated 

late transducer inhibits maladaptive hypertrophy via blocking epidermal growth factor receptor 

signaling. Hypertension. 2009;53(3):539-48. 

342. Griol-Charhbili V, Fassot C, Messaoudi S, Perret C, Agrapart V, Jaisser F. Epidermal growth 

factor receptor mediates the vascular dysfunction but not the remodeling induced by aldosterone/salt. 

Hypertension. 2011;57(2):238-44. 

343. Obama T, Tsuji T, Kobayashi T, Fukuda Y, Takayanagi T, Taro Y, et al. Epidermal growth 

factor receptor inhibitor protects against abdominal aortic aneurysm in a mouse model. Clin Sci (Lond). 

2015;128(9):559-65. 



70 
 

344. Vang A, da Silva Goncalves Bos D, Fernandez-Nicolas A, Zhang P, Morrison AR, Mancini TJ, 

et al. alpha7 Nicotinic acetylcholine receptor mediates right ventricular fibrosis and diastolic 

dysfunction in pulmonary hypertension. JCI Insight. 2021;6(12). 

345. Shraim BA, Moursi MO, Benter IF, Habib AM, Akhtar S. The Role of Epidermal Growth Factor 

Receptor Family of Receptor Tyrosine Kinases in Mediating Diabetes-Induced Cardiovascular 

Complications. Front Pharmacol. 2021;12:701390. 

346. Zhang P, Shen M, Fernandez-Patron C, Kassiri Z. ADAMs family and relatives in 

cardiovascular physiology and pathology. J Mol Cell Cardiol. 2016;93:186-99. 

347. Santiago-Josefat B, Esselens C, Bech-Serra JJ, Arribas J. Post-transcriptional up-regulation of 

ADAM17 upon epidermal growth factor receptor activation and in breast tumors. J Biol Chem. 

2007;282(11):8325-31. 

348. Gooz M. ADAM-17: the enzyme that does it all. Crit Rev Biochem Mol Biol. 2010;45(2):146-

69. 

349. Saftig P, Reiss K. The "A Disintegrin And Metalloproteases" ADAM10 and ADAM17: novel 

drug targets with therapeutic potential? Eur J Cell Biol. 2011;90(6-7):527-35. 

350. Saad MI, Weng T, Lundy J, Gearing LJ, West AC, Harpur CM, et al. Blockade of the protease 

ADAM17 ameliorates experimental pancreatitis. Proc Natl Acad Sci U S A. 

2022;119(42):e2213744119. 

351. Zunke F, Rose-John S. The shedding protease ADAM17: Physiology and pathophysiology. 

Biochim Biophys Acta Mol Cell Res. 2017;1864(11 Pt B):2059-70. 

352. Patel VB, Clarke N, Wang Z, Fan D, Parajuli N, Basu R, et al. Angiotensin II induced proteolytic 

cleavage of myocardial ACE2 is mediated by TACE/ADAM-17: a positive feedback mechanism in the 

RAS. J Mol Cell Cardiol. 2014;66:167-76. 

353. Ohtsu H, Dempsey PJ, Frank GD, Brailoiu E, Higuchi S, Suzuki H, et al. ADAM17 mediates 

epidermal growth factor receptor transactivation and vascular smooth muscle cell hypertrophy induced 

by angiotensin II. Arterioscler Thromb Vasc Biol. 2006;26(9):e133-7. 

354. Krieg T, Cui L, Qin Q, Cohen MV, Downey JM. Mitochondrial ROS generation following 

acetylcholine-induced EGF receptor transactivation requires metalloproteinase cleavage of proHB-EGF. 

J Mol Cell Cardiol. 2004;36(3):435-43. 

355. Zhu J, Steinberg SF. beta1-adrenergic receptor N-terminal cleavage by ADAM17; the 

mechanism for redox-dependent downregulation of cardiomyocyte beta1-adrenergic receptors. J Mol 

Cell Cardiol. 2021;154:70-9. 

356. Nicolaou A, Zhao Z, Northoff BH, Sass K, Herbst A, Kohlmaier A, et al. Adam17 Deficiency 

Promotes Atherosclerosis by Enhanced TNFR2 Signaling in Mice. Arterioscler Thromb Vasc Biol. 

2017;37(2):247-57. 

357. Chalaris A, Adam N, Sina C, Rosenstiel P, Lehmann-Koch J, Schirmacher P, et al. Critical role 

of the disintegrin metalloprotease ADAM17 for intestinal inflammation and regeneration in mice. J Exp 

Med. 2010;207(8):1617-24. 

358. Blaydon DC, Biancheri P, Di WL, Plagnol V, Cabral RM, Brooke MA, et al. Inflammatory skin 

and bowel disease linked to ADAM17 deletion. N Engl J Med. 2011;365(16):1502-8. 

359. Bandsma RH, van Goor H, Yourshaw M, Horlings RK, Jonkman MF, Scholvinck EH, et al. 

Loss of ADAM17 is associated with severe multiorgan dysfunction. Hum Pathol. 2015;46(6):923-8. 

360. Fan D, Takawale A, Shen M, Wang W, Wang X, Basu R, et al. Cardiomyocyte A Disintegrin 

And Metalloproteinase 17 (ADAM17) Is Essential in Post-Myocardial Infarction Repair by Regulating 

Angiogenesis. Circ Heart Fail. 2015;8(5):970-9. 

361. Shimoda Y, Satoh M, Nakamura M, Akatsu T, Hiramori K. Activated tumour necrosis factor-

alpha shedding process is associated with in-hospital complication in patients with acute myocardial 

infarction. Clin Sci (Lond). 2005;108(4):339-47. 

362. Satoh M, Nakamura M, Satoh H, Saitoh H, Segawa I, Hiramori K. Expression of tumor necrosis 

factor-alpha--converting enzyme and tumor necrosis factor-alpha in human myocarditis. J Am Coll 

Cardiol. 2000;36(4):1288-94. 

363. Akatsu T, Nakamura M, Satoh M, Hiramori K. Increased mRNA expression of tumour necrosis 

factor-alpha and its converting enzyme in circulating leucocytes of patients with acute myocardial 

infarction. Clin Sci (Lond). 2003;105(1):39-44. 



71 
 

364. Guan C, Zhang HF, Wang YJ, Chen ZT, Deng BQ, Qiu Q, et al. The Downregulation of 

ADAM17 Exerts Protective Effects against Cardiac Fibrosis by Regulating Endoplasmic Reticulum 

Stress and Mitophagy. Oxid Med Cell Longev. 2021;2021:5572088. 

365. Shi H, Li H, Zhang F, Xue H, Zhang Y, Han Q. MiR-26a-5p alleviates cardiac hypertrophy and 

dysfunction via targeting ADAM17. Cell Biol Int. 2021;45(11):2357-67. 

366. Kefaloyianni E, Muthu ML, Kaeppler J, Sun X, Sabbisetti V, Chalaris A, et al. ADAM17 

substrate release in proximal tubule drives kidney fibrosis. JCI Insight. 2016;1(13). 

367. Xue F, Cheng J, Liu Y, Cheng C, Zhang M, Sui W, et al. Cardiomyocyte-specific knockout of 

ADAM17 ameliorates left ventricular remodeling and function in diabetic cardiomyopathy of mice. 

Signal Transduct Target Ther. 2022;7(1):259. 

368. Fedak PW, Moravec CS, McCarthy PM, Altamentova SM, Wong AP, Skrtic M, et al. Altered 

expression of disintegrin metalloproteinases and their inhibitor in human dilated cardiomyopathy. 

Circulation. 2006;113(2):238-45. 

369. Satoh M, Nakamura M, Saitoh H, Satoh H, Maesawa C, Segawa I, et al. Tumor necrosis factor-

alpha-converting enzyme and tumor necrosis factor-alpha in human dilated cardiomyopathy. 

Circulation. 1999;99(25):3260-5. 

370. Fedak PW, Smookler DS, Kassiri Z, Ohno N, Leco KJ, Verma S, et al. TIMP-3 deficiency leads 

to dilated cardiomyopathy. Circulation. 2004;110(16):2401-9. 

371. Kassiri Z, Oudit GY, Kandalam V, Awad A, Wang X, Ziou X, et al. Loss of TIMP3 enhances 

interstitial nephritis and fibrosis. J Am Soc Nephrol. 2009;20(6):1223-35. 

372. Kassiri Z, Oudit GY, Sanchez O, Dawood F, Mohammed FF, Nuttall RK, et al. Combination of 

tumor necrosis factor-alpha ablation and matrix metalloproteinase inhibition prevents heart failure after 

pressure overload in tissue inhibitor of metalloproteinase-3 knock-out mice. Circ Res. 2005;97(4):380-

90. 

373. Liu H, Jing X, Dong A, Bai B, Wang H. Overexpression of TIMP3 Protects Against Cardiac 

Ischemia/Reperfusion Injury by Inhibiting Myocardial Apoptosis Through ROS/Mapks Pathway. Cell 

Physiol Biochem. 2017;44(3):1011-23. 

374. Yeruva S, Kempf E, Egu DT, Flaswinkel H, Kugelmann D, Waschke J. Adrenergic Signaling-

Induced Ultrastructural Strengthening of Intercalated Discs via Plakoglobin Is Crucial for Positive 

Adhesiotropy in Murine Cardiomyocytes. Front Physiol. 2020;11:430. 

375. Swope D, Cheng L, Gao E, Li J, Radice GL. Loss of cadherin-binding proteins beta-catenin and 

plakoglobin in the heart leads to gap junction remodeling and arrhythmogenesis. Mol Cell Biol. 

2012;32(6):1056-67. 

376. Peter AK, Bjerke MA, Leinwand LA. Biology of the cardiac myocyte in heart disease. Mol Biol 

Cell. 2016;27(14):2149-60. 

377. Bergmann O, Zdunek S, Felker A, Salehpour M, Alkass K, Bernard S, et al. Dynamics of Cell 

Generation and Turnover in the Human Heart. Cell. 2015;161(7):1566-75. 

378. Barker N. Adult intestinal stem cells: critical drivers of epithelial homeostasis and regeneration. 

Nat Rev Mol Cell Biol. 2014;15(1):19-33. 

379. Bockus LB, Humphries KM. cAMP-dependent Protein Kinase (PKA) Signaling Is Impaired in 

the Diabetic Heart. J Biol Chem. 2015;290(49):29250-8. 

380. Wichter T, Schafers M, Rhodes CG, Borggrefe M, Lerch H, Lammertsma AA, et al. 

Abnormalities of cardiac sympathetic innervation in arrhythmogenic right ventricular cardiomyopathy 

: quantitative assessment of presynaptic norepinephrine reuptake and postsynaptic beta-adrenergic 

receptor density with positron emission tomography. Circulation. 2000;101(13):1552-8. 

381. Keely SJ, Uribe JM, Barrett KE. Carbachol stimulates transactivation of epidermal growth 

factor receptor and mitogen-activated protein kinase in T84 cells. Implications for carbachol-stimulated 

chloride secretion. J Biol Chem. 1998;273(42):27111-7. 

382. Wu X, Li S, Xue P, Li Y. Liraglutide Inhibits the Apoptosis of MC3T3-E1 Cells Induced by 

Serum Deprivation through cAMP/PKA/beta-Catenin and PI3K/AKT/GSK3beta Signaling Pathways. 

Mol Cells. 2018;41(3):234-43. 

383. Spirli C, Locatelli L, Morell CM, Fiorotto R, Morton SD, Cadamuro M, et al. Protein kinase A-

dependent pSer(675) -beta-catenin, a novel signaling defect in a mouse model of congenital hepatic 

fibrosis. Hepatology. 2013;58(5):1713-23. 

384. Taurin S, Sandbo N, Qin Y, Browning D, Dulin NO. Phosphorylation of beta-catenin by cyclic 

AMP-dependent protein kinase. J Biol Chem. 2006;281(15):9971-6. 



72 
 

385. Fang X, Yu SX, Lu Y, Bast RC, Jr., Woodgett JR, Mills GB. Phosphorylation and inactivation 

of glycogen synthase kinase 3 by protein kinase A. Proc Natl Acad Sci U S A. 2000;97(22):11960-5. 

386. Movsesian MA. Altered cAMP-mediated signalling and its role in the pathogenesis of dilated 

cardiomyopathy. Cardiovasc Res. 2004;62(3):450-9. 

387. Shakar SF, Abraham WT, Gilbert EM, Robertson AD, Lowes BD, Zisman LS, et al. Combined 

oral positive inotropic and beta-blocker therapy for treatment of refractory class IV heart failure. J Am 

Coll Cardiol. 1998;31(6):1336-40. 

388. Kumar A, Choudhary G, Antonio C, Just V, Jain A, Heaney L, et al. Carvedilol titration in 

patients with congestive heart failure receiving inotropic therapy. Am Heart J. 2001;142(3):512-5. 

389. Zaghlol R, Ghazzal A, Radwan S, Zaghlol L, Hamad A, Chou J, et al. Beta-blockers and 

Ambulatory Inotropic Therapy. J Card Fail. 2022;28(8):1309-17. 

390. Wong W, Scott JD. AKAP signalling complexes: focal points in space and time. Nat Rev Mol 

Cell Biol. 2004;5(12):959-70. 

391. Lefkimmiatis K, Zaccolo M. cAMP signaling in subcellular compartments. Pharmacol Ther. 

2014;143(3):295-304. 

392. Harvey RD, Clancy CE. Mechanisms of cAMP compartmentation in cardiac myocytes: 

experimental and computational approaches to understanding. J Physiol. 2021;599(20):4527-44. 

393. Egu DT, Kugelmann D, Waschke J. Role of PKC and ERK Signaling in Epidermal Blistering 

and Desmosome Regulation in Pemphigus. Front Immunol. 2019;10:2883. 

394. Shah D, Virtanen L, Prajapati C, Kiamehr M, Gullmets J, West G, et al. Modeling of LMNA-

Related Dilated Cardiomyopathy Using Human Induced Pluripotent Stem Cells. Cells. 2019;8(6). 

395. Wang T, Wu J, Dong W, Wang M, Zhong X, Zhang W, et al. The MEK inhibitor U0126 

ameliorates diabetic cardiomyopathy by restricting XBP1's phosphorylation dependent SUMOylation. 

Int J Biol Sci. 2021;17(12):2984-99. 

396. Siu CW, Lee YK, Ho JC, Lai WH, Chan YC, Ng KM, et al. Modeling of lamin A/C mutation 

premature cardiac aging using patient-specific induced pluripotent stem cells. Aging (Albany NY). 

2012;4(11):803-22. 

397. Goette A, Staack T, Rocken C, Arndt M, Geller JC, Huth C, et al. Increased expression of 

extracellular signal-regulated kinase and angiotensin-converting enzyme in human atria during atrial 

fibrillation. J Am Coll Cardiol. 2000;35(6):1669-77. 

398. Vermeulen L, De Wilde G, Van Damme P, Vanden Berghe W, Haegeman G. Transcriptional 

activation of the NF-kappaB p65 subunit by mitogen- and stress-activated protein kinase-1 (MSK1). 

EMBO J. 2003;22(6):1313-24. 

399. Communal C, Colucci WS, Singh K. p38 mitogen-activated protein kinase pathway protects 

adult rat ventricular myocytes against beta -adrenergic receptor-stimulated apoptosis. Evidence for Gi-

dependent activation. J Biol Chem. 2000;275(25):19395-400. 

400. Egu DT, Walter E, Spindler V, Waschke J. Inhibition of p38MAPK signalling prevents 

epidermal blistering and alterations of desmosome structure induced by pemphigus autoantibodies in 

human epidermis. Br J Dermatol. 2017;177(6):1612-8. 

401. Berkowitz P, Hu P, Warren S, Liu Z, Diaz LA, Rubenstein DS. p38MAPK inhibition prevents 

disease in pemphigus vulgaris mice. Proc Natl Acad Sci U S A. 2006;103(34):12855-60. 

402. Yokota T, Wang Y. p38 MAP kinases in the heart. Gene. 2016;575(2 Pt 2):369-76. 

403. A Study of ARRY-371797 (PF-07265803) in Patients With Symptomatic Dilated 

Cardiomyopathy Due to a Lamin A/C Gene Mutation (REALM-DCM) [Internet]. 2018-2025. Available 

from: https://clinicaltrials.gov/ct2/show/NCT03439514. 

404. Judge DP, Lakdawala NK, Taylor MR, Mestroni L, Li H, Oliver C, et al. Long-Term Efficacy 

and Safety of ARRY-371797 (PF-0765803) in an Open-Label Rollover Study in Patients With Dilated 

Cardiomyopathy Due to a Lamin A/C Gene Mutation. Circulation. 2021;144(Suppl_1):A12210-A. 

405. Judge DP, Lakdawala NK, Taylor MRG, Mestroni L, Li H, Oliver C, et al. Long-Term Efficacy 

and Safety of ARRY-371797 (PF-07265803) in Patients With Lamin A/C-Related Dilated 

Cardiomyopathy. Am J Cardiol. 2022;183:93-8. 

406. Guo WH, Wang X, Shang MS, Chen Z, Guo Q, Li L, et al. Crosstalk between PKC and MAPK 

pathway activation in cardiac fibroblasts in a rat model of atrial fibrillation. Biotechnol Lett. 

2020;42(7):1219-27. 

https://clinicaltrials.gov/ct2/show/NCT03439514


73 
 

407. Gerull B, Heuser A, Wichter T, Paul M, Basson CT, McDermott DA, et al. Mutations in the 

desmosomal protein plakophilin-2 are common in arrhythmogenic right ventricular cardiomyopathy. 

Nat Genet. 2004;36(11):1162-4. 

408. Aydin O, Becker R, Kraft P, Voss F, Koch M, Kelemen K, et al. Effects of protein kinase C 

activation on cardiac repolarization and arrhythmogenesis in Langendorff-perfused rabbit hearts. 

Europace. 2007;9(11):1094-8. 

409. Garrod D, Chidgey M. Desmosome structure, composition and function. Biochim Biophys Acta. 

2008;1778(3):572-87. 

410. Thomason HA, Cooper NH, Ansell DM, Chiu M, Merrit AJ, Hardman MJ, et al. Direct evidence 

that PKCalpha positively regulates wound re-epithelialization: correlation with changes in desmosomal 

adhesiveness. J Pathol. 2012;227(3):346-56. 

411. Moccia F, Lodola F, Stadiotti I, Pilato CA, Bellin M, Carugo S, et al. Calcium as a Key Player 

in Arrhythmogenic Cardiomyopathy: Adhesion Disorder or Intracellular Alteration? Int J Mol Sci. 

2019;20(16). 

412. Landstrom AP, Dobrev D, Wehrens XHT. Calcium Signaling and Cardiac Arrhythmias. Circ 

Res. 2017;120(12):1969-93. 

413. Hall KC, Blobel CP. Interleukin-1 stimulates ADAM17 through a mechanism independent of 

its cytoplasmic domain or phosphorylation at threonine 735. PLoS One. 2012;7(2):e31600. 

414. Gaertner A, Schwientek P, Ellinghaus P, Summer H, Golz S, Kassner A, et al. Myocardial 

transcriptome analysis of human arrhythmogenic right ventricular cardiomyopathy. Physiol Genomics. 

2012;44(1):99-109. 

415. Li R, Wang T, Walia K, Gao B, Krepinsky JC. Regulation of profibrotic responses by ADAM17 

activation in high glucose requires its C-terminus and FAK. J Cell Sci. 2018;131(4). 

416. Xie W, Fang J, Shan Z, Guo J, Liao Y, Zou Z, et al. Regulation of autoimmune disease 

progression by Pik3ip1 through metabolic reprogramming in T cells and therapeutic implications. Sci 

Adv. 2022;8(39):eabo4250. 

417. Spindler V, Meir M, Vigh B, Flemming S, Hutz K, Germer CT, et al. Loss of Desmoglein 2 

Contributes to the Pathogenesis of Crohn's Disease. Inflamm Bowel Dis. 2015;21(10):2349-59. 

418. Yashirogi S, Nagao T, Nishida Y, Takahashi Y, Qaqorh T, Yazawa I, et al. AMPK regulates 

cell shape of cardiomyocytes by modulating turnover of microtubules through CLIP-170. EMBO Rep. 

2021;22(1):e50949. 

419. Chen S, Lin Y, Zhu Y, Geng L, Cui C, Li Z, et al. Atrial Lesions in a Pedigree With PRKAG2 

Cardiomyopathy: Involvement of Disrupted AMP-Activated Protein Kinase Signaling. Front 

Cardiovasc Med. 2022;9:840337. 

420. Lin ZH, Li YC, Wu SJ, Zheng C, Lin YZ, Lian H, et al. Eliciting alpha7-nAChR exerts 

cardioprotective effects on ischemic cardiomyopathy via activation of AMPK signalling. J Cell Mol 

Med. 2019;23(7):4746-58. 

421. Lee CC, Chen WT, Chen SY, Lee TM. Dapagliflozin attenuates arrhythmic vulnerabilities by 

regulating connexin43 expression via the AMPK pathway in post-infarcted rat hearts. Biochem 

Pharmacol. 2021;192:114674. 

422. Qi H, Liu Y, Li S, Chen Y, Li L, Cao Y, et al. Activation of AMPK Attenuated Cardiac Fibrosis 

by Inhibiting CDK2 via p21/p27 and miR-29 Family Pathways in Rats. Mol Ther Nucleic Acids. 

2017;8:277-90. 

423. Morel E, Manati AW, Nony P, Maucort-Boulch D, Bessiere F, Cai X, et al. Blockade of the 

renin-angiotensin-aldosterone system in patients with arrhythmogenic right ventricular dysplasia: A 

double-blind, multicenter, prospective, randomized, genotype-driven study (BRAVE study). Clin 

Cardiol. 2018;41(3):300-6. 

424. Dreymueller D, Ludwig A. Considerations on inhibition approaches for proinflammatory 

functions of ADAM proteases. Platelets. 2017;28(4):354-61. 

425. Xu Z, Cai L. Diabetic cardiomyopathy: Role of epidermal growth factor receptor tyrosine 

kinase. J Mol Cell Cardiol. 2015;84:10-2. 

426. Epstein Shochet G, Brook E, Eyal O, Edelstein E, Shitrit D. Epidermal growth factor receptor 

paracrine upregulation in idiopathic pulmonary fibrosis fibroblasts is blocked by nintedanib. Am J 

Physiol Lung Cell Mol Physiol. 2019;316(6):L1025-L34. 



74 
 

427. Kassan M, Choi SK, Galan M, Trebak M, Belmadani S, Matrougui K. Nuclear factor kappa B 

inhibition improves conductance artery function in type 2 diabetic mice. Diabetes Metab Res Rev. 

2015;31(1):39-49. 

428. Calautti E, Grossi M, Mammucari C, Aoyama Y, Pirro M, Ono Y, et al. Fyn tyrosine kinase is 

a downstream mediator of Rho/PRK2 function in keratinocyte cell-cell adhesion. J Cell Biol. 

2002;156(1):137-48. 

429. Chavez MG, Buhr CA, Petrie WK, Wandinger-Ness A, Kusewitt DF, Hudson LG. Differential 

downregulation of e-cadherin and desmoglein by epidermal growth factor. Dermatol Res Pract. 

2012;2012:309587. 

430. Warren SL, Nelson WJ. Nonmitogenic morphoregulatory action of pp60v-src on multicellular 

epithelial structures. Mol Cell Biol. 1987;7(4):1326-37. 

431. Condello S, Cao L, Matei D. Tissue transglutaminase regulates beta-catenin signaling through 

a c-Src-dependent mechanism. FASEB J. 2013;27(8):3100-12. 

432. Lee DJ, Kang DH, Choi M, Choi YJ, Lee JY, Park JH, et al. Peroxiredoxin-2 represses 

melanoma metastasis by increasing E-Cadherin/beta-Catenin complexes in adherens junctions. Cancer 

Res. 2013;73(15):4744-57. 

433. Jean C, Blanc A, Prade-Houdellier N, Ysebaert L, Hernandez-Pigeon H, Al Saati T, et al. 

Epidermal growth factor receptor/beta-catenin/T-cell factor 4/matrix metalloproteinase 1: a new 

pathway for regulating keratinocyte invasiveness after UVA irradiation. Cancer Res. 2009;69(8):3291-

9. 

434. Fang D, Hawke D, Zheng Y, Xia Y, Meisenhelder J, Nika H, et al. Phosphorylation of beta-

catenin by AKT promotes beta-catenin transcriptional activity. J Biol Chem. 2007;282(15):11221-9. 

435. Owens DW, McLean GW, Wyke AW, Paraskeva C, Parkinson EK, Frame MC, et al. The 

catalytic activity of the Src family kinases is required to disrupt cadherin-dependent cell-cell contacts. 

Mol Biol Cell. 2000;11(1):51-64. 

436. Kugelmann D, Rotzer V, Walter E, Egu DT, Fuchs MT, Vielmuth F, et al. Role of Src and 

Cortactin in Pemphigus Skin Blistering. Front Immunol. 2019;10:626. 

437. Pretel M, Espana A, Marquina M, Pelacho B, Lopez-Picazo JM, Lopez-Zabalza MJ. An 

imbalance in Akt/mTOR is involved in the apoptotic and acantholytic processes in a mouse model of 

pemphigus vulgaris. Exp Dermatol. 2009;18(9):771-80. 

438. Frusic-Zlotkin M, Raichenberg D, Wang X, David M, Michel B, Milner Y. Apoptotic 

mechanism in pemphigus autoimmunoglobulins-induced acantholysis--possible involvement of the 

EGF receptor. Autoimmunity. 2006;39(7):563-75. 

439. Sayar BS, Ruegg S, Schmidt E, Sibilia M, Siffert M, Suter MM, et al. EGFR inhibitors erlotinib 

and lapatinib ameliorate epidermal blistering in pemphigus vulgaris in a non-linear, V-shaped 

relationship. Exp Dermatol. 2014;23(1):33-8. 

440. Jackson B, Peyrollier K, Pedersen E, Basse A, Karlsson R, Wang Z, et al. RhoA is dispensable 

for skin development, but crucial for contraction and directed migration of keratinocytes. Mol Biol Cell. 

2011;22(5):593-605. 

441. Nobes CD, Hall A. Rho GTPases control polarity, protrusion, and adhesion during cell 

movement. J Cell Biol. 1999;144(6):1235-44. 

442. Braga VM, Del Maschio A, Machesky L, Dejana E. Regulation of cadherin function by Rho 

and Rac: modulation by junction maturation and cellular context. Mol Biol Cell. 1999;10(1):9-22. 

443. Braga VM, Machesky LM, Hall A, Hotchin NA. The small GTPases Rho and Rac are required 

for the establishment of cadherin-dependent cell-cell contacts. J Cell Biol. 1997;137(6):1421-31. 

444. Betson M, Lozano E, Zhang J, Braga VM. Rac activation upon cell-cell contact formation is 

dependent on signaling from the epidermal growth factor receptor. J Biol Chem. 2002;277(40):36962-

9. 

445. Rotzer V, Breit A, Waschke J, Spindler V. Adducin is required for desmosomal cohesion in 

keratinocytes. J Biol Chem. 2014;289(21):14925-40. 

446. Waschke J, Spindler V, Bruggeman P, Zillikens D, Schmidt G, Drenckhahn D. Inhibition of 

Rho A activity causes pemphigus skin blistering. J Cell Biol. 2006;175(5):721-7. 

447. Spindler V, Drenckhahn D, Zillikens D, Waschke J. Pemphigus IgG causes skin splitting in the 

presence of both desmoglein 1 and desmoglein 3. Am J Pathol. 2007;171(3):906-16. 

448. Sun S, Zhang M, Lin J, Hu J, Zhang R, Li C, et al. Lin28a protects against diabetic 

cardiomyopathy via the PKA/ROCK2 pathway. Biochem Biophys Res Commun. 2016;469(1):29-36. 



75 
 

449. Torsoni AS, Fonseca PM, Crosara-Alberto DP, Franchini KG. Early activation of p160ROCK 

by pressure overload in rat heart. Am J Physiol Cell Physiol. 2003;284(6):C1411-9. 

450. Yang X, Li Q, Lin X, Ma Y, Yue X, Tao Z, et al. Mechanism of fibrotic cardiomyopathy in 

mice expressing truncated Rho-associated coiled-coil protein kinase 1. FASEB J. 2012;26(5):2105-16. 

451. Higashi M, Shimokawa H, Hattori T, Hiroki J, Mukai Y, Morikawa K, et al. Long-term 

inhibition of Rho-kinase suppresses angiotensin II-induced cardiovascular hypertrophy in rats in vivo: 

effect on endothelial NAD(P)H oxidase system. Circ Res. 2003;93(8):767-75. 

452. Olgar Y, Celen MC, Yamasan BE, Ozturk N, Turan B, Ozdemir S. Rho-kinase inhibition 

reverses impaired Ca(2+) handling and associated left ventricular dysfunction in pressure overload-

induced cardiac hypertrophy. Cell Calcium. 2017;67:81-90. 

453. Shimokawa H, Sunamura S, Satoh K. RhoA/Rho-Kinase in the Cardiovascular System. Circ 

Res. 2016;118(2):352-66. 

454. Parrotta EI, Procopio A, Scalise S, Esposito C, Nicoletta G, Santamaria G, et al. Deciphering 

the Role of Wnt and Rho Signaling Pathway in iPSC-Derived ARVC Cardiomyocytes by In Silico 

Mathematical Modeling. Int J Mol Sci. 2021;22(4). 

455. Schlessinger K, Hall A, Tolwinski N. Wnt signaling pathways meet Rho GTPases. Genes Dev. 

2009;23(3):265-77. 

456. Ellawindy A, Satoh K, Sunamura S, Kikuchi N, Suzuki K, Minami T, et al. Rho-Kinase 

Inhibition During Early Cardiac Development Causes Arrhythmogenic Right Ventricular 

Cardiomyopathy in Mice. Arterioscler Thromb Vasc Biol. 2015;35(10):2172-84. 

457. Wang L, Liu S, Zhang H, Hu S, Wei Y. RhoA activity increased in myocardium of 

arrhythmogenic cardiomyopathy patients and affected connexin 43 protein expression in HL-1 cells. Int 

J Clin Exp Med. 2015;8(8):12906-13. 

458. Dorn T, Kornherr J, Parrotta EI, Zawada D, Ayetey H, Santamaria G, et al. Interplay of cell-cell 

contacts and RhoA/MRTF-A signaling regulates cardiomyocyte identity. EMBO J. 2018;37(12). 

459. Noguchi M, Hosoda K, Fujikura J, Fujimoto M, Iwakura H, Tomita T, et al. Genetic and 

pharmacological inhibition of Rho-associated kinase II enhances adipogenesis. J Biol Chem. 

2007;282(40):29574-83. 

460. Levay MK, Krobert KA, Vogt A, Ahmad A, Jungmann A, Neuber C, et al. RGS3L allows for 

an M2 muscarinic receptor-mediated RhoA-dependent inotropy in cardiomyocytes. Basic Res Cardiol. 

2022;117(1):8. 

461. Hussain RI, Qvigstad E, Birkeland JA, Eikemo H, Glende A, Sjaastad I, et al. Activation of 

muscarinic receptors elicits inotropic responses in ventricular muscle from rats with heart failure through 

myosin light chain phosphorylation. Br J Pharmacol. 2009;156(4):575-86. 

462. Levay M, Krobert KA, Wittig K, Voigt N, Bermudez M, Wolber G, et al. NSC23766, a widely 

used inhibitor of Rac1 activation, additionally acts as a competitive antagonist at muscarinic 

acetylcholine receptors. J Pharmacol Exp Ther. 2013;347(1):69-79. 

463. Charrasse S, Meriane M, Comunale F, Blangy A, Gauthier-Rouviere C. N-cadherin-dependent 

cell-cell contact regulates Rho GTPases and beta-catenin localization in mouse C2C12 myoblasts. J Cell 

Biol. 2002;158(5):953-65. 

464. Kenigsberg B, Jain V, Barac A. Cardio-oncology Related to Heart Failure: Epidermal Growth 

Factor Receptor Target-Based Therapy. Heart Fail Clin. 2017;13(2):297-309. 

465. Maron BJ, Towbin JA, Thiene G, Antzelevitch C, Corrado D, Arnett D, et al. Contemporary 

definitions and classification of the cardiomyopathies: an American Heart Association Scientific 

Statement from the Council on Clinical Cardiology, Heart Failure and Transplantation Committee; 

Quality of Care and Outcomes Research and Functional Genomics and Translational Biology 

Interdisciplinary Working Groups; and Council on Epidemiology and Prevention. Circulation. 

2006;113(14):1807-16. 

466. Elliott P, Andersson B, Arbustini E, Bilinska Z, Cecchi F, Charron P, et al. Classification of the 

cardiomyopathies: a position statement from the European Society Of Cardiology Working Group on 

Myocardial and Pericardial Diseases. Eur Heart J. 2008;29(2):270-6. 

467. Urtis M, Di Toro A, Osio R, Giuliani L, Serio A, Grasso M, et al. Genetics and clinics: together 

to diagnose cardiomyopathies. European Heart Journal Supplements. 2022;24(Supplement_I):I9-I15. 

468. Li J. Alterations in cell adhesion proteins and cardiomyopathy. World J Cardiol. 2014;6(5):304-

13. 



76 
 

469. Bariani R, Rigato I, Cipriani A, Bueno Marinas M, Celeghin R, Basso C, et al. Myocarditis-like 

Episodes in Patients with Arrhythmogenic Cardiomyopathy: A Systematic Review on the So-Called 

Hot-Phase of the Disease. Biomolecules. 2022;12(9). 

470. Frustaci A, Francone M, Verardo R, Scialla R, Bagnato G, Alfarano M, et al. Pemphigus-

associated cardiomyopathy: report of autoimmune myocarditis and review of literature. ESC Heart Fail. 

2021;8(5):3690-5. 

471. Abreu-Velez AM, Howard MS, Jiao Z, Gao W, Yi H, Grossniklaus HE, et al. Cardiac 

autoantibodies from patients affected by a new variant of endemic pemphigus foliaceus in Colombia, 

South America. J Clin Immunol. 2011;31(6):985-97. 

472. Abreu Velez AM, Howard MS, Velazquez-Velez JE. Cardiac rhythm and pacemaking 

abnormalities in patients affected by endemic pemphigus in Colombia may be the result of deposition 

of autoantibodies, complement, fibrinogen, and other molecules. Heart Rhythm. 2018;15(5):725-31. 

473. Abreu-Velez AM, Upegui-Zapata YA, Valencia-Yepes CA, Upegui-Quiceno E, Jimenez-

Echavarria AM, Nino-Pulido CD, et al. Involvement of the Areae Compositae of the Heart in Endemic 

Pemphigus Foliaceus. Dermatol Pract Concept. 2019;9(3):181-6. 

474. Maisch B, Deeg P, Liebau G, Kochsiek K. Diagnostic relevance of humoral and cytotoxic 

immune reactions in primary and secondary dilated cardiomyopathy. Am J Cardiol. 1983;52(8):1072-

8. 

475. Fu LX, Magnusson Y, Bergh CH, Liljeqvist JA, Waagstein F, Hjalmarson A, et al. Localization 

of a functional autoimmune epitope on the muscarinic acetylcholine receptor-2 in patients with 

idiopathic dilated cardiomyopathy. J Clin Invest. 1993;91(5):1964-8. 

476. Spindler V, Vielmuth F, Schmidt E, Rubenstein DS, Waschke J. Protective endogenous cyclic 

adenosine 5'-monophosphate signaling triggered by pemphigus autoantibodies. J Immunol. 

2010;185(11):6831-8. 

477. Borchert T, Hubscher D, Guessoum CI, Lam TD, Ghadri JR, Schellinger IN, et al. 

Catecholamine-Dependent beta-Adrenergic Signaling in a Pluripotent Stem Cell Model of Takotsubo 

Cardiomyopathy. J Am Coll Cardiol. 2017;70(8):975-91. 

478. Llach A, Mazevet M, Mateo P, Villejouvert O, Ridoux A, Rucker-Martin C, et al. Progression 

of excitation-contraction coupling defects in doxorubicin cardiotoxicity. J Mol Cell Cardiol. 

2019;126:129-39. 

479. Zakhary DR, Moravec CS, Stewart RW, Bond M. Protein kinase A (PKA)-dependent troponin-

I phosphorylation and PKA regulatory subunits are decreased in human dilated cardiomyopathy. 

Circulation. 1999;99(4):505-10. 

480. Qin J, Zhang J, Lin L, Haji-Ghassemi O, Lin Z, Woycechowsky KJ, et al. Structures of PKA-

phospholamban complexes reveal a mechanism of familial dilated cardiomyopathy. Elife. 2022;11. 

481. Li H, Fan C, Feng C, Wu Y, Lu H, He P, et al. Inhibition of phosphodiesterase-4 attenuates 

murine ulcerative colitis through interference with mucosal immunity. Br J Pharmacol. 

2019;176(13):2209-26. 

482. Danese S, Neurath MF, Kopon A, Zakko SF, Simmons TC, Fogel R, et al. Effects of Apremilast, 

an Oral Inhibitor of Phosphodiesterase 4, in a Randomized Trial of Patients With Active Ulcerative 

Colitis. Clin Gastroenterol Hepatol. 2020;18(11):2526-34 e9. 

483. Hommes D, van den Blink B, Plasse T, Bartelsman J, Xu C, Macpherson B, et al. Inhibition of 

stress-activated MAP kinases induces clinical improvement in moderate to severe Crohn's disease. 

Gastroenterology. 2002;122(1):7-14. 

484. Waetzig GH, Seegert D, Rosenstiel P, Nikolaus S, Schreiber S. p38 mitogen-activated protein 

kinase is activated and linked to TNF-alpha signaling in inflammatory bowel disease. J Immunol. 

2002;168(10):5342-51. 

485. Berkowitz P, Diaz LA, Hall RP, Rubenstein DS. Induction of p38MAPK and HSP27 

phosphorylation in pemphigus patient skin. J Invest Dermatol. 2008;128(3):738-40. 

486. ten Hove T, van den Blink B, Pronk I, Drillenburg P, Peppelenbosch MP, van Deventer SJ. 

Dichotomal role of inhibition of p38 MAPK with SB 203580 in experimental colitis. Gut. 

2002;50(4):507-12. 

487. Hollenbach E, Neumann M, Vieth M, Roessner A, Malfertheiner P, Naumann M. Inhibition of 

p38 MAP kinase- and RICK/NF-kappaB-signaling suppresses inflammatory bowel disease. FASEB J. 

2004;18(13):1550-2. 



77 
 

488. Berkowitz P, Chua M, Liu Z, Diaz LA, Rubenstein DS. Autoantibodies in the autoimmune 

disease pemphigus foliaceus induce blistering via p38 mitogen-activated protein kinase-dependent 

signaling in the skin. Am J Pathol. 2008;173(6):1628-36. 

489. Feng YJ, Li YY. The role of p38 mitogen-activated protein kinase in the pathogenesis of 

inflammatory bowel disease. J Dig Dis. 2011;12(5):327-32. 

490. Sakuntabhai A, Ruiz-Perez V, Carter S, Jacobsen N, Burge S, Monk S, et al. Mutations in 

ATP2A2, encoding a Ca2+ pump, cause Darier disease. Nat Genet. 1999;21(3):271-7. 

491. Hobbs RP, Amargo EV, Somasundaram A, Simpson CL, Prakriya M, Denning MF, et al. The 

calcium ATPase SERCA2 regulates desmoplakin dynamics and intercellular adhesive strength through 

modulation of PKC&alpha; signaling. FASEB J. 2011;25(3):990-1001. 

492. Kitajima Y, Aoyama Y, Seishima M. Transmembrane signaling for adhesive regulation of 

desmosomes and hemidesmosomes, and for cell-cell datachment induced by pemphigus IgG in cultured 

keratinocytes: involvement of protein kinase C. J Investig Dermatol Symp Proc. 1999;4(2):137-44. 

493. Cirillo N, Lanza A, Prime SS. Induction of hyper-adhesion attenuates autoimmune-induced 

keratinocyte cell-cell detachment and processing of adhesion molecules via mechanisms that involve 

PKC. Exp Cell Res. 2010;316(4):580-92. 

494. Spindler V, Endlich A, Hartlieb E, Vielmuth F, Schmidt E, Waschke J. The extent of desmoglein 

3 depletion in pemphigus vulgaris is dependent on Ca(2+)-induced differentiation: a role in suprabasal 

epidermal skin splitting? Am J Pathol. 2011;179(4):1905-16. 

495. Sanchez-Carpintero I, Espana A, Pelacho B, Lopez Moratalla N, Rubenstein DS, Diaz LA, et 

al. In vivo blockade of pemphigus vulgaris acantholysis by inhibition of intracellular signal transduction 

cascades. Br J Dermatol. 2004;151(3):565-70. 

496. Cataisson C, Joseloff E, Murillas R, Wang A, Atwell C, Torgerson S, et al. Activation of 

cutaneous protein kinase C alpha induces keratinocyte apoptosis and intraepidermal inflammation by 

independent signaling pathways. J Immunol. 2003;171(5):2703-13. 

497. Calcagno SR, Li S, Shahid MW, Wallace MB, Leitges M, Fields AP, et al. Protein kinase C iota 

in the intestinal epithelium protects against dextran sodium sulfate-induced colitis. Inflamm Bowel Dis. 

2011;17(8):1685-97. 

498. Corr SC, Palsson-McDermott EM, Grishina I, Barry SP, Aviello G, Bernard NJ, et al. MyD88 

adaptor-like (Mal) functions in the epithelial barrier and contributes to intestinal integrity via protein 

kinase C. Mucosal Immunol. 2014;7(1):57-67. 

499. Banan A, Zhang LJ, Shaikh M, Fields JZ, Choudhary S, Forsyth CB, et al. theta Isoform of 

protein kinase C alters barrier function in intestinal epithelium through modulation of distinct claudin 

isotypes: a novel mechanism for regulation of permeability. J Pharmacol Exp Ther. 2005;313(3):962-

82. 

500. Nakanishi Y, Reina-Campos M, Nakanishi N, Llado V, Elmen L, Peterson S, et al. Control of 

Paneth Cell Fate, Intestinal Inflammation, and Tumorigenesis by PKClambda/iota. Cell Rep. 

2016;16(12):3297-310. 

501. Schulze K, Galichet A, Sayar BS, Scothern A, Howald D, Zymann H, et al. An adult passive 

transfer mouse model to study desmoglein 3 signaling in pemphigus vulgaris. J Invest Dermatol. 

2012;132(2):346-55. 

502. Chernyavsky AI, Arredondo J, Kitajima Y, Sato-Nagai M, Grando SA. Desmoglein versus non-

desmoglein signaling in pemphigus acantholysis: characterization of novel signaling pathways 

downstream of pemphigus vulgaris antigens. J Biol Chem. 2007;282(18):13804-12. 

503. Lu N, Wang L, Cao H, Liu L, Van Kaer L, Washington MK, et al. Activation of the epidermal 

growth factor receptor in macrophages regulates cytokine production and experimental colitis. J 

Immunol. 2014;192(3):1013-23. 

504. Egger B, Buchler MW, Lakshmanan J, Moore P, Eysselein VE. Mice harboring a defective 

epidermal growth factor receptor (waved-2) have an increased susceptibility to acute dextran sulfate-

induced colitis. Scand J Gastroenterol. 2000;35(11):1181-7. 

505. Durko Ł, Stasikowska-Kanicka O, Wągrowska-Danilewicz M, Danilewicz M, Małecka-Panas 

E. Expression of epithelial growth factor receptor, tumor necrosis factor-α and nuclear factor κB in 

inflammatory bowel diseases. Gastroenterology Review/Przegląd Gastroenterologiczny. 2013;8(4):262-

7. 



78 
 

506. Zebrowska A, Waszczykowska E, Wagrowska-Danilewicz M, Danilewicz M, Erkiert-Polguj A, 

Pawliczak R, et al. Expression of selected adhesion molecules in dermatitis herpetiformis and bullous 

pemphigoid. Pol J Pathol. 2009;60(1):26-34. 

507. Liu Y, Peng L, Li L, Liu C, Hu X, Xiao S, et al. TWEAK/Fn14 Activation Contributes to the 

Pathogenesis of Bullous Pemphigoid. J Invest Dermatol. 2017;137(7):1512-22. 

508. Kugelmann D, Anders M, Sigmund AM, Egu DT, Eichkorn RA, Yazdi AS, et al. Role of 

ADAM10 and ADAM17 in the Regulation of Keratinocyte Adhesion in Pemphigus Vulgaris. Front 

Immunol. 2022;13:884248. 

509. Heupel WM, Engerer P, Schmidt E, Waschke J. Pemphigus vulgaris IgG cause loss of 

desmoglein-mediated adhesion and keratinocyte dissociation independent of epidermal growth factor 

receptor. Am J Pathol. 2009;174(2):475-85. 

510. Shimoda M, Horiuchi K, Sasaki A, Tsukamoto T, Okabayashi K, Hasegawa H, et al. Epithelial 

Cell-Derived a Disintegrin and Metalloproteinase-17 Confers Resistance to Colonic Inflammation 

Through EGFR Activation. EBioMedicine. 2016;5:114-24. 

511. Cesaro A, Abakar-Mahamat A, Brest P, Lassalle S, Selva E, Filippi J, et al. Differential 

expression and regulation of ADAM17 and TIMP3 in acute inflamed intestinal epithelia. Am J Physiol 

Gastrointest Liver Physiol. 2009;296(6):G1332-43. 

512. Colon AL, Menchen LA, Hurtado O, De Cristobal J, Lizasoain I, Leza JC, et al. Implication of 

TNF-alpha convertase (TACE/ADAM17) in inducible nitric oxide synthase expression and 

inflammation in an experimental model of colitis. Cytokine. 2001;16(6):220-6. 

513. Brynskov J, Foegh P, Pedersen G, Ellervik C, Kirkegaard T, Bingham A, et al. Tumour necrosis 

factor alpha converting enzyme (TACE) activity in the colonic mucosa of patients with inflammatory 

bowel disease. Gut. 2002;51(1):37-43. 

514. Dideberg V, Theatre E, Farnir F, Vermeire S, Rutgeerts P, De Vos M, et al. The TNF/ADAM 

17 system: implication of an ADAM 17 haplotype in the clinical response to infliximab in Crohn's 

disease. Pharmacogenet Genomics. 2006;16(10):727-34. 

515. Kamada R, Yokoshiki H, Mitsuyama H, Watanabe M, Mizukami K, Tenma T, et al. 

Arrhythmogenic beta-adrenergic signaling in cardiac hypertrophy: The role of small-conductance 

calcium-activated potassium channels via activation of CaMKII. Eur J Pharmacol. 2019;844:110-7. 

 

  



79 
 

Publications 

• Cardiomyocyte adhesion and hyperadhesion differentially require ERK1/2 and 

plakoglobin (2020, JCI Insight) 

doi: 10.1172/jci.insight.140066 

• Cardiomyocyte cohesion is increased after inhibition of ADAM17 (2023, Frontiers in 

Cell and Developmental Biology) 

doi: 10.3389/fcell.2023.1021595 

• EGFR inhibition leads to enhanced desmosome assembly and cardiomyocyte cohesion 

via ROCK activation (2023, JCI Insight) 

doi: 10.1172/jci.insight.163763 

• Catalytic autoantibodies in arrhythmogenic cardiomyopathy patients cleave desmoglein 

2 and N-cadherin and impair cardiomyocyte cohesion (2023, CMLS)  

doi: 10.1007/s00018-023-04853-1 

  

https://doi.org/10.1172/jci.insight.140066
https://doi.org/10.3389/fcell.2023.1021595
https://doi.org/10.1172/jci.insight.163763
https://doi.org/10.1007/s00018-023-04853-1


80 
 

 

Acknowledgements 

I would like to thank Prof. Dr. Waschke and Dr. Sunil Yeruva for giving me the opportunity to 

do this thrilling study at the Anatomische Anstalt of the LMU and to give me the opportunity 

to gain practical experience in biomedical methods, I have not done before, such as 

immunoprecipitation, STED microscopy, AFM microscopy, FRAP and G-LISA. 

 

Many thanks to the “usual lunch group”, the AG Herz and of course to the whole Lehrstuhl 1 

group of the Anatomische Anstalt of the LMU.  

 

And lastly, I would like to thank everyone, who supported me throughout this thesis, no matter 

whether family, friend or colleague. 


