
Journal of Anatomy. 2023;242:81–90.    | 81wileyonlinelibrary.com/journal/joa

Received: 26 October 2021  | Revised: 22 December 2021  | Accepted: 10 January 2022

DOI: 10.1111/joa.13634  

B R I E F  C O M M U N I C A T I O N

Structure and regulation of desmosomes in intercalated discs: 
Lessons from epithelia

Sunil Yeruva  |   Jens Waschke

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in 
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Journal of Anatomy published by John Wiley & Sons Ltd on behalf of Anatomical Society.

Funding information
This work was supported by the Deutsche 
Forschungsgemeinschaft DFG (grant 
number WA2474/11- 1 to J.W.).  

Ludwig- Maximilian- Universität München, 
Anatomische Anstalt, Lehrstuhl Anatomie 
I –  Vegetative Anatomie, Munich, 
Germany

Correspondence
Jens Waschke, Institute of Anatomy 
and Cell Biology, Department I, 
Ludwig- Maximilians- University, 
Pettenkoferstrasse 11, 80336 Munich, 
Germany.
Email: jens.waschke@med.uni- muenchen.de

Abstract
For electromechanical coupling of cardiomyocytes, intercalated discs (ICDs) are piv-
otal as highly specialized intercellular contact areas. ICD consists of adhesive contacts, 
such as desmosomes and adherens junctions (AJs) that are partially intermingled and 
thereby form an area composita to provide mechanical strength, as well as gap junc-
tions (GJ) and sodium channels for excitation propagation. In contrast, in epithelia, 
mixed junctions with features of desmosomes and AJs are regarded as transitory pri-
marily during the formation of desmosomes. The anatomy of desmosomes is defined 
by a typical ultrastructure with dense intracellular plaques anchoring the cadherin- 
type adhesion molecules to the intermediate filament cytoskeleton. Desmosomal 
diseases characterized by impaired adhesive and signalling functions of desmosomal 
contacts lead to arrhythmogenic cardiomyopathy when affecting cardiomyocytes 
and cause pemphigus when manifesting in keratinocytes or present as cardiocutane-
ous syndromes when both cell types are targeted by the disease, which underscores 
the high biomedical relevance of these cell contacts. Therefore, comparative anal-
yses regarding the structure and regulation of desmosomal contacts in cardiomyo-
cytes and epithelial cells are helpful to better understand disease pathogenesis. In 
this brief review, we describe the structural properties of ICD compared to epithelial 
desmosomes and suggest that mechanisms regulating adhesion may at least in part 
be comparable. Also, we discuss whether phenomena such as hyperadhesion or the 
bidirectional regulation of desmosomes to serve as signalling hubs in epithelial cells 
may also be relevant for ICD.
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1  |  INTRODUC TION

Desmosomes are adhesive intercellular contacts required for intercel-
lular adhesion, which is reflected by the abundance of desmosomes in 
tissues subjected to extensive mechanical strain such as the epider-
mis and the myocardium (Getsios et al., 2004; Holthofer et al., 2007; 

North et al., 1999; Waschke, 2008). Desmosomes are composed of 
members of at least three different protein families, that is, cadherin- 
type adhesion proteins which belong to the desmoglein (Dsg) and des-
mocollin (Dsc) subfamily, armadillo proteins such as plakoglobin (Pg) 
and plakophilin (Pkp2) isoforms and the plakin family member des-
moplakin (Dp) (Green et al., 2019). The turnover of the desmosomes 
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is tightly regulated by lipid raft membrane domains and assembly 
and disassembly are controlled by post- translational modifications of 
plaque proteins including Dp phosphorylation which fine- tunes the 
cytoskeletal anchorage of desmosomes (Bartle et al., 2020; Broussard 
et al., 2020; Zimmer and Kowalczyk, 2020).

The high biomedical relevance of desmosomes, which are present 
in all vertebrates but not insects, can be appreciated from desmosomal 
diseases, which are caused by failure of adhesive or signalling functions 
of desmosomes (Waschke, 2019). These desmosomal diseases comprise 
genetic disorders such as arrhythmogenic cardiomyopathy (AC) (Basso 
et al., 2011; Delmar and McKenna, 2010), which can occur combined 
with hair and skin abnormalities including blistering pathologies (Lee 
and McGrath, 2021; Nitoiu et al., 2014). These disorders are caused by 
mutations in desmosomal components referred to above (Mohammed 
and Chidgey, 2021) and present in about 50%– 60% of patients leading 
to sudden cardiac death or heart failure (Austin et al., 2019). Besides 
genetic disorders, the autoimmune blistering skin disease pemphigus 
is a desmosomal disorder caused by autoantibodies against desmo-
somal adhesion proteins such as Dsg1, Dsg3 and Dsc3 (Kasperkiewicz 
et al., 2017; Schmidt et al., 2019; Spindler et al., 2018). Interestingly, re-
cently, it was reported that in AC patients autoantibodies against ICD 
proteins including Dsg2 can be detected (Caforio et al., 2020; Chatterjee 
et al., 2018). Finally, impaired function of desmosomes caused by cyto-
kines or lack of neurotrophic factors also can contribute to the patho-
genesis of inflammatory bowel diseases, although the latter is not 
regarded as desmosomal diseases (Schlegel et al., 2021).

Taken together, accumulative evidence indicates that mutations 
and autoantibodies can cause comparable and overlapping clinical 
phenotypes predominantly involving the heart and epidermis, which 
is explained by parallels in the composition and regulation of des-
mosomes in ICD and keratinocytes. Since desmosomes in epithelial 
cells have been characterized more profoundly in terms of their reg-
ulation but ICDs are much more complex in structure, we will de-
scribe desmosomes in ICD in comparison to typical desmosomes in 
epithelia.

2  |  THE STRUC TURE OF EPITHELIAL 
DESMOSOMES

Desmosomes as was described using transmission electron mi-
croscopy (TEM) from a keratinocyte in intact human epidermis 
typically are 0.2– 0.5 μm in diameter and consist of two electron- 
dense plaques separated by an intercellular space of 25– 30 nm 
(Odland, 1958). The less opaque inner dense plaque anchors the 
desmosomes to keratin filaments in epithelial cells (Kelly, 1966), 
which is mediated by Dp, whereas in the outer dense plaque, the 
cytoplasmic tails of Dsg and Dsc molecules interact with Pg, DP 
and Pkp isoforms (Figure 1) (Green et al., 2019). Besides these ca-
nonical structural components of desmosomes, functional regula-
tors such as Ndel1 and its binding protein Lis1, which are required 
for robust keratin linkage of desmosomes, were found recently 

F I G U R E  1  Schematic showing the localization of components of epithelial desmosomes. The epidermis of the skin consists of multiple 
layers such as basal proliferating layer (stratum basale), differentiating spinous layer (stratum spinosum), granular layer (stratum ganulosum) 
and fully differentiated cornified layer (stratum corneum). Stratified epithelia express four isoforms of desmogleins (DSG1– 4) and three types 
of desmocollin (DSC1– 3), the latter of which also are present in a shorter and longer variant. But the expression pattern of these isoforms 
varies across the epidermis as shown above. The armadillo proteins plakoglobin (PG) and plakophilin (PKP)1– 3 and desmoplakin (DP) are 
constantly expressed along with the epidermis. Among the desmogleins expressed in the epidermis DSG1 and DSG3 have higher expression 
in an inverted fashion across the epidermis. Homophilic and heterophilic interactions of DSG1 and DSC1, and DSG3 and DSC3 are the most 
predominant interactions present in the epidermis of the skin. Schematic was created with BioRender.Com 
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(Kim et al., 2021). In contrast, it was shown that desmosomes can 
also act as organizing centres for the keratin filament cytoskeleton 
(Moch et al., 2020).

Interestingly, in simple epithelial cells such as enterocytes only 
the pair of Dsg2 and Dsc2, both of which contribute to cell adhesion 
and barrier function (Gross et al., 2018; Raya- Sandino et al., 2021; 
Schlegel et al., 2011; Ungewiss et al., 2017), are expressed in des-
mosomes typically arranged underneath tight junctions (TJ) and AJ 
and form junctional complexes (Farquhar and Palade, 1963). In con-
trast, stratified epithelia express four isoforms of Dsg (Dsg1– 4) and 
three types of Dsc (Dsc1– 3), the latter of which also are present in 
a shorter and longer variant (Green et al., 2019). The fact that both 
Dsg and Dsc molecules are expressed in the same cell raised the 
question of whether homophilic or heterophilic interaction may be 
predominant. Since in artificial systems such as bead assays or cell- 
free atomic force microscopy for some Dsg isoforms either more 
homophilic or more heterophilic interactions have been observed, 
whereas experiments in cultured keratinocytes demonstrated 
homophilic interactions only, this topic is still a matter of debate 
(Vielmuth et al., 2018). Most likely, both types of interactions occur 
to some extent.

Interaction of desmosomal cadherins occurs most likely in 
antiparallel alignment via their most distal extracellular domains 
EC1 and EC2, with both molecules from the same cell (cis) and the 
opposite cell (trans) engaging in forming interaction nodes (Sikora 
et al., 2020). During transinteraction, EC1 domains exchange the 
tryptophan residue 2 by insertion into a hydrophobic binding 
pocket of the partner molecule (Al- Amoudi et al., 2007; Blaschuk 
et al., 1990).

For single Dsg and Dsc molecules, it is established that they bind 
in a Ca2+- dependent manner (Chitaev and Troyanovsky, 1997), but 
Ca2+- independent interaction has been observed as well for Dsg2 
with Dsc2 (Shafraz et al., 2018). More complex is the situation for 
entire desmosomes. It has been proposed that most desmosomes 
in intact epidermis differentiate to become hyperadhesive and, in 
this state, to become Ca2+- independent (Garrod and Kimura, 2008; 
Garrod et al., 2005). In this state, desmosomal anchorage to keratin 
filaments via Dp is enhanced, resulting in desmosomal components 
becoming locked in hyperadhesive desmosomes so that exchange of 
proteins and thus shifting the turnover towards desmosome disas-
sembly is reduced (Bartle et al., 2020). In this scenario, not all desmo-
somal cadherins adapt their molecular binding properties indicating 
that hyperadhesion may be achieved by some Dsg isoforms such as 
Dsg3 but not others as shown for Dsg1 (Fuchs et al., 2020). It has 
been suggested that the dense midline typical for the extracellu-
lar space of epithelial desmosomes is the ultrastructural correlate 
for hyperadhesive desmosomes (Garrod and Kimura, 2008; Garrod 
et al., 2005). However, since in cultured keratinocytes, hyperda-
hesive desmosomes were lacking electron- dense midlines (Bartle 
et al., 2020), it is possible that the midline results from the high num-
ber of EC1 and EC2 domains interacting in this plane in highly dif-
ferentiated desmosomes of intact tissue and thus does not correlate 
with the adhesive state (Sikora et al., 2020).

3  |  INTERC AL ATED DISC S SHARE MANY 
STRUC TUR AL FE ATURES FOUND IN 
T YPIC AL DESMOSOMES BUT ARE MORE 
COMPLE X

Many aspects described for epithelial desmosomes are also found 
in desmosomes from ICD (Green et al., 2019). In epithelial des-
mosomes, hybrid junctions containing Dsg2 or Dsg3 molecules in-
teracting with E- cadherin and in association with actin filaments are 
regarded as transitory during the formation of new desmosomes 
(Rotzer et al., 2015; Shafraz et al., 2018). In contrast, in ICD, it is 
a typical hallmark that desmosomal components including Dsg2, 
Dsc2, Pkp2, Dp and Pg as well as AJ proteins such as N- cadherin, 
α- catenin and β- catenin are found intermingled in junctional areas 
of the ICD ultrastructurally resembling both desmosomes or fasciae 
adherents (Borrmann et al., 2006; Franke et al., 2006). Therefore, 
the term area composita was established for this hybrid junction. 
The two junction types were proposed to coalesce in the first year 
after birth in mice (Pieperhoff and Franke, 2007). This complex com-
position, which exists only in mammalian species, appears to be of 
high functional relevance for ICD integrity (Li and Radice, 2010). It 
was shown that the α- catenin family member αT- catenin is required 
for Pkp2 recruitment and GJ integrity and αT- catenin- deficient mice 
suffered from cardiomyopathy and arrhythmias (Li et al., 2012).

The complex structure of ICD was first described when TEM was 
applied in cell biology (Fawcett and McNutt, 1969; Van Breemen, 1953). 
The interdigitated structure of the ICD became readily apparent with 
GJ plaques, also called Nexus located primarily in the longitudinal/inter-
plicate regions and adhesive contacts now referred to as area compos-
ita primarily covering the transverse/plicate regions between adjacent 
cardiomyocytes (Figure 2). Meanwhile, super- resolution imaging helped 
to refine the molecular composition of these different segments of 
the ICD. In the plicate regions, some Nav1.5 channels are detectable, 
whereas most of Nav1.5 is located in the area surrounding GJ plaques, 
where the β1 subunit of the channel was demonstrated to stabilize 
intercellular adhesion by homophilic transinteraction (Veeraraghavan 
et al., 2018). Moreover, nanoscale signalling revealed that Nav1.5 with 
N- cadherin forms clusters that may regulate intercellular adhesion (Leo- 
Macias et al., 2016). To these sites, Nav1.5 may be restricted by ankyrin 
G, a cytoskeletal adaptor molecule also serving to couple Cx43 of GJ to 
Pkp2 of the area composite (Sato et al., 2011). This coupling of channel 
complexes and GJ components to desmosomal contacts of the ICD not 
only allows to explain how mutations in desmosomal components such 
as Pkp2 cause arrhythmia in AC but also suggest that excitation propa-
gation in addition to electrotonic transmission via GJ may also include 
ephaptic contributions via Nav1.5 channels in the perinexus Gourdie, 
Anatom Rec. 2018.

Besides typical structural components of desmosomes, also 
other regulatory proteins have been localized to ICD, including 
iASPP, SORBS2 and COP9, the loss of which causes AC in mice (Ding 
et al., 2020; Liang et al., 2021; Notari et al., 2015). Interestingly, 
COP9 organizes a signalosome regulating the targeted desmosome 
proteome degradation, which is altered by mutations in desmosomal 
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components found in patients suffering from AC. Since in cardiomy-
ocytes, the contractile machinery of the myofibrils takes up large 
sections of the cytoplasm, it is conceivable that the ICD becomes the 
major structural platform to coordinate intercellular adhesion with 
other functions. This may explain why a loss of different regulatory 
proteins located at the ICD causes a phenotype similar to mutations 
in desmosomal components which cause AC.

4  |  DESMOSOMES A S SIGNALLING HUBS

It has been shown early that phosphorylation of Dp or Pg regu-
lates adhesion via the cytoskeletal anchorage of desmosomes 
(Bornslaeger et al., 1996; Hobbs and Green, 2012; Lorch et al., 2004; 
Stappenbeck et al., 1994; Troyanovsky et al., 1993; Troyanovsky 
et al., 1994) and Dp phosphorylation is now known to regulate the 
switch to a hyperadhesive state of desmosomes (Bartle et al., 2020). 
Moreover, Dsg1 was shown to inhibit EGFR signalling via Erbin- 
mediated regulation of Shoc2 to allow epidermal differentiation 
(Getsios et al., 2009). Together with the finding that Dsg3 directly 
interacts with p38MAPK, which is activated after application of 
Dsg3- specific autoantibodies or peptides (Spindler et al., 2013), 

desmosomal contacts emerged as signalling hubs in healthy tissues 
and to contribute to the pathogenesis of skin diseases such as pem-
phigus (Johnson et al., 2014; Spindler and Waschke, 2014; Waschke 
and Spindler, 2014). Meanwhile, it was found that Dsg molecules or-
ganize isoform- specific signalling complexes, where Dsg1 and Dsg3 
in keratinocytes interact with p38MAPK, PLC, PKC, PI4K and EGFR 
(Rotzer et al., 2015; Schmitt et al., 2021) to regulate cell adhesion, 
whereas Dsg2 in enterocytes binds to EGFR and PI3K to control 
cell adhesion and barrier function (Burkard et al., 2021; Ungewiss 
et al., 2018).

In epithelial cells from complex epithelia such as keratinocytes, 
the role of different Dsg and presumably also Dsc isoforms in the 
regulation of signalling is not equal. For example, both Dsg1 and 
Dsg3 can activate p38MAPK, whereas Dsg3 also activates EGFR 
in Src- dependent manner and Dsg1 is involved in PLC- mediated 
Ca2+ influx and ERK activation, as has been found in studies using 
pemphigus autoantibodies (Berkowitz et al., 2005; Berkowitz 
et al., 2006; Berkowitz et al., 2008; Schmitt et al., 2021; Walter 
et al., 2017; Walter et al., 2019). On the other hand, Dsg2 was found 
not to regulate p38MAPK but rather to act as a compensation mol-
ecule for adhesion and thus is expressed in pemphigus lesions 
when Dsg3 adhesion is impaired (Hartlieb et al., 2013; Hartlieb 

F I G U R E  2  Schematic of cardiomyocyte intercalated disc (ICD). The intercalated disc of the cardiomyocyte consists of plicate and interplicate 
regions, which in general lie perpendicular to each other. For convenience, we depicted here the two regions as parallel structures. The plicate 
region consists of the desmosome, as an individual mechanical component, and area composita or fascia adherens where both the desmosomes 
and adherens junction proteins are intermingled. Desmosomes are formed by the homo or heterophilic interactions of desmoglein 2 (DSG2) 
and desmocollin 2 (DSC2), where AJs are formed by the N- cadherin (N- cad). Desmosomes are anchored to the intermediate filament protein, 
desmin via the armadillo proteins plakoglobin (PG) also known as γ- catenin and plakophillin (PKP) 2 which further interacts with the plaque 
protein desmoplakin, which then interacts with desmin. AJs are very well known to be anchored to the actin cytoskeleton via the alpha- catenin 
(α), beta- catenin (β) and the gamma- catenin (known also as PG). But in the area composita, it could also be likely that desmosome and AJs are 
intermingled in such a way that desmosomes are anchored to the actin cytoskeleton and AJs to the desmin. In the interplicate region, there 
exists two regions, perinexus and nexus, respectively. In the perinexus region sodium channel complexes (Nav 1.5) concentrated at the edge of 
GJs, which are found in the nexus region, are involved in ephaptic conduction in the heart. The sodium channel β1 subunit with its extracellular 
adhesion domain plays a critical for this mechanism to function. Another important structure in ICD, that plays a major role in cardiomyocyte 
adhesion, is the β- adrenergic receptor. Schematic was created with BioRender.Com 
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et al., 2014; Sigmund et al., 2020). Dsc3 may also be involved in the 
activation of EGFR and p38MAPK (Hudemann et al., 2021; Spindler 
et al., 2009).

In enterocytes, which are similar to cardiomyocytes in expressing 
Dsg2 and Dsc2 only, Dsg2 regulates EGFR and p38MAPK (Ungewiss 
et al., 2017; Ungewiss et al., 2018), suggesting that this could also 
be the case at ICD. However, since activation of signalling path-
ways including p38MAPK, Src and RhoA was found to be mediated 
by extradesmosomal Dsg3, that is free Dsg3 molecules outside of 
desmosomes and thus not coupled to Dp and keratin filaments but 
rather interacting with actin filaments (Hartlieb et al., 2014; Rotzer 
et al., 2015; Tsang et al., 2012), it was proposed that extradesmo-
somal Dsg contacts may serve as adhesion- dependent receptors 
(Waschke and Spindler, 2014). This was supported by the fact that 
depletion of Pg but not of Dp, both of which causes loss of cell adhe-
sion, was followed by activation of p38MAPK (Spindler et al., 2014). 
Since Dsg2 in keratinocytes is mainly localized in desmosomes, 
whereas Dsg2 in enterocytes is detectable without Dp (Hartlieb 
et al., 2013; Ungewiss et al., 2017), these results would correlate 
with the different functions of Dsg2 in the regulation of signalling in 
these two cell types. At present, not much is known for Dsg2 signal-
ling in cardiomyocytes.

The different signalling pathways in keratinocytes contribute to 
loss of cell adhesion in pemphigus presumably because they are in-
volved in the regulation of the desmosome turnover (Schmitt and 
Waschke, 2021). Using an ex vivo human skin model, first attempts 
were made to attribute the different signalling pathways involved in 
the loss of cell adhesion to different steps of desmosome turnover. 
Data indicate that some signalling mechanisms are central in this 
respect such as p38MAPK, which drives desmosome disassembly 
and negatively affects keratin anchorage (Egu et al., 2017). Others 
such as ERK regulate desmosome size, whereas PLC controls keratin 
insertion only (Egu et al., 2019). Although not much is known about 
the regulation of desmosomes in mucous membranes, the role of 
p38MAPKs appears less significant compared to the epidermis (Egu 
et al., 2020).

Besides the regulation of signalling mechanisms to control cell 
adhesion, desmosomes were recently found to control differen-
tiation and stratification of the epidermis and to maintain epider-
mal barrier functions via Dsg1- mediated TJ formation (Broussard 
et al., 2021; Kugelmann et al., 2019). Taken together, the signalling 
function of desmosomes in epithelial cells is partially understood. 
However, most data come from studies on pemphigus pathogenesis 
which explains why pemphigus is a model disease to study the regu-
lation of desmosomes.

5  |  ADHESION OF INTERC AL ATED DISC S 
IS TIGHTLY REGUL ATED BY SIGNALLING 
PATHWAYS

Wnt signalling was found to be activated in cardiomyocytes which 
are involved in the fibrofatty replacement of cardiomyocytes in AC 

(Garcia- Gras et al., 2006). Similarly, the Hippo pathway was found 
to be controlled by molecules located at the ICD such as YAP (Chen 
et al., 2014; Guo et al., 2020; Vite et al., 2018). However, it is unclear 
whether these mechanisms regulate cardiomyocyte adhesion. Similarly, 
GSK3β was found to localize to ICD in hearts from AC patients suggest-
ing a role in disease pathogenesis which may or may not involve regula-
tion of adhesion (Chelko et al., 2016). Thus, until a few years, it was not 
known whether cardiomyocytes adhesion is controlled or is just kept 
strong constantly which would make sense during contraction of the 
myocardium. The situation was similar until the middle of the 90s the 
first signalling pathways were discovered to be altered by autoantibod-
ies in pemphigus (Esaki et al., JID 1995; Seishima et al., JID 1995).

Therefore, we were very much intrigued by the finding that the 
adrenergic β1 receptor is localized at ICD (Schlipp et al., 2014) and we 
started to investigate whether the sympathetic nervous system, be-
sides its other function in heart muscle, also regulates cardiomyocyte 
adhesion. This led to the finding that cAMP downstream of adren-
ergic agonists induces translocation of Dsg2 molecules towards cell 
junctions and enhances Dsg2 binding strength on a single molecule 
level (Schinner et al., 2017). This stabilizes cardiomyocyte adhesion 
and also increases the length and diameter of area composita plaques 
and therefore, we refer to this new function of adrenergic signalling as 
positive adhesiotropy (Yeruva et al., 2020). The molecular mechanism 
strictly depends on Pg expression and involves PKA- mediated phos-
phorylation of Pg on S665 (Schinner et al., 2017; Yeruva et al., 2020). 
Moreover, Dsg2 also appears to be required for cAMP formation by 
the adrenergic β1 receptor and Dsg2 and Pg to be required for regular 
excitation propagation across cardiomyocyte monolayers (Schinner 
et al., 2019). This indicates that Dsg2 is important for coordinating 
cell adhesion and excitation propagation in cardiomyocytes which 
are supported by the finding that peptide crosslinking Dsg2 mole-
cules can reduce arrhythmia in the murine AC model (Schinner, Erber, 
et al., 2020).

These results brought up the question of whether other exter-
nal stimuli or drugs also can regulate cardiomyocyte adhesion and 
signalling pathways known to regulate cell adhesion in keratino-
cytes and enterocytes may be relevant in this scenario. Surprisingly, 
digitoxin, which is used to treat heart failure, also stabilizes cardio-
myocyte adhesion in an ERK- dependent manner (Schinner, Olivares- 
Florez, et al., 2020). In line with this, PKA and PKC found to stabilize 
cardiomyocyte adhesion and p38MAPK to reduce adhesion were 
found to be dependent on ERK1/2 in cultured cells as well as cardiac 
slice cultures (Shoykhet et al., 2020). Interestingly, adrenergic stabi-
lization but not effects of PKC and p38MAPK required Pg indicating 
that the downstream mechanisms are in part different (Figure 3).

An interesting question in cardiomyocyte adhesion is whether 
desmosomes in ICD can acquire a hyperadhesive state similar to 
keratinocytes. If the dense midline in the extracellular space of 
desmosomal contacts is the ultrastructural hallmark of hyperadhe-
sive desmosomes as has been proposed (Garrod and Kimura, 2008; 
Garrod et al., 2005), this likely is the case since at least in cat 
hearts midlines have been observed at least in some segments of 
areae composita (Fawcett and McNutt, 1969). This is in line with 
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the finding that adrenergic signalling as well as PKC activation 
and p38MAPK inhibition render cardiomyocyte adhesion resis-
tant against Ca2+ chelation in cultured cells and slice cultures, at 
least to some extent (Schinner et al., 2017; Shoykhet et al., 2020). 
Surprisingly, the proportion of desmosomal components anchored 
to the cytoskeleton was not enhanced during hyperadhesion. This 
could be explained if the situation is similar to keratinocytes where 
during hyperadhesion the exchange of desmosomal components 
in and out of desmosomes is reduced (Bartle et al., 2020), which 
would not necessarily alter the number of proteins coupled to the 
cytoskeleton.

This brings up a limitation of studies on the regulation of car-
diomyocyte adhesion conducted so far because it is unknown how 
Pg665 phosphorylation downstream of PKA or by which targets 
the different signalling pathways regulate adhesion and whether 
this involves modulation of desmin anchorage or actin dynamics. 
In addition, it has been shown that Pg is necessary for the main-
tenance of the cortical actin skeleton (Kofron et al., 2002), which 
acts as a scaffold for actin assembly and organization (Daly, 2004; 
Weed and Parsons, 2001). This shows the need for a new field 
of research and is promising because signalling pathways regu-
lating desmosomal adhesion in keratinocytes such as p38MAPK, 
RhoA or PLC/Ca2+ induce uncoupling of desmosomes from ker-
atin filaments and cause profound alterations of actin filaments 
(Berkowitz et al., 2005; Gliem et al., 2010; Schmitt et al., 2021; 
Spindler et al., 2007; Waschke et al., 2005; Waschke et al., 2006). It 

is intriguing that rho- kinase inhibition during early cardiac develop-
ment leads to AC in mice (Ellawindy et al., 2015), further supporting 
the necessity to delineate the molecular signalling that regulated 
cardiomyocyte adhesion.

Recently, ICDs have been described as mechanosensing signalling 
nodes (Pruna and Ehler, 2020; Zhao et al., 2019). Among all pathways 
investigated so far, best evidence has been collected that Wnt and the 
Hippo pathways are locally controlled at the ICD since YAP has been 
shown to interact with Pg and β- catenin and to be regulated by α- catenin 
as well (Chen et al., 2014; Vite et al., 2018). Moreover, Xinβ, a regulator 
of the Hippo pathway, was reported to localize to and thereby to recruit 
NF2 (Merlin) to ICD (Guo et al., 2020). However, this implies only that sig-
nalling molecules located at ICD control cardiomyocyte differentiation 
and cell fate which is disturbed during cardiac diseases. Whether adhe-
sion proteins of the area composita such as Dsg2, Dsc2 or N- cadherin 
directly are involved in mechanosignalling in cardiomyocytes is unknown 
at present.

6  |  CONCLUSION: INTERC AL ATED DISC S 
A S SIGNALLING PL ATFORMS

Until some years ago, not much was known about the bidirectional 
regulation of cardiomyocyte adhesion at ICD. Now, we can conclude 
that the function of ICD is beyond electromechanical coupling. 
Rather, ICD serves as a signalling hub comparably to desmosomes 

F I G U R E  3  Schematic overview of signalling mechanisms regulating cardiomyocyte adhesion. Adrenergic agonists like the combination of 
forskolin and rolipram, and isoprenaline acts via PKA- dependent PG phosphorylation at S665 leading to enhanced translocation of DSG2 to 
the desmosomes or area composita of the ICD and thereby increases cardiomyocyte adhesion. On the other hand, adrenergic agonists, PKC 
activation by PMA, p38MAPK inhibition by SB202190 and digitoxin enhanced cardiomyocyte adhesion, in an ERK1/2- dependent manner 
through alterations in the interactions of the desmosomal proteins PG, PKP2 and DP that eventually lead to increased DSG2 translocation to 
the cell borders. Schematic was created with BioRender.Com 
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in epithelia. Similar to desmosomes in keratinocytes, which besides 
cell adhesion also regulate cell migration and wound healing (Rotzer 
et al., 2016; Waschke, 2019) or desmosomes in enterocytes, which 
control epithelial barrier properties, cell proliferation and cell death 
(Kamekura et al., 2014; Nava et al., 2007; Raya- Sandino et al., 2021; 
Ungewiss et al., 2018; Yulis et al., 2018), ICD may also regulate dif-
ferent functions in cardiomyocytes. This possibility is intriguing be-
cause, for example adrenergic signalling has various functions in the 
heart and it is tempting to speculate that functions such as positive 
chronotropy and inotropy may dependent on enhanced cardiomyo-
cyte intercellular binding, which we refer to as positive adhesiot-
ropy (Schinner et al., 2017), between cells in the cardiac conduction 
system or the ventricular myocardium respectively. Since AC is a 
disease where mutations in desmosomal adhesion and plaque pro-
teins cause arrhythmia, it is important to find out which signalling 
mechanisms may be involved in this context.
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