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1. ABSTRACT 
 

Maintaining skin integrity is crucial for life. Under normal conditions, the skin surface is in a 

constant state of renewal, whereas deregulation can result in a variety of skin diseases, 

including cancer. In the epidermis, proliferation is restricted to the basal layer whereas the 

suprabasal layers are critical for barrier formation. This implies that adhesion between 

these layers must be different. Desmosomes are cell structures specialized for cell-to-cell 

adhesion. While cell type specific expression of desmosomal proteins including the 

plakophilins (PKPs) has been known for years, little is known about how PKP isoforms 

affect desmosomal properties and how desmosomal localization of these isoforms is 

regulated. It has previously been shown that insulin like growth factor 1/insulin signaling 

phosphorylates PKP1, which results in translocation from the desmosome into the 

cytoplasm leading to decreased adhesive strength. At the same time, this activates PKP1’s 

function in translation, which promotes proliferation. 

How PKP3 localization and function are regulated in keratinocytes and during epidermal 

differentiation is not clear to date. To elucidate the roles of PKP3 in adhesion and in 

signaling, PKP3-dependent adhesive properties and modifications by growth factor 

signaling were analyzed in murine keratinocytes and human A431 cells. Here, I show that 

epidermal growth factor but not insulin like growth factor 1/insulin signaling is important for 

phosphorylation of PKP3 and its recruitment to the plasma membrane to facilitate 

desmosome assembly. PKP3 associates with ribosomal S6 kinases with a preference for 

the isoform 1 resulting in the accumulation of PKP3 at tricellular contacts, which correlates 

with the stabilization of intercellular adhesion. This indicates that PKP1 and PKP3 sense 

signals from different growth factors and interpret these signals in distinct ways that either 

promote (PKP3) or prevent (PKP1) their desmosomal localization. 

PKPs perform additional functions in the nucleus and the cytoplasm. For PKP3, these 

functions have not yet been well characterized. Since the ratio of PKP3 to PKP1 is much 

higher in the proliferating basal cells compared to suprabasal cells, I asked how PKP3 

contributes to the control of proliferation. To test this, I used non-transformed murine 

keratinocytes to avoid bias from disturbed cell cycle control in cancer cells and to focus on 

the mechanistic basis of PKP3’s role in proliferation. In this thesis, I have identified PKP3 

as a scaffold in epidermal growth factor receptor signaling, which promotes ribosomal S6 

kinase activation. In addition, I show that PKP3 acts as a signaling hub modulating the 

retinoblastoma pathway via an epidermal growth factor receptor – runt-related transcription 

factor 3 – p21 axis to promote cell cycle progression.  
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These data challenge the view of desmosomes as static structures and show how signaling 

pathways balance PKP functions to regulate adhesive strength and allow desmosomes to 

adapt to their environment in a context-dependent manner. This implicates that 

desmosomal proteins are active signaling hubs that receive signals (phosphorylation of 

PKP1 by insulin like growth factor 1/insulin and of PKP3 by epidermal growth factor, 

respectively) and transduce this information to modulate adhesive strength and control 

proliferation. This supports the accurate balance of proliferation and differentiation which is 

required to control tissue homeostasis in the epidermis. 

 



INTRODUCTION 

 

- 3 - 
 

2. INTRODUCTION 

 

2.1. Structure and function of the skin 

The skin is the outermost layer of the body and thus separates the internal tissues from the 

external environment. It consists of three layers: hypodermis, dermis, and epidermis 

(Figure 1A). The three skin layers are composed of distinct cell types and imply a strong 

as well as a flexible physical structure, to ensure both integrity and flexibility of the skin 

(Goodarzi et al., 2018). 

 
Figure 1 │ Structure and function of the skin and the epidermis. Created with biorender.com, modified 
from (Delva et al., 2009). (A) The skin is composed of three main layers: the epidermis, dermis, and 
hypodermis. (B) The stratified epidermis is comprised of four distinct layers – corneal, granular, spinous, and 
basal layer, which are attached to the basement membrane. The high proliferative character of the basal layer 
is represented by mitotic spindles in these cells. Epidermal integrity is based on stable and dynamic intercellular 
adhesion, which maintain the barrier and regeneration function of the epidermis. 

 
The lowest layer is the hypodermis (subcutis), which contains mainly adipose and 

connective tissue and thus serves as a heat and nutrient reservoir as well as a shock 

absorber. The overlying dermis contains blood vessels, sweat glands, and hair follicles and 

consists of a dense network of tear-resistant collagen fibers, elastic fibers, and connective 

tissue cells, which give the skin stability while simultaneously allowing elasticity. In contrast, 

the epidermis is a stratified squamous epithelium composed primarily of keratinocytes, 

which by virtue of their morphological and metabolic characteristics are divided into four 

layers (Figure 1B): The basal layer, which is attached to a non-cellular basement 

membrane, consists of epidermal stem cells that continuously divide by mitosis to give rise 

to keratinocytes (Alonso and Fuchs, 2003). Basal keratinocytes form a single layer and are 

composed of basophilic cytoplasm and a chromatin-rich nucleus in an elliptical shape. 

During the differentiation process called keratinization, new cells generated by stem cells 

in the basal layer push the keratinocytes upward into the spinous layer and granular layer, 

where they differentiate (Watt, 1989). During continuous keratinization, the typical cellular 

structure is replaced by keratin accumulation. In these multilayers, keratinocytes are 

shaped like a polyhedron, have prominent cytoplasm and round-oval nuclei. 
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In the corneal layer, terminally differentiated keratinocytes are filled with keratin 

intermediate filaments, leaving these metabolic inactive cells flat and anucleated. These 

cells are finally shed in a process called desquamation. Thus, the epidermis is a dynamic 

structure whose integrity is based on the constant generation of new cells and their outward 

transport with associated differentiation. Keratinocyte adhesion plays a central role and is 

present in a dynamic low affinity state in the lower proliferating layers, whereas in the upper 

layers the differentiated keratinocytes show a high affinity adhesive state 

(Garrod and Chidgey, 2008). This organization as a stratified epithelium maximizes the 

structural barrier on the one hand and guarantees flexibility during embryonic development 

and wound healing on the other hand. 

 

2.2. Epidermal cell-cell contacts 

To maintain the functions of the epidermis, a cellular network is necessary to ensure both 

adhesion and flexibility. This is regulated by cell-cell junctions, which include the tight 

junctions (Figure 2A), adherens junctions (Figure 2B), and desmosomes (Figure 3). These 

connect and organize the cytoskeleton of adjacent cells, thereby forming a structural 

continuum across the tissue (Garcia et al., 2018; Zimmer and Kowalczyk, 2020). 

 
Figure 2 │ Structure, composition, and main functions of the tight junction and adherens junction. 
Created with biorender.com, modified from (Zimmer and Kowalczyk, 2020). (A) Tight junctions are intercellular 
adhesion complexes composed of claudin and occludin, which are linked to the actin cytoskeleton by the 
adaptor proteins zonula occludens. Tight junctions control paracellular permeability by forming a diffusion 
barrier. (B) Adherens junctions consist of classical cadherins such as E-cadherin which is linked to actin 
cytoskeleton by a group of catenins (p120-, β-, α-catenin). Adherens junctions regulate barrier function, initiate 
cell-cell contacts, and mediate the maturation and maintenance of the contact. 

Tight junctions (Figure 2A) seal adjacent keratinocytes in the granular layer and are thus 

mainly responsible for barrier function and regulation of paracellular solute flow (Zihni et al., 

2016). They consist of two families of transmembrane proteins, claudin and occludin, which 

form homotypic complexes between cells. They connect the actin cytoskeleton via the 

cytoplasmic adaptor proteins zonula occludens. The adherens junctions (Figure 2B) also 

connect the actin cytoskeleton but consist of classical cadherins such as E-cadherin, which 

are associated via their cytoplasmic domains with p120-catenin, β-catenin, and α-catenin, 
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to which actin is connected in a tension-dependent manner (Hartsock and Nelson, 2008). 

Thus, adherens junctions regulate the barrier function and initiate and maintain cellular 

adhesion via actin-cytoskeleton connections. Mechanical cohesion is further strengthened 

by the connection of intermediate filaments such as keratin. This is accomplished by 

desmosomes, which are the main junction type in stratified epithelia, including the 

epidermis (Niessen, 2007). Desmosomes are found in all epidermal layers with the 

exception of the corneal layer where desmosomes are transformed to corneodesmosomes. 

The major compositional distinction from desmosomes is the presence of corneodesmosin 

in the extracellular portion (Ishida-Yamamoto and Igawa, 2015). The desmosome can be 

divided into three morphologically distinct regions (Figure 3): the extra-cellular core region, 

the outer dense plaque, and the inner dense plaque (Yin and Green, 2004; Delva et al., 

2009; Nekrasova and Green, 2013). 

 
Figure 3 │ Structure, composition, and main functions of the desmosome. Created with biorender.com, 
modified from (Zimmer and Kowalczyk, 2020). Desmoglein and desmocollin extent into the extra-cellular core 
region and the outer dense plaque to establish contact between adjacent cells. In the outer dense plaque, 
desmosomal cadherins associate with the linker proteins plakoglobin, plakophilin, and desmoplakin. Within the 
inner dense plaque, desmoplakin binds to keratin intermediate filaments, serving to tether the intermediate 
filaments to the plasma membrane. Desmosomes have two distinct adhesive states, a Ca2+-dependent state 
and a Ca2+-independent hyper-adhesive state, which balance tissue plasticity and strength. 

 

The extracellular core region mediates adhesion and is formed by the extracellular domains 

of the desmosomal cadherins, which are transmembrane glycoproteins of the desmoglein 

and desmocollin families. These are associated via their cytoplasmic ends with the 

desmosomal plaque proteins plakophilin (PKP) and plakoglobin, which are members of the 

armadillo protein family. PKPs and plakoglobin bind to plakin family proteins such as 

desmoplakin to form the outer dense plaque. The plakin proteins interact with keratin 

filaments in the inner dense plaque, tethering the adhesion complex with the cytoskeleton. 

Desmosomes show Ca2+-dependent assembly and adhesion (Garrod et al., 2005; 

Kimura et al., 2007). In the presence of extracellular Ca2+, desmosomes as well as Ca2+-

dependent adherens junctions, show intercellular adhesions, but these are relatively weak. 

Desmosomes are the only cell-cell contacts that have the ability to become Ca2+-

independent, thereby adopting a strong hyper-adhesive state. In tissue culture, they thus 
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show resistance to dissociation by chelating agents (Garrod et al., 2005). In tissues, the 

hyper-adhesive state of desmosomes enables resistance to disruption by mechanical 

forces (Hatzfeld et al., 2017; Hsu et al., 2018). Thus, desmosomes are increasingly found 

as adhesive cell-cell junctions in tissues exposed to strong mechanical stresses such as 

the skin, myocardium, bladder, and in gastrointestinal mucosa. 

Another difference from adherens junctions is that desmosomes have a highly organized 

disc-like plaque, the formation of which is ensured by PKP1-3 (Garrod and Chidgey, 2008). 

PKPs act as scaffolds in two ways. First, they cluster desmosomal cadherins in the plane 

of the plasma membrane. Second, they recruit the cytoskeleton to the desmosomal plaque 

through interaction with desmoplakin. PKPs are thus not only involved in the formation as 

well as maturation of desmosomes, but also support the connection to the cytoskeleton. In 

the following chapter, the focus on PKPs will reveal their structure and expression pattern 

as well as their role in maintaining tissue integrity. 

 

2.3. Plakophilins 

PKP1-3 are desmosomal members of the armadillo-related protein family, which are 

characterized by a series of repeated motifs of about 45 amino acid residues called arm 

repeats (Hatzfeld, 2007). These arm repeats are flanked by a large N-terminal head domain 

and a short C-terminal tail (Figure 4A). 

 
Figure 4 │ Structure and epidermal expression pattern of PKPs. Created with biorender.com, modified 
from (Delva et al., 2009). (A) Structure of PKPs, which belongs to the armadillo-related protein family. PKPs 
contain an amino-terminal head domain, a central arm repeat domain with 9 repeats and an insert between 
repeat 5 and 6, and a carboxyl-terminal tail. (B) Relative expression profiles of various PKPs in the epidermal 
layers. PKP1 is concentrated in the desmosomes of the superficial epidermal layers, whereas human PKP2 is 
more abundant in desmosomes of the basal layer. PKP2 is not expressed in murine epidermis. PKP3 shows 
decreased expression from basal to suprabasal layers. 

In detail, the basic amino terminal end of PKPs is followed by the long head domain, which 

has no obvious homology to other head domains providing a structural difference among 

PKP1-3. Except for a small conserved α-helical stretch, the head domain reveals no 

secondary structure. Followed the head domain, the arm repeats are organized to an 

elongated superhelical structure. A small spacer sequence between arm repeat five and 
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six leads to a characteristic bend in the domain structure. The arm repeats are terminated 

with the short carboxyl terminal end. Both the head and arm repeat domains may play a 

role in interactions with junctional and non-junctional proteins (Hatzfeld et al., 2000; 

Chen et al., 2002; Bonne et al., 2003). Protein domains are defined as structurally, 

functionally, and evolutionarily distinct units, which can be altered in their architecture by 

alternative splicing. As a result, PKP1 and PKP2 exist in two isoforms each, whereas no 

alternative splice products have been characterized for PKP3 so far (Hatzfeld, 2007). 

Distinct protein isoforms and the rather diverse head domain suggest that PKP1-3 differ in 

their expression patterns and properties. Like other desmosomal proteins, PKPs reveal a 

tissue specific und epidermal differentiation specific expression pattern (Neuber et al., 

2010) (Figure 4B). PKP1 is highly expressed in stratified epithelia where it localizes 

predominantly in the suprabasal compartment of the epidermis suggesting a role in 

differentiation. PKP2 is the only PKP that is also expressed in non-epithelial tissues such 

as the myocardium and lymph nodes. Human PKP2 also shows decreasing expression 

from basal to suprabasal epidermal layers, whereas no PKP2 protein is detected in mouse 

skin. PKP3 is found in most simple and stratified epithelia. In contrast to PKP1, PKP3 

shows decreased expression from basal to suprabasal epidermal layers 

(Schmidt and Jager, 2005). 

Desmosomes contain at least one PKP isoform. The importance of PKPs in maintaining 

desmosomal integrity is demonstrated by the development of diseases and dysregulated 

cellular processes due to mutations in the genes encoding PKP1 and PKP2. In the 

autosomal recessive genetic disorder ectodermal dysplasia-skin fragility syndrome, a loss 

of function mutation in the PKP1 gene causes detachment of desmoplakin and intermediate 

filaments from desmosomes (Doolan et al., 2020). The resulting loss of desmosomal 

adhesion leads to the disruption of tissue integrity, which is shown by cutaneous blistering 

and erosions. Due to the predominant expression of PKP2 in cells of the myocardium, the 

disease patterns reveal the function of the heart. In the potentially life-threatening disorder 

arrhythmogenic right ventricular dysplasia, PKP2 mutations cause fibrofatty infiltration of 

the myocardium and inflammatory infiltrates (Costa et al., 2021). For PKP3, no human 

disorder has been described so far. Nonetheless, PKP3-knockout mice show 

morphological abnormalities in the hair follicles and a disturbed cutaneous inflammation 

(Sklyarova et al., 2008). Moreover, PKP3-knockout mice were considerably smaller than 

their wildtype littermates pointing to a role in growth control. 

Due to the lack of PKP2 expression in mouse skin, PKP1 and PKP3 are responsible for 

maintaining the structural integrity of the murine epidermis. Besides the function of PKP as 
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a structural scaffold that increases mechanical strength, they regulate junction assembly 

and cytoskeletal dynamics through their role as signaling scaffolds (Bass-Zubek et al., 

2009; Broussard et al., 2015). Thus, they control tissue homeostasis in important cellular 

processes such as proliferation and migration while maintaining barrier function. However, 

the molecular mechanisms of desmosomal protein regulation have been poorly studied. 

For elucidating the complex role of PKPs, the present work focuses on PKP3 and its 

desmosomal role as a scaffold for junction proteins as well as its extra-desmosomal role 

as a scaffold in cell signaling. 

 

2.4. Plakophilin 3 

PKP3 is the most widely expressed PKP family member. In the following chapter, I 

summarize the current state of knowledge about PKP3 regulation including the 

transcriptional and post-transcriptional level as well as post-translational modifications 

which may control PKP3 localization and function (Figure 5). Current knowledge about the 

desmosomal and extra-desmosomal roles of PKP3 support the hypothesis that PKP3 acts 

as a multifunctional protein in regulating junctional and signaling processes. Data on the 

role of PKP3 in cancer corroborate the assumption that PKP3 has important extra-

desmosomal functions. 

 
Figure 5 │ Transcriptional, post-transcriptional, and post-translational regulation of PKP3. Created with 
biorender.com. The central dogma of molecular biology reveals that during transcription DNA is copied to 
mRNA, which directs protein synthesis in the process called translation (upper panel). PKP3 expression is 
negatively regulated at transcriptional level by binding of transcription factors (e.g. ZEB1, ZEB2, SNAI1) in the 
PKP3 promoter (mid left panel, (Aigner et al., 2007; Burks et al., 2021)). Post-transcriptional control of PKP3 
expression is negatively regulated by binding of miRNA-149 in the 3’-UTR of PKP3 mRNA (mid right panel, 
(Li et al., 2018)). Post-translational modifications such as phosphorylation of amino acid side chains might 
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affect PKP3 protein stability, localization, and interactions (lower left panel, (Roberts et al., 2013; Neuber et al., 
2015)), which regulate the function of PKP3 in desmosomal adhesion as well as its extra-desmosomal function 
in the cytoplasm and nucleus (lower right panel). 

 

2.4.1. Transcriptional and post-transcriptional regulation 

Gene expression is regulated at the transcriptional and post-transcriptional level. 

Regulation of gene transcription is central to the control of cell differentiation and 

dysregulation can lead to diseases such as cancer. In the epidermis, the expression of 

desmosomal genes is thought to be controlled by a variety of transcription factors. So far, 

the control of PKP3 gene transcription and expression remain incompletely understood. 

However, it has been shown that PKP3 expression is repressed by the transcription factor 

zinc finger E-box binding homeobox 1 (ZEB1) which binds with two conserved E-box 

elements in the human and murine PKP3 promoter (Aigner et al., 2007). The homologue 

ZEB2 (Burks et al., 2021) as well as snail family transcriptional repressor 1 (SNAI1) 

(Aigner et al., 2007) have also been reported to repress PKP3 expression. 

Post-transcriptional control of gene expression involves the regulation of messenger RNA 

(mRNA) degradation as well as mRNA translation and, in some cases, directed subcellular 

transport of mRNAs. 3‘-untranslated regions (3‘-UTR) are best known to regulate these 

mRNA-based processes. Most functions of the 3‘-UTRs are mediated by RNA-binding 

proteins and non-coding RNAs, particularly microRNAs (miRNAs) (Zanzoni et al., 2019). 

Databases for RNA-binding protein- and miRNA target prediction identify several putative 

binding sites in the PKP3 3‘-UTR. The atlas of UTR regulatory activity 

(http://aura.science.unitn.it, 2022) predicted 16 RNA-binding proteins that bind at the 

human PKP3 3‘-UTR. However, these predicted RNA-binding proteins by large scale 

approaches based on crosslinking immunoprecipitations require further validation to 

examine the functional consequences. In addition, the 3’-UTR of the PKP3 transcript is 

predicted to be targeted by 11 miRNAs (http://www.mirdb.org/cgi-bin/search.cgi, 2022). In 

nasopharyngeal carcinoma, upregulated miRNA-149 decreased PKP3 expression by 

direct binding to the PKP3 3′-UTR (Li et al., 2018). This suggests that miRNA-149 may 

facilitate carcinoma metastasis by down-regulating PKP3. Post-transcriptional control of 

PKP3 expression appears to play a role in modulating desmosome composition and 

function. However, further studies are required to identify the RNA-binding proteins and 

non-coding RNAs involved and to understand the context and mechanisms of 

transcriptional and post-transcriptional regulation of PKP3. 
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2.4.2. Post-translational modifications: Phosphorylation of PKP3 

Control of protein stability and protein localization, as well as that of protein interactions, is 

achieved by post-translation modifications. These reversible modifications include 

acetylation, methylation, palmitoylation, sumoylation, ubiquitylation, and phosphorylation of 

specific amino acid side chains. Especially tyrosine and serine/threonine phosphorylation 

are thought to be key regulators of desmosomal protein function. For PKP3, 

phosphorylation at Ser285 induced the binding to stratifin in the cytoplasm, which regulates 

the incorporation of PKP3 into desmosomes (Roberts et al., 2013). Furthermore, 

phosphorylation at Tyr195 by cellular sarcoma (c-Src) kinase in response to oxidative stress 

has been reported (Neuber et al., 2015). This phosphorylation had a fast turn-over by 

phosphatases but phosphatase inhibition altered PKP3 subcellular distribution. 

Phosphorylated PKP3 was released from the desmosomes and appeared in the cytoplasm, 

suggesting that this phosphorylation might play a role in desmosome disassembly. The 

detailed mechanism of this modification remain to be determined. However, this already 

suggests that PKP3 not only functions as a desmosomal plaque protein but may also have 

an extra-desmosomal function. In the next paragraph, the desmosomal and extra-

desmosomal functions of PKP3 known so far will be discussed in more detail. 

 

2.4.3. Function of PKP3 in regulating desmosomal adhesion 

PKP3 is an important component of the desmosomal plaques. Although loss of PKP3 did 

not provoke a severe adhesion defect (Sklyarova et al., 2008), PKP3 regulates 

desmosome function and maintains desmosome structure (Figure 6). 

 
Figure 6 │ Main functions of PKP3 in regulating desmosomal adhesion. Created with biorender.com. 
PKP3 initiates desmosome assembly by recruitment of desmosomal proteins such as desmoplakin to cell 
borders (left panel, (Todorovic et al., 2014)), which is further promoted by PKP3 through increasing 
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desmosomal protein levels (mid panel, (Gurjar et al., 2018)). In keratinocytes, tricellular localization of PKP3 
renders desmosomes more dynamic by tethering keratin filaments in high tension (right panel, (Keil et al., 
2016)). 

PKP3 facilitates the recruitment of other desmosomal proteins to the cell border 

(Bonne et al., 2003; Gosavi et al., 2011), suggesting a role in initiation of desmosome 

assembly. The presence of pre-formed adherens junctions is required for the formation of 

new desmosomes, which is initiated by a complex of E-cadherin with PKP3 and plakoglobin 

(Gosavi et al., 2011). Localization of this complex at the cell border prior to desmosome 

formation promotes the PKP3-dependent initial recruitment of multiple desmosomal 

proteins. Since desmosomes change from a Ca2+-dependent to a Ca2+-independent 

adhesive state, the localization of PKPs in the absence or presence of Ca2+ is essential for 

the initiation of desmosome assembly. A time course analysis of desmosome assembly in 

murine keratinocytes showed that PKP3, unlike PKP1, is present at the cell border in early 

stages of Ca2+ treatment (Keil et al., 2016). Only after long Ca2+ treatment, PKP1 is 

recruited to the cell border. This suggests that PKP3 is required for the initial recruitment 

of desmosomal proteins to the cell border, and that desmosomes are further stabilized by 

other PKP family members including PKP1. The exact mechanism by which PKP3 

mediates desmosome assembly is still unclear. Recent reports show that PKP3 formed a 

functional complex with rat sarcoma virus-related protein 1 guanosine triphosphatase 

(RAP1 GTPase), thereby mediating desmoplakin accumulation during desmosome 

formation (Todorovic et al., 2014). Localization of desmosomal proteins at cell borders is 

further increased by PKP3 through upregulation of their protein levels. Thus, PKP3 

increases desmosome size and cell-cell adhesion (Gurjar et al., 2018). Cellular adhesion 

depends on desmosomal protein localization at both lateral and tricellular contacts. In 

keratinocytes, PKP3 accumulated at tricellular contacts, whereas PKP1 was excluded from 

these regions (Keil et al., 2016; Rietscher et al., 2018). Tricellular contacts are formed at 

sites where three cells make contact to each other. By holding three cells together, 

tricellular contacts are hotspots of tension and contribute to mechanical integrity and 

maintenance of the epithelial barrier function. Recent studies have uncovered a role of 

tricellular contacts in the regulation of the epithelial cell division orientation, which is 

essential for morphogenesis and the maintenance of tissue polarity (Bosveld et al., 2016; 

Nestor-Bergmann et al., 2019; Higashi and Chiba, 2020). In addition, tricellular localization 

of PKP3 renders desmosomes more dynamic (Keil et al., 2016), which facilitates tissue 

remodeling as required during wound healing and regeneration.  
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2.4.4. Extra-desmosomal functions of PKP3 in the cytoplasm and nucleus 

Besides its role in junction formation, PKP3 reveals an extra-desmosomal function reflected 

by its subcellular distribution in the cytoplasm and nucleus (Bonne et al., 1999; 

Hofmann et al., 2006). Interaction of PKP3 with proteins that are not directly linked to cell-

cell adhesion reveals a role of PKP3 as a scaffold for signaling complexes, through which 

PKP3 might participate in signal transduction pathways (Figure 7). 

 
Figure 7 │ Main extra-desmosomal functions of PKP3 in the cytoplasm and nucleus. Created with 
biorender.com. (1) Cytoplasmic PKP3 interacts with stratifin to promote PKP3 incorporation into the 
desmosomal plaque resulting in increased adhesion and decreased migration (Roberts et al., 2013; 
Rietscher et al., 2018). (2) Binding of cytosolic PKP3 with DNM1L regulates mitochondrial and peroxisomal 
division (Furukawa et al., 2005). (3) PKP3 interacts with RNA-binding proteins in cytoplasmic stress granules, 
which regulate mRNA translation and turnover upon stress resulting in inhibited translation initiation in response 
to stress (Hofmann et al., 2006). (4) Cytosolic PKP3 associates with the RNA-binding protein FXR1 to stabilize 
the PKP2 mRNA thereby acting as a post-transcriptional regulator of desmosomal gene expression (Fischer-
Keso et al., 2014). (5) Nuclear PKP3 reveals an association with the transcription factors ETV1 and ETV5 to 
activate genes involved in dopamine synthesis (Munoz et al., 2014). (6) Wnt signaling promotes re-localization 
of PKP3 from the cytoplasm to the nucleus, which further increases the activation of genes involved in Wnt 
signaling (Hong et al., 2021). 

Due to its high soluble pool, PKP3 occurs dispersed in cytoplasmic particles where it may 

serve as an interaction partner for stratifin (Roberts et al., 2013; Rietscher et al., 2018). As 

a consequence of the cytosolic PKP3-stratifin binding, stratifin regulates the dynamic 

incorporation of PKP3 into the desmosomal plaque, resulting in increased cell-cell 

adhesion and decreased migration. In addition to stratifin binding, cytoplasmic PKP3 

interacted with dynamin-1-like protein (DNM1L, also known as DRP1) in lung cancer cells 

(Furukawa et al., 2005) and may thereby regulates mitochondrial and peroxisomal division 

as well as mitochondria-dependent apoptosis. Besides the interaction of PKP3 with stratifin 

and DNML1, PKP3 is a part of stalled translation initiation complexes in the cytoplasm. 

Under environmental stress, PKP3 associated with RNA-binding proteins such as 
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polyadenylate binding protein 1 (PABPC1), fragile X mental retardation syndrome-related 

protein 1 (FXR1), or ras GTPase-activating protein-binding protein 1 (G3BP) in stress 

granules, where blocked translation initiation complexes accumulate (Hofmann et al., 

2006). Furthermore, cytoplasmic PKP3 binding to FXR1 stabilized the PKP2 mRNA 

(Fischer-Keso et al., 2014), suggesting that PKP3 acts as post-transcriptional regulator of 

gene expression. Besides its role in RNA metabolism and post-transcriptional control of 

gene expression, PKP3 appears to have an additional role in gene transcription. Nuclear 

PKP3 reveals an association and functional interaction with the ETS variant transcription 

factors 1 and 5 (ETV1, ETV5), thereby activating genes involved in dopamine synthesis 

which are essential for regulating dopaminergic neural differentiation (Munoz et al., 2014). 

How PKP3 can translocate into the nucleus is still unclear. A recent study show that 

endogenous PKP3 entered the nucleus after activation of the Wnt pathway, which might 

increase the activation of Wnt pathway gene control regions (Hong et al., 2021). Although 

future work is required to examine the exact mechanism, the Wnt pathway is one of the 

key signaling pathways in regulating cell proliferation, motility, and differentiation, 

suggesting a role of PKP3 in these fundamental cellular processes.  

 

2.4.5. Role of PKP3 in cancer 

Homeostasis in healthy tissues strongly relies on cell-cell adhesion, which is regulated by 

PKP3 through its function in desmosome assembly. Disruption of cellular adhesion leads 

to changes in the morphological organization of a tissue and is a hallmark of cancer 

(Janiszewska et al., 2020). Loss of cell-cell adhesion and the desquamation of cells from 

the underlying lamina allows malignant cells to detach from their site of origin and acquire 

a more motile phenotype allowing cells to metastasize and invade into other tissues, which 

corresponds with poor prognosis. Reduced expression of PKP3, which may contribute to 

the weakening of cell-cell adhesion observed in cancer cells, was shown in bladder cancer 

(Takahashi et al., 2012) or oropharyngeal tumors (Papagerakis et al., 2003). However, 

there are numerous examples where PKP3 was overexpressed in tumor tissue. Although 

this could represent a compensatory mechanism for the loss of adhesive strength, more 

recent data point to an adhesion-independent role, suggesting that the subcellular 

localization of PKP3 could be involved in cancer progression. Overexpression of PKP3 in 

prostate and prostatic adenocarcinoma cells revealed not only desmosomal but also 

cytoplasmic localization and an increased cell proliferation rate (Breuninger et al., 2010). 

In non-small lung carcinoma, increased PKP3 expression has also been shown to be 

consistent with poor prognosis and reduced survival. In these cells, PKP3 knockdown led 



INTRODUCTION 

 

- 14 - 
 

to reduced growth (Furukawa et al., 2005). Based on a putative cancer promoting role of 

PKP3, its mRNA was proposed as a biomarker for the detection of circulating cells in the 

blood of gastrointestinal cancer or ovarian cancer patients (Valladares-Ayerbes et al., 

2010; Gao et al., 2020). Besides the cancer-related role of PKP3 due to its subcellular 

localization and function in adhesion, PKP3 might also act as signaling scaffold in 

promoting carcinogenic effects. Bioinformatic tool-based analysis of PKP3 in ovarian 

cancer revealed a multifunctional role of PKP3 in junctional organization and keratinocyte 

proliferation as well as in signaling pathways including cytokine-mediated pathways and 

receptor signaling pathways (Gao et al., 2020). In a recent study, a pan-cancer analysis of 

PKP3 revealed a function of PKP3 in carcinogenesis and aggressiveness in multiple 

human tumors, which seems to be regulated by PKP3 expression, DNA methylation, and 

protein phosphorylation (Ruan et al., 2021). However, the role of PKP3 as a tumor 

progressor or tumor suppressor seems to be context-dependent (Hatzfeld et al., 2014). In 

addition, the abnormal proliferative signaling of cancer cells may also be partially controlled 

by desmosomes via their accessory components, including tyrosine kinases, which are 

frequently upregulated in cancer. 

 

2.5. Growth factor signaling 

Kinase cascades and phosphorylation of target proteins are well known to modulate 

localization and function of numerous proteins. Desmosomal proteins are highly modified 

by phosphorylation, which in turn is regulated by signaling cascades that are activated by 

growth factors, mechanical signals, or cytokines. Growth factors are endogenous signaling 

molecules that stimulate cellular growth, proliferation, and differentiation under controlled 

conditions (Park et al., 2017). Experiments with cultured keratinocytes as well as animal 

models showed that a variety of growth factors are involved in the regulation of keratinocyte 

growth. Most studies deal with insulin-like growth factor 1 (IGF-1) and its pleiotropic 

hormone insulin as well as epidermal growth factor (EGF) (Ward et al., 2007; 

Seeger and Paller, 2015). In the skin, IGF-1 and EGF are secreted by dermal myeloid cells 

such as fibroblasts and macrophages and the signal can be taken up by epidermal 

keratinocytes via their receptors (Nguyen and Soulika, 2019). Binding of the ligands to their 

corresponding receptors causes phosphorylation and thus activation of downstream 

kinases. These signaling cascades regulate cellular processes such as proliferation, 

differentiation, and apoptosis. In addition, growth factor signaling also determines the 

structure and function of desmosomal proteins via post-translational modifications, such as 

phosphorylation. For example, PKP1 has previously been shown to be phosphorylated via 
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the IGF-1/insulin signaling pathway, affecting its localization and function (Wolf et al., 2013) 

(Figure 8A). Insulin signaling phosphorylates and activates AKT2, which in turn 

phosphorylated PKP1. In the phosphorylated state, PKP1 no longer localized to cell 

contacts. Instead its cytoplasmic localization led to increased proliferation. PKP1 controlled 

proliferation and cell-size in an adhesion-independent manner by promoting protein 

synthesis through its association with the eukaryotic translation initiation factor (eIF) 4A 

(Wolf et al., 2010). These studies indicate that PKP1 regulates desmosomal adhesion and 

is further involved in extra-desmosomal regulation of proliferation. The shift from a function 

in strengthening adhesion to an adhesion-independent function in promoting proliferation 

was controlled by the IGF-1/insulin signaling pathway. 

 
Figure 8 │ The role of insulin and EGF signaling in regulating fundamental physiological processes. 
Created with biorender.com, modified from (Wolf et al., 2013; Müller et al., 2021). (A) IGF-1/insulin signaling 
affects localization and function of PKP1. Unphosphorylated PKP1 incorporates into the desmosomal plaque 
to increase cell-cell adhesion. By IGF-1/insulin signaling activated AKT2 phosphorylates PKP1 and translocates 
it into the cytoplasm. Association of cytoplasmic PKP1 with eIF4A promotes protein synthesis, resulting in 
enhanced proliferation. (B) EGF binding to EGFR triggers four canonical EGFR trafficking pathways: 
RAS/RAF/MAPK pathway, PI3K/AKT pathway, PKC signaling cascade, and JAK/STAT pathway. These 
transmit the cellular response to mediate various cellular activities, including proliferation, growth, adhesion, 
migration, survival, and differentiation. 

The pathways that coordinate PKP3 dynamic are poorly understood. PKP3 is 

phosphorylated at Tyr195 via c-Src kinase, a component of the EGF receptor (EGFR) 

pathway (Neuber et al., 2015), suggesting an EGFR-dependent regulation of PKP3 

function. However, this modification was only detected after phosphatase inhibition raising 

the question how such a transient modification can affect cell behavior. The mammalian 

EGFR has been proposed as a key modulator of desmosomal post-translational 

modifications (Gaudry et al., 2001; Lorch et al., 2004; Bektas et al., 2013). The EGFR is 

activated by binding of its specific ligands, including EGF. Ligand-induced dimerization of 

the receptor monomer initiates the downstream “canonical” EGFR signaling pathways 

(Figure 8B): the rat sarcoma virus (RAS)/rapidly accelerated fibrosarcoma (RAF)/mitogen 
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activated protein kinase (MAPK) pathway, the phosphoinositide 3 kinase (PI3K)/AKT 

pathway, the protein kinase C (PKC) signaling cascade, and the janus kinase (JAK)/signal 

transducer and activator of transcription (STAT) pathway (Müller et al., 2021). These 

pathways regulate a series of important keratinocyte functions including proliferation, cell 

growth, adhesion, migration, survival, and differentiation. In human skin, the response to 

EGF is determined by the localization and number of EGFR molecules. Basal cells show 

an enrichment of receptors, whereas diminished EGFR activity correspond to stratification 

and differentiation (Gazel and Blumenberg, 2013; Joly-Tonetti et al., 2021). This suggest a 

role of EGFR signaling in keratinocyte transition from the proliferative basal layer to the 

differentiating suprabasal compartment. Abnormal epidermal expression of EGFR and/or 

its ligands are common features of several hyper-proliferative and inflammatory diseases 

(Gottlieb et al., 1988; Nanney et al., 1992). EGFR activation is a frequent event in many 

cancers and EGFR inhibitors are an important treatment option for patients with malignant 

carcinoma (Klijn et al., 1992; Shir et al., 2006; Keysar et al., 2013). In squamous cell 

carcinoma, EGFR inhibition promotes desmosome assembly, resulting in increased cell-

cell adhesion (Lorch et al., 2004). On the other hand, EGFR signaling is controlled by 

desmosomal proteins as well. PKP3 might be an effector of the RAS/RAF/MAPK pathway, 

thereby regulating proliferation and invasion in ovarian cancer cells (Lim et al., 2019). In 

light of these observations, it might be predicted that EGFR signaling modulates the 

junctional function of PKP3 in cell-cell adhesion as well as its extra-desmosomal role in 

terms of proliferation. 

 

2.6. Proliferation 

Regulation of proliferation via desmosomal proteins plays a major role in establishing 

homeostasis and is associated with their function in cell-cell adhesion, signaling pathways, 

and activation of transcriptional factors. Desmosomal dysfunction can promote cancer 

development, which is further affected by enhanced cell cycle progression, resulting in 

hyper-proliferation and abnormal tumor growth. 

High cell density or confluency prompts cells to cease proliferation and cell division, a 

phenomenon known as contact inhibition of proliferation (CIP) (McClatchey and Yap, 

2012). In normal epithelial cells, the arrest of cell proliferation is associated with decreased 

cell division and the initiation of differentiation. CIP is overcome in rapidly growing tissues 

during embryonic development, wound healing, or tissue regeneration. Pathologically, loss 

of CIP leads to uncontrolled cell growth and might participate in the tissue 

dysmorphogenesis displayed by cancers. Many molecular mechanisms have been 
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proposed to contribute to CIP. It is widely accepted that cell-cell adhesion molecules are 

key drivers of CIP by sensing mechanical forces and crowding (Miroshnikova et al., 2018). 

Whereas the role of adherens junctions and E-cadherin in CIP has been extensively studied 

(Mendonsa et al., 2018), the role of desmosomal proteins in controlling proliferation versus 

differentiation is only beginning to emerge. 

Besides the junctional regulation of CIP, the proliferation arrest is also mediated by 

signaling pathways. Computational modelling shows that the Wnt pathway is involved in 

CIP (Dunn et al., 2016). Due to the role of Wnt signaling in regulating PKP3 localization 

(Hong et al., 2021) it is possible that PKP3 might contribute to the loss of contact inhibition 

as well. Furthermore in the stratified squamous epithelium of esophagus, PKP3 remains 

cytoplasmic in the basal layer and lower parts of the suprabasal layers (Schmidt and Jager, 

2005), which might correspond to the high proliferation rate of these cells. However, the 

participation of PKP3 in regulating proliferation is not well understood despite its pro-

proliferative role in prostate cancer cells (Breuninger et al., 2010) and its growth-promoting 

activity in lung cancer cells (Furukawa et al., 2005). The molecular mechanism by which 

PKP3 modulates proliferation pathway components is still unclear in both transformed 

cancer cells and non-transformed cells. 

 

2.7. Aims of the thesis 

Desmosomes are essential for strong intercellular adhesion but at the same time they need 

to be dynamic to allow for remodeling of epithelia during regeneration and wound healing. 

The tight control of proliferation and adhesion is therefore essential for tissue integrity. 

While the steady-state composition of desmosomes has been well characterized, the 

mechanisms that regulate junction assembly and stability are poorly understood. 

It is known that desmosomes from the basal and the suprabasal layers of the epidermis 

differ in subtype composition. For example, PKP isoforms reveal distinct localization 

patterns with basal desmosomes depending primarily on PKP3 and suprabasal 

desmosomes containing predominantly PKP1. In two-dimensional cell culture, PKP3 

accumulates at the most dynamic point of cell contacts, the tricellular contacts, whereas 

PKP1-containing desmosomes seal lateral membranes. The exchange rates of 

desmosomal PKP3 are much higher than those of PKP1, implicating that PKP3-containing 

desmosomes are best suited for dynamic adhesion whereas PKP1 facilitates the transition 

to stable hyper-adhesive desmosomes. 

Elucidating how PKP isoform localization and function are regulated in keratinocytes would 

considerably improve the understanding of how desmosomes adapt to different conditions 
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in the epidermis. The molecular mechanisms underlying the control of PKP1 have been 

elucidated. IGF-1/insulin signaling via AKT2 phosphorylates PKP1 and translocates it into 

the cytoplasm to enable its function in translation, resulting in reduced adhesive strength 

and enhanced proliferation. Thus, desmosomes may also act as signaling hubs, thereby 

participating in fundamental processes such as proliferation and differentiation. 

In contrast to PKP1, the regulation of PKP3 localization and function in keratinocytes and 

during epidermal differentiation are not well understood. PKP3 is not only a constituent of 

cell-cell contacts, but it is also found dispersed in the cytoplasm and the nucleus. This dual 

localization suggests that in addition to establishing and maintaining cell adhesive 

functions, PKP3 may also play a role in cytoplasmic and nuclear processes including 

proliferation. Numerous serine/threonine- and tyrosine phosphorylation sites in PKP3 

suggest that phosphorylation of this protein by growth factor signaling (e.g. IGF-1/insulin or 

EGF signaling) might induce changes in its subcellular localization and function. Thus, the 

role of PKP3 as a multifunctional scaffold for adhesion and signaling requires further 

investigation. 

 

The here presented thesis focuses on two major aims:  

I) The desmosomal role of PKP3 as a scaffold for adhesion: Identification of the 

growth factor signaling pathway that induces PKP3 modifications and 

elucidating of the effects on PKP3-dependent adhesive properties. 

II) The extra-desmosomal role of PKP3 as a scaffold for signaling: Elucidation of 

PKP3 contribution to the control of proliferation. 
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3. MATERIALS AND METHODS 

 

3.1. Materials 

3.1.1. Cell lines 

All cell lines used in this thesis are listed in Table 1. Immortalized keratinocytes from 

wildtype (WT) and PKP3-knockout (PKP3-KO) mice have been described (Keil et al., 

2016). Generation of all stable cell lines by lentiviral transduction was kindly performed by 

Dr. René Keil and Dr. Katrin Rietscher (Hatzfeld lab, Martin Luther University) and has 

been described previously (Rietscher, 2018). 

Table 1 │ Cells lines. FUCCI = fluorescent ubiquitination-based cell cycle indicator, GFP = green fluorescent 
protein, h = human, KO = knockout, MKC = murine keratinocytes, PKP = plakophilin, WT = wildtype. 

Cell line Description Source 

A431 epidermoid carcinoma cells (Giard et al., 1973) 

WT MKC spontaneously immortalized murine 
keratinocytes derived from PKP3+/+ mice 

generated by Dr. René 
Keil (Hatzfeld lab) 

PKP3-KO MKC spontaneously immortalized murine 
keratinocytes derived from PKP3-/- mice 

generated by Dr. René 
Keil (Hatzfeld lab) 

WT + hPKP3-GFP MKC generated by lentiviral transduction of WT 
MKC and puromycin selection  

generated by Dr. René 
Keil (Hatzfeld lab) 

GFP MKC generated by lentiviral transduction of WT 
MKC and puromycin selection 

generated by Dr. Katrin 
Rietscher (Hatzfeld lab) 

WT MKC FUCCI generated by lentiviral transduction of WT 
MKC and puromycin selection 

generated by Dr. René 
Keil (Hatzfeld lab) 

PKP3-KO MKC FUCCI generated by lentiviral transduction of 
PKP3-KO MKC and puromycin selection 

generated by Dr. René 
Keil (Hatzfeld lab) 

 

3.1.2. Chemicals, reagents, and cell culture consumables  

All chemicals used throughout this thesis were purchased from Cayman Chemical (Ann 

Arbor, USA), Carl Roth (Karlsruhe, Germany), Invitrogen (Waltham, USA), New England 

Biolabs (Frankfurt, Germany), Roche Diagnostics (Indianapolis, USA), Santa Cruz 

Biotechnology (Dallas, USA), Selleck Chemicals (Houston, USA), Sigma-Aldrich (St. Louis, 

USA), and Thermo Fisher Scientific (Waltham, USA). Cell culture media and consumables 

were acquired from Corning (Glendale, USA), Pan Biotech (Aidenbach, Germany), Roche 

Diagnostics, and Sigma-Aldrich. Compositions of buffers and stock solutions are 

summarized in Table 2. Inhibitors including working concentration are listed in Table 3. 

Table 2 │ Application and composition of buffers and stock solutions. EDTA = ethylenediamine-
tetraacetic acid, EGF = epidermal growth factor, EGTA = ethylene bis(oxyethylenenitrilo)tetraacetic acid, 
HCM = high calcium medium, IP = immunoprecipitation, LCM = low calcium medium, MKC = murine 
keratinocytes, MT = microtubule stabilization, PBS = phosphate-buffered saline, PBSE = phosphate-buffered 
saline with ethylenediaminetetraacetic acid, RIPA = radioimmunoprecipitation assay, SDS = sodium dodecyl 
sulfate, SDS-PAGE = sodium dodecyl sulfate polyacrylamide gel electrophoresis, TBS = tris-buffered saline, 
TBST = tris-buffered saline with Tween 20. 

Name Application Composition of stock solution 

1 µM Choleratoxin Cell cultivation 1 mg choleratoxin; 1.18 ml sterile water 
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Name Application Composition of stock solution 

1 mg/ml 
Hydrocortisone 

Cell cultivation 500 mg hydrocortisone; 50 ml ethanol 

2 M CaCl2  Cell cultivation 29.4 g CaCl2 (x2 water); 100 ml sterile water 

3.7% Formaldehyde Immunofluorescence
  

18.5 g paraformaldehyde; 430 ml aqua bidest; 
1 M sodium hydroxide; 50 ml 10xPBS; pH 7.3 

4x SDS loading 
buffer  

SDS-PAGE 250 mM Tris/HCl; 8% (v/v) SDS; 10% (v/v) β-
mercaptoethanol; 30% (v/v) glycerol; 0.25% (w/v) 
bromophenol blue; pH 6.8 

10 µg/ml EGF Cell cultivation 0.1 mg EGF; 10 ml serum-free LCM 

90 mM Adenine Cell cultivation 0.304 g adenine; 75 ml 150 mM HCl 

Blotting buffer I  Western blotting 0.3 M Tris/HCl; 20% (v/v) methanol; pH 10.4 

Blotting buffer II Western blotting 25 mM Tris/HCl; 20% (v/v) methanol; pH 10.4 

Blotting buffer III Western blotting 25 mM Tris/HCl; 40 mM ε-aminocaproic acid; 
20% (v/v) methanol; pH 9.4 

Chemiluminescence 
solution 1 

Western blotting 100 mM Tris/HCl; 25 mM luminol; 0.4 mM 
coumaric acid; pH 8.5 

Chemiluminescence 
solution 2 

Western blotting 100 mM Tris/HCl; 0.02% (v/v) H2O2; pH 8.5 

Dispase solution Dispase assay serum-free HCM; 2.4 U/ml dispase II; 25 mM 
HEPES; 1.2 mM Ca2+ 

Hypotonic buffer A Nucleus/cytoplasm 
fractionation 

10 mM HEPES; 10 mM KCl; 0.1 mM EDTA; 
0.1 mM EGTA; pH 7.9 

Hypertonic buffer C Nucleus/cytoplasm 
fractionation 

20 mM HEPES; 0.42 M NaCl; 1 mM EDTA; 
1 mM EGTA; pH 7.9 

IP buffer  Immunoprecipitation 20 mM Tris/HCl; 137 mM NaCl; 2 mM EDTA; 
10% (v/v) glycerol; 1% (v/v) NP-40 (IPEGAL); pH 
7.5 

IP buffer II Phospho-antibody 
validation 

20 mM Tris/HCl; 137 mM NaCl; 10% (v/v) 
glycerol; 1% (v/v) NP-40 (IPEGAL); pH 7.5 

Mowiol  Immunofluorescence 5% (w/v) Mowiol; 30% (v/v) glycerol; 0.25% (w/v) 
1,4- diazabicyclo[2.2.2]octane (DABCO) 

MT buffer  Immunofluorescence 100 mM pipes; 4 M glycerol; 2 mM EDTA; 1 mM 
EGTA; 0.5% (v/v) triton X-100; pH 6.9 

PBS  Cell cultivation, 
Immunofluorescence 

135 mM NaCl; 2.5 mM KCl; 10 mM Na2HPO4; 
1 mM KH2PO4; pH 7.4 

PBSE Cell cultivation 135 mM NaCl; 2.5 mM KCl; 10 mM Na2HPO4; 
1 mM KH2PO4; 0.5 mM EDTA; pH 7.4 

Ponceau S staining 
solution 

Western blotting 2% (w/v) Ponceau S; 30% trichloroacetic acid; 
30% sulfosalicylic acid 

Propidium iodide 
solution 

Cell cycle analyzes 1 mg/ml sodium citrate; 0.1 mM EDTA; 50 µg/ml 
propidium iodide; 50 ml PBS 

RIPA buffer Immunoprecipitation 150 mM NaCl; 1% (v/v) NP-40 (IGEPAL); 0.5% 
(w/v) sodium desoxycholate; 0.1% (v/v) SDS; 
50 mM Tris/HCl; pH 8.0 

SDS electrophoresis 
buffer  

SDS-PAGE 25 mM Tris/HCl; 19.2 mM glycine; 0.1% (v/v) 
SDS; pH 8.3 

SDS lysis buffer  Protein extraction 20 mM Tris/HCl; 1% (w/v) SDS; pH 7.5 

Separating gel 
buffer 

SDS-PAGE 1.5 M Tris/HCl; pH 8.8 

Stacking gel buffer SDS-PAGE 0.5 M Tris/HCl; pH 6.8 

Stripping buffer  Western blotting 0.2 M glycerol/HCl; 0.05% (v/v) tween20; pH 2.5 

TBS Western blotting 10 mM Tris/HCl; 100 mM NaCl; pH 7.6 

TBST Western blotting 10 mM Tris/HCl; 100 mM NaCl; 0.1% (v/v) 
tween20; pH 7.6 
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Name Application Composition of stock solution 

TRIzol RNA extraction 0.8 M guanidine isothiocyanate; 0.4 M 
ammonium thiocyanate; 0.1 M sodium acetate; 
5% (v/v) glycerol; 48% (v/v) roti-aqua-phenol; pH 
5.0 

Trypsin A431 Cell cultivation 0.02% (v/v) ES-EDTA-Solution; 0.05% (w/v) 
trypsin; sterile PBS 

Trypsin MKC Cell cultivation 0.02% (v/v) ES-EDTA-Solution; 0.025% (w/v) 
trypsin; sterile PBS 

Wet blot buffer  Western blotting 2.5 mM Tris/HCl; 19.2 mM glycerol; 20% 
methanol; pH 8.3 

 

Table 3 │ Inhibitors including working concentrations. 

Inhibitor Company Working concentration 

FR180204 Selleck Chemicals 25 µM 

Gefitinib Sigma-Aldrich 10 µM 

LJH685 Cayman Chemical 50 µM 

Osu-03012 Selleck Chemicals 10 µM 

PF-4708671 Sigma-Aldrich 10 µM 

Rapamycin Sigma-Aldrich 100 nm 

U0126 Sigma-Aldrich 10 µM 

 

3.1.3. Antibodies 

Primary as well as secondary antibodies and dilutions used for western blotting and 

immunofluorescence analyses are listed in Table 4 and Table 5, respectively. 

Table 4 │ Primary antibodies including dilutions used in western blotting and immunofluorescence. 
CDK = cyclin-dependent kinase, EGFR = epidermal growth factor receptor, ERK = extracellular-signal 
regulated kinase, GFP = green fluorescent protein, HA = human influenza hemagglutinin, 
IF = immunofluorescence, MEK = mitogen-activated protein kinase kinase, PKP = plakophilin, 
RB = retinoblastoma, RSK = ribosomal S6 kinase, RUNX = runt-related transcription factor, S6K = s6 kinase; 
WB = western blotting. 

Antigen / Clone Company (Catalog number) Host and clonality WB IF 

AKT / 40D4 Cell Signaling (#2920) Mouse monoclonal 1.1,000  

CDK2 / 78B2 Cell Signaling (#2546) Rabbit monoclonal 1:100  

CDK4 / DCS-35 Santa Cruz Biotechnology 
(#sc-23896) 

Mouse monoclonal 1:50 
 

CDK6 / DCS83 Cell Signaling (#3136) Mouse monoclonal 1:500  

c-MYC / D84C12 Cell Signaling (#5605) Rabbit monoclonal 1:500  

Corneodesmosin Sigma-Aldrich (#HPA044730) Rabbit polyclonal 1:500  

Cyclin D1 / 92G2 Cell Signaling (#2978) Rabbit monoclonal 1:1,000  

Cyclin D2 / D52F9 Cell Signaling (#3741) Rabbit monoclonal 1:1,000  

Cyclin E1 / D7T3U Cell Signaling (#20808) Rabbit monoclonal 1:250  

Desmoglein1 / 3.10 Progen (#61002) Mouse monoclonal 1:1,000  

Desmoplakin 
Hatzfeld lab (Keil et al., 2016; 
Rietscher et al., 2018) 

Rabbit polyclonal  1:500 

E2F1 Abcam (#ab137415) Rabbit polyclonal 1:250  

EGFR / D38B1 Cell Signaling (#4267) Rabbit monoclonal 1:500  

ERK1/2 / L34F12 Cell Signaling (#9102) Mouse monoclonal 1:1,000  

FLAG M2 Sigma-Aldrich (#F1804) Mouse monoclonal 1:1,000 1:500 

GFP Rockland (#600-401-215) Rabbit polyclonal 1:2,000   

HA Biomol (#600-401-384) Rabbit polyclonal   1:500 

Involucrin / SY5 Santa Cruz Biotechnology 
(#sc-21748) 

Mouse monoclonal 1:100 
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Antigen / Clone Company (Catalog number) Host and clonality WB IF 

Keratin1 / peptide 
VKFVSTSYSRGTK 

Magin lab (PSL, customized 
peptide-specific antibodies) 

Rabbit polyclonal 1:20,000 
 

Keratin10 Magin lab (PSL, customized 
peptide-specific antibodies) 

Rabbit polyclonal 1:10,000 
 

Loricrin GenTex (#GTX116013), 
Biozol 

Rabbit polyclonal 1:500 
 

MEK1/2 / L38C12 Cell Signaling (# 4694) Mouse monoclonal 1:500  

p16 Thermo Fisher Scientific 
(#PA1-49749) 

Rabbit polyclonal 1:250 
 

p21 Cell Signaling (#64016) Rabbit polyclonal 1:250 1:50 

P54nrb / 3/p54nrb Transduction (#611279) Mouse monoclonal 1:500  

Phospho-AKT-Ser473 Cell Signaling (#9271) Rabbit polyclonal 1:500   

Phospho-AKT substrate 
(RXXpS/pT) / 110B7E 

Cell Signaling (#9614) Rabbit monoclonal 1:500  

Phospho-CDK2-Thr160 Cell Signaling (#2561) Rabbit polyclonal 1:100  

Phospho-CDK4-Thr172 Thermo Fisher Scientific 
(#PA5-64482) 

Rabbit polyclonal 1:100 
 

Phospho-CDK6-Thr177 / 
16HCLC 

Thermo Fisher Scientific 
(#711588) 

Rabbit monoclonal 1:50 
 

Phospho-CDK6-Tyr24 Thermo Fisher Scientific 
(#PA5-104683) 

Rabbit polyclonal 1:100 
 

Phospho-EGFR-Tyr992 Cell Signaling (#2235) Rabbit polyclonal 1:500  

Phospho-EGFR-Tyr1045 Cell Signaling (#2237) Rabbit polyclonal 1:500  

Phospho-EGFR-Tyr1068 
/ D7A5 

Cell Signaling (#3777) Rabbit monoclonal 1:500 
 

Phospho-ERK1/2-
Thr202/Tyr204 / 
D13.14.4E 

Cell Signaling (#4370) Rabbit monoclonal 1:1,000 
 

Phospho-MEK1/2-
Ser217/221 / 41G9 

Cell Signaling (# 9154) Rabbit monoclonal 1:500 
 

Phospho-RB-Ser807/811 / 
D20B12 

Cell Signaling (#8516) Rabbit monoclonal 1:1,000 
 

Phospho-RSK-Ser380 / 
D3H11 

Cell Signaling (#11989) Rabbit monoclonal 1:500 
 

Phospho-S6-Ser235/236 / 
D57.2.2E 

Cell Signaling (#4858) Rabbit monoclonal 1:500  

Phospho-S6K-Thr389 / 
108D2 

Cell Signaling (#9234) Rabbit monoclonal 1:500  

PKP1 
Hatzfeld lab (Keil et al., 2016; 
Rietscher et al., 2018) 

Guinea pig 
polyclonal 

 1:1,000 

PKP3 / peptide 
GGAQPTPPM-
PTRPVSFHER 

Hatzfeld lab (PSL, 
customized peptide-specific 
antibodies) 

Guinea pig 
polyclonal 

1:20,000 1:4,000 

RB / D20 Cell Signaling (#9313) Rabbit monoclonal 1:500  

RB-Alexa Fluor546 / 
IF8 

Santa Cruz Biotechnology 
(#sc-102 AF546) 

Mouse monoclonal  1:100 

RSK1 / D6D5 Cell Signaling (#8408) Rabbit monoclonal 1:1,000  

RSK1/2/3 / 32D7 Cell Signaling (#9355) Rabbit monoclonal 1:1,000  

RSK2 / D21B2 Cell Signaling (#5528) Rabbit monoclonal 1:1,000  

RSK3 Cell Signaling (#9343) Rabbit polyclonal 1.1,000  

RSK4 / JS-31 Santa Cruz Biotechnology 
(#sc-377501) 

Mouse monoclonal 1:1,000  

RUNX3 / D9K6L Cell Signaling (#13089) Mouse monoclonal 1:500  

S6 / 5G10 Cell Signaling (#2217) Rabbit monoclonal 1:2,000  

S6K Cell Signaling (#9202) Rabbit polyclonal 1:1,000  
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Antigen / Clone Company (Catalog number) Host and clonality WB IF 

α-tubulin / DM1A Sigma-Aldrich (#T6199) Mouse monoclonal 1:1,000   

β-actin / AC-74 Sigma-Aldrich (#A2228) Mouse monoclonal 1:2,000  

  

Table 5 │ Secondary antibodies including dilutions used in western blotting and immunofluorescence. 
IF = immunofluorescence, IgG = immunoglobulin G, WB = western blotting. 

Antigen / Clone Company (Catalog number) Host and clonality Dilution 

anti-guinea pig-IgG conjugated 
to horseradish peroxidase 

Dianova, Hamburg, 
Germany (#706-035-148) 

Donkey polyclonal 1:15,000 
(WB) 

anti-guinea pig-IgG conjugated 
to Alexa488 

Dianova (#706-546-148) Donkey polyclonal 1:400 
(IF) 

anti-mouse-IgG conjugated to 
Cyanine3 

Dianova (#715-586-151) Donkey polyclonal 1:200 
(IF) 

anti-mouse-IgG conjugated to 
horseradish peroxidase 

Dianova (#715-035-150) Donkey polyclonal 1:20,000 
(WB) 

anti-rabbit-IgG conjugated to 
Alexa647 

Dianova (#711-606-152) Donkey polyclonal 1:200 
(IF) 

anti-rabbit-IgG conjugated to 
Cyanine3 

Dianova (#711-515-152) Donkey polyclonal 1:200 
(IF) 

anti-rabbit-IgG conjugated to 
horseradish peroxidase 

Dianova (#711-035-152) Donkey polyclonal 1:40,000 
(WB) 

 

3.1.4. Vectors and plasmids 

Plasmids ordered from Addgene company (Watertown, USA) are listed in Table 6. Cloning 

of all constructs was kindly performed by Andrej Mun, Dr. Christina Kießling, and Dr. René 

Keil (Hatzfeld lab, Martin Luther University), or by Dr. Marcel Köhn (Köhn lab, Martin Luther 

University). Cloning strategies including plasmids and restriction enzymes are summarized 

in Table 7. All constructs have been validated by Sanger sequencing (Eurofins Genomics 

GmbH, Ebersberg, Germany). 

Table 6 │ Plasmids ordered from Addgene including the catalog number, principle investigator, and the 
reference in which the plasmids were described. CDK = cyclin-dependent kinase, h = human, HA = human 
influenza hemagglutinin, p = promoter, RB = retinoblastoma, RSK = ribosomal S6 kinase, WT = wildtype. 

Name Addgene plasmid Deposited by 

hCDK4-HA #1876 Sander van den Heuvel (van den 
Heuvel and Harlow, 1993) 

hCDK6-HA #1868 Sander van den Heuvel (van den 
Heuvel and Harlow, 1993) 

pCMV-HA-hRB∆CDK #58906 Steven Dowdy (Narasimha et al., 2014) 

pCMV-HA-hRB-WT #58905 Steven Dowdy (Narasimha et al., 2014) 

pKH3-hRSK1 #13841 John Blenis (Richards et al., 2001) 

pWZL-Neo-Myr-FLAG-RSK2 #20627 William Hahn and Jean Zhao 
(Boehm et al., 2007) 

 
Table 7 │ Plasmids for expression in cell lines. CDK = cyclin-dependent kinase, CDT = chromatin licensing 
and DNA replication factor, EGFP = enhanced green fluorescent protein, FUCCI = fluorescent ubiquitination-
based cell cycle indicator, GEM = geminin, h = human, HA = human influenza hemagglutinin, ORF = open 
reading frame, p = promoter, PKP = plakophilin, RB = retinoblastoma, RSK = ribosomal S6 kinase, 
WT = wildtype. 

Name Expressed protein Vector Source or restriction enzymes 

FUCCI-Puro hCDT1 and hGEM FUCCI-Puro Dr. Marcel Köhn (Köhn lab) 
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Name Expressed protein Vector Source or restriction enzymes 

hCDK4-HA hCDK4-HA pCMV-neo-
BamHI 

Addgene #1876 

hCDK6-HA hCDK6-HA pCMV-neo-
BamHI 

Addgene #1868 

pEGFP-C2 EGFP pEGFP-C2 Takara Bio Inc. (Kusatsu, Japan) 

hPKP3-pEGFP hPKP3-GFP pLVX-IRES-
puro containing 
EGFP ORF 

EcoRI/SalI in EcoRI/XhoI by 
Dr. René Keil (Hatzfeld lab) 

hPKP3-pVenus1-
FLAG-C2 

hPKP3-Venus1-
FLAG 

pVenus1-FLAG-
C2 

EcoRI/SalI by Dr. Christina 
Kießling (Hatzfeld lab) 

hRB-∆CDK-
pEGFP-C2 

hRB∆CDK pEGFP-C2 XhoI/SalI, subcloned from 
Addgene #58906 by Andrej Mun 
(Hatzfeld lab) 

hRB-WT-pEGFP-
C2 

hRB-WT pEGFP-C2 SalI/BamHI, subcloned from 
Addgene #58905 by Andrej Mun 
(Hatzfeld lab) 

hRSK1-pEGFP-C2 hRSK1 pEGFP-C2 EcoRI/SalI, subcloned from 
Addgene #13841 by Andrej Mun 
(Hatzfeld lab) 

hRSK1-pVenus2-
HA-C2 

hRSK1-Venus2-
HA 

pVenus2-HA-C2 EcoRI/SalI, subcloned from 
Addgene #13841 by Andrej Mun 
(Hatzfeld lab) 

hRSK2-pVenus2-
HA-C2 

hRSK2-Venus2-
HA 

pVenus2-HA-C2 EcoRI/SalI, subcloned from 
Addgene #20627 by Andrej Mun 
(Hatzfeld lab) 

pVenus2-HA-C2 Venus2-HA pVenus2-HA-C2 Hüttelmaier lab 

pVenus1-FLAG-C2 Venus1-FLAG pVenus1-FLAG-
C2 

Hüttelmaier lab 

 

3.1.5. Oligonucleotids for qRT-PCR 

Primer pairs were selected using Primer Blast (https://www.ncbi.nlm.nih.gov/tools/primer-

blast/, 2019) and were ordered from Sigma-Aldrich. All primer pair sequences used in 

quantitative real-time polymerase chain reaction (qRT-PCR) are listed in Table 8. 

Table 8 │ Primer pair sequences used in qRT-PCR. A primer pair consists of a forward primer and a reverse 
primer. CDK = cyclin-dependent kinase, EIF3K = eukaryotic translation initiation factor 3 subunit k, FEN = flap 
endonuclease, fw = forward primer, MCM = minichromosome maintenance complex component, 
PKP = plakophilin, RB = retinoblastoma, rev = reverse primer, RSK = ribosomal S6 kinase, RUNX = runt-
related transcription factor, TYMS = thymidylate synthase. 

Primer Sequence 5’ → 3’ 
CDK1-mouse_fw ACAGAGAGGGTCCGTCGTAAC 
CDK1-mouse_rev CCGAATTGCAGTACTGGGCAC 
CDK6-mouse_fw ACGTGGTCAGGTTGTTTGATG 
CDK6-mouse_rev AAAGTCCAGACCTCGGAGAAGC 
C-MYC-mouse_fw GTTGGAAACCCCGCAGACAG 
C-MYC-mouse_rev GGGCTGTACGGAGTCGTAGT 
CyclinA2-mouse_fw TTCCTTACCCAGTACTTCCTGCAC 
CyclinA2-mouse_rev CCAATGACTCAGGCCAGCTCTGT 
CyclinB1-mouse_fw CAAATTGCAGCTGGGGCTTTC 
CyclinB1-mouse_rev TACTTGTTCTTGACAGTCATGTGCT 
E2F3-mouse_fw CCCACCGGCAAAGCGAAG 
E2F3-mouse_rev AGGGACGTATCATACCGCGT 
EIF3K-mouse_fw TCGACAGGTACCAGTTCAACCC 
EIF3K-mouse_rev GCCGCTCTTCTTGATGTGCC 
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Primer Sequence 5’ → 3’ 
FEN1-mouse_fw GAACATTCCTCTTCGCCGGT 
FEN1-mouse_rev CATCGATGGCCACTTTGCGA 
MCM3-mouse_fw GGGCACAGTAGTGCTGGATGA 
MCM3-mouse_rev CATTGTTCAGGAGGCGGTTAGC 
MCM6-mouse_fw ATCAATGGCCCGCATGCACT 
MCM6-mouse_rev GCTGTCGGCATGACCATTGAC 
P15-mouse_fw CCGGCGAAGGACCATTTCTG 
P15-mouse_rev CTGCCCATCATCATGACCTGGA 
P16-mouse_fw TCGCAGGTTCTTGGTCACTGT 
P16-mouse_rev GCCCATCATCATCACCTGGTC 
P18-mouse_fw TGTGAACAAGGGACCCTAAAGAAT 
P18-mouse_rev CTCTGAGGAGAAGCCTCCTGG 
P19-mouse_fw CTGGAAGAAGTCTGCGTCGG 
P19-mouse_rev CTTCCAAACATCATGACCTGCAA 
P21-mouse_fw TCCAGACATTCAGAGCCACAGG 
P21-mouse_rev ACGGGACCGAAGAGACAACG 
P27-mouse_fw TTAGCGGAGCAGTGTCCAGG 
P27-mouse_rev CTTAATTCGGAGCTGTTTACGTCTG 
P57-mouse_fw CCAATCAGCCAGCAGAACAGC 
P57-mouse_rev GCTACGCGCTATCACTGGGA 
PKP3-mouse_fw GAAGAGGGATAGCCCCGACA 
PKP3-mouse_rev AGTCACGGTGGAGCTTGCTG 
RB-mouse_fw CACAACCCAGCAGTGCGTTA 
RB-mouse_rev TGGCTCTCTGAGTAGTGCAGG 
RSK1-human_fw GGAGAATGGACAGACCTCAGGG 
RSK1-human_rev AGCTCGAAATGGGATGGATCA 
RSK1-mouse_fw GAAGAAGCTGGACTTCAGCCAT 
RSK1-mouse_rev ATACAAGTGCCCACTGTCAGGC 
RSK2-human_fw GACAGCGCTGAGAATGGACA 
RSK2-human_rev TTCCAAATGATCCCTGCCCT 
RSK2-mouse_fw ACCTATGGGAGAGGAGGAGA 
RSK2-mouse_rev GCTGTCTAGCATCAGAGCCT 
RSK3-human_fw CCTATGGAAATAGAGACATCTTGGC 
RSK3-human_rev CCAGCTCAGCCAGGTAGAAC 
RSK3-mouse_fw TGGGCAGTGAGAGATGATCAGG 
RSK3-mouse_rev CCTCACCAAGAACACCTTTCCA 
RSK4-human_fw GCGGCGAGGTAAATGGTCTT 
RSK4-human_rev GAGCAACTCAAACTGTGCAGG 
RSK4-mouse_fw GGATGAGTCAGCCCATCCAG 
RSK4-mouse_rev TCACAGGCAGCATCATATCCC 
RUNX3-mouse_fw CTGTGGATGGACCCCGGGAA 
RUNX3-mouse_rev TTCAGGTCTGAGGAGCCTTGGATT 
TYMS-mouse_fw GCACGATACAGCCTGAGAGATGA 
TYMS-mouse_rev CCTGTCGGGCAGAAAATCCC 

 

3.1.6. siRNAs 

siRNAs were ordered from siTOOLs Biotech GmbH (Planegg, Germany). To minimize off-

target effects and to guarantee a robust knockdown, siPOOLs were used, which are a pool 

of 30 selected siRNAs (Hannus et al., 2014). 
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3.1.7. Kits and ready-to-use reagents 

All Kits and ready-to-use reagents were ordered from ChromoTek GmbH (Martinsried, 

Germany), Sigma-Aldrich, Takara Bio Inc. (Kusatsu, Japan), and Thermo Fisher Scientific, 

respectively, and are listed in Table 9. 

Table 9 │ Kits and ready-to-use reagents. 

Kit/Reagent Company 

Cell Proliferation ELISA, BrdU Kit Sigma-Aldrich 

ChromoTek GFP-trap® ChromoTek GmbH 

HaltTM protease and phosphatase inhibitor cocktail Thermo Fisher Scientific 

Lipofectamin® RNAiMAX reagent Thermo Fisher Scientific 

PageRulerTM Plus Prestained Protein ladder Thermo Fisher Scientific 

PierceTM BCA Protein Assay Kit Thermo Fisher Scientific 

PierceTM Protein A Plus Agarose Thermo Fisher Scientific 

XfectTM transfection reagent Takara Bio Inc. 

 

The ready-to-use 100x HaltTM protease and phosphatase inhibitor cocktail contains a 

mixture of several potent inhibitors, which are listed in Table 10. 

Table 10 │ Protease and phosphatase inhibitors included in the 100x HaltTM protease and phosphatase 
inhibitor cocktail (Thermo Fisher Scientific). The protease inhibitors target aminopeptidases, cysteine and 
serine proteases. The phosphatase inhibitors target serine/threonine and protein tyrosine phosphatases. 

Inhibitor Target Protease/Phosphatase 

Aprotinin Serine Proteases 

Bestatin Aminopeptidase Proteases 

E-64 Cysteine Proteases 

Leupeptin Serine and Cysteine Proteases 

Sodium Fluoride Serine and Threonine Phosphatases 

Sodium Orthovanadate Tyrosine Phosphatases 

Sodium Pyrophosphate Serine and Threonine Phosphatases 

β-glycerophosphate Serine and Threonine Phosphatases 

 

As a protein standard for sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis 

(PAGE), the PageRulerTM Plus Prestained Protein Ladder was used (Figure 9). 

 
Figure 9 │ SDS-PAGE band profile of the PageRulerTM Plus Prestained Protein Ladder. Image was 
adapted from https://www.thermofisher.com/order/catalog/product/26620, 2022. 
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3.1.8. Instruments and general lab material 

Plastic ware (cell scraper, cryogenic tubes, hypodermic needles, pipet tipes, cell culture 

ware, filters, syringes, tubes) was purchased from B. Braun (Melsungen, Germany), Becton 

Dickinson (Franklin Lakes, USA), Biozym Scientific GmbH (Hessisch Oldendorf, Germany), 

Carl Roth, Corning Diagonal GmbH & Co. KG (Münster, Germany), Greiner AG 

(Kremsmünster, Austria), Sarstedt (Nümbrecht, Germany), Starlab International GmbH 

(Hamburg, Germany), and TPP Techno Plastic Products AG (Trasadingen, Switzerland). 

Glass coverslips were purchased from Hartenstein (Würzburg, Germany), glass slides from 

Glaswarenfabrik Karl Hecht GmbH & Co. KG (Sondheim, Germany), immersion oil for 

microscopy from Leica (Wetzlar, Germany), nitrocellulose blotting membrane from Thomas 

Geyer (Renningen, Germany), and filter paper from Carl Roth. 

All instruments were purchased from Analytik Jena (Jena, Germany), Bio-Rad Laboratories 

(Hercules, USA), Carl Zeiss Microscopy GmbH (Jena, Germany), Cole-Parmer 

(Staffordshire, USA), Epson (Suwa, Japan), Hettich Benelux B.V. (Geldermalsen, 

Netherlands), Hettich GmbH & Co. KG (Tuttlingen, Germany), IKA (Staufen, Germany), 

LaboGene (Lillerød, Denmark), Lauda GmbH & Co. KG (Lauda-Königshofen, Germany), 

Miltenyi Biotec (Bergisch-Gladbach, Germany), Nikon (Minato, Japan), Peqlab (Erlangen, 

Germany), Roche (Basel, Switzerland), Sartorius (Göttingen, Germany), Scientific 

Industries (New York, USA), Sony (Minato, Japan), Tecan (Männedorf, Switzerland), and 

VWR (Radnor, USA). Instruments including manufacturer are listed in Table 11. 

Table 11 │ Instruments. 

Instrument Company 

Centrifuge (Mikro 220 R) Hettich GmbH & Co. KG 

Centrifuge (Universal 320 R) Hettich GmbH & Co. KG 

CO2 incubator 1 (Thermo Haraeus Cytosperm 2) Thermo Fisher Scientific 

CO2 incubator 2 (HeracellTM 240i) Thermo Fisher Scientific 

Digital shaker with microtiter attachment (IKA vortex 4 digital) IKA 

Heating thermo shaker (MHR 23) Hettich Benelux B.V. 

IncuCyte® S3 System Sartorius 

Inverted microscope 1 (Primovert) Carl Zeiss Microscopy GmbH 

Inverted microscope 2 (Nikon Eclipse Ts2) Nikon 

LightCycler 480 II Real Time PCR system  Roche 

MACSQuant® flow cytometer Miltenyi Biotec 

Mini centrifuge (Rotilabo®) Carl Roth 

Mini-Protean Tetra vertical electrophoresis cell Bio-Rad Laboratories 

Mini Trans-Blot cell for wet blot approach Bio-Rad Laboratories 

Overhead rotator (Stuart rotator SB3) Cole-Parmer 

PCR thermal cycler (Biometra TRIO) Analytik Jena 

PerfectBlue Semi-Dry blotter Peqlab 

Plate reader Infinite® M PLEX Tecan 

Power supply Bio-Rad Laboratories 

Rocking shaker (VWR 12620 platform rocker) VWR 

Safety workbench (LaboGene Scanlaf Mars 1200 Runner Cl. II) LaboGene 
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Instrument Company 

Scanner (Epson Perfection V600 Photo) Epson 

Sony DSC-H300 camera  Sony 

Vortex mixer (Vortex-Genie 2) Scientific Industries 

Water bath (Lauda Aqualine AL 18) Lauda GmbH & Co. KG 

 

3.2. Methods 

The following chapter deals with the cell biological, biochemical, and molecular biological 

methods used in this thesis. At the beginning of each experimental procedure, relevant lab 

equipment, chemicals, and software are listed. The entire chapter ends with information 

about image processing and quantification as well as statistical analysis. 

 

3.2.1. Cell biological methods 

3.2.1.1. Cultivation of cell lines 

Lab equipment: Centrifuge (Universal 320 R); CO2 incubator 1 (Thermo Haraeus Cytosperm 2); CO2 

incubator 2 (HeracellTM 240i); Inverted microscope 1 (Primovert); Inverted microscope 2 (Nikon Eclipse Ts2); 

Safety workbench (LaboGene Scanlaf Mars 1200 Runner Class II); Water bath (Lauda Aqualine AL 18). 

Chemicals: Cell culture medium and consumables (see Table 2 and Table 12); 50 µg/µl Collagen I rat tail 

(Corning) in 0.02 N acidic acid; PBS (see Table 2); PBSE (see Table 2); Trypsin for A431 (see Table 2); Trypsin 

for MKC (see Table 2). 

All cells used in this thesis are listed in Table 1. Composition of cell culture medium is 

shown in Table 12. 

Table 12 │ Composition of cell culture medium. DMEM = Dulbecco’s modified Eagle medium, 
DMSO = dimethyl sulfoxide, FCS = fetal calf serum, HCM = high calcium medium, LCM = low calcium medium, 
MKC = murine keratinocytes. 

Cell line Medium Composition 

A431 

Standard DMEM 
DMEM supplemented with 4.5 g/L glucose, 0.584 g/L 
L-glutamine (Sigma-Aldrich); 10% (v/v) FCS Superior 
(Sigma-Aldrich) 

Serum-free DMEM 
DMEM supplemented with 4.5 g/L glucose, 0.584 g/L 
L-glutamine 

MKC 

LCM 

DMEM/Ham’s F12 (3.5 : 1.1) supplemented with 
3.096 g/L NaHCO3 (Pan Biotech); 10% (v/v) Ca2+-free 
FCS Superior (chelex-treated, Sigma-Aldrich); 1 mM 
sodium pyruvate (Sigma-Aldrich); 1 mM L-alanyl-L-
glutamine (Sigma-Aldrich); 0.18 mM adenine (see 
Table 2); 0.5 µg/ml hydrocortisone (see Table 2); 
5 μg/ml insulin (Sigma-Aldrich); 10 ng/ml EGF (see 
Table 2); 100 nM choleratoxin (see Table 2); 1 g/L 
glucose (Sigma-Aldrich) 

HCM LCM; 1.2 mM CaCl2 (see Table 2) 

Serum-free LCM 
DMEM/Ham’s F12 (3.5 : 1.1) supplemented with 
3.096 g/L NaHCO3 (Pan Biotech) 

Serum-free HCM 
DMEM/Ham’s F12 (3.5 : 1.1) supplemented with 
3.096 g/L NaHCO3 (Pan Biotech); 1.2 mM CaCl2 (see 
Table 2) 

A431, 
MKC 

Freezing medium 
90% (v/v) FCS Superior (Sigma-Aldrich); 10% (v/v) 
DMSO (Sigma-Aldrich) 
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A431 cells were cultured on 10 cm dishes in standard Dulbecco’s modified Eagle medium 

(DMEM) at 37°C, 5% CO2, and 90% humidity. Murine keratinocytes were grown on 

collagen I-coated 10 cm dishes in low calcium medium (LCM) at 32°C, 5% CO2, and 90% 

humidity. Every 2-3 days, the medium was discarded and A431 cells were washed twice in 

phosphate-buffered saline with EDTA (PBSE), murine keratinocytes with phosphate-

buffered saline (PBS), respectively. Cells were incubated with trypsin at 37°C until they 

detached from the dish. Fresh medium was added to stop the detachment. Cells were 

pelleted by low speed centrifugation (3 min; 1,000 x g; room temperature) and the 

supernatant was aspirated. Cells were resuspended in fresh medium and replated at the 

required density. 

To induce differentiation of keratinocytes, murine keratinocytes were grown in high calcium 

medium (HCM) for the indicated time points. To analyze growth factor effects, A431 cells 

were grown in serum-free DMEM and murine keratinocytes were grown in serum-free LCM 

or serum-free HCM for the indicated time points.  

To freeze cells, cell pellets were resuspended in freezing medium, aliquoted in cell culture 

cryogenic tubes and stored at -80°C. To thaw cells, vials were placed in a 37°C water bath, 

immediately transferred to a centrifuge tube containing 6 ml medium and pelleted by low 

speed centrifugation (3 min; 1,000 x g; room temperature). The cells were resuspended in 

fresh medium and plated on 10 cm dishes. 

 

3.2.1.2. DNA transfection of murine keratinocytes 

Lab equipment: Lab equipment for cultivation of cell lines (see chapter 3.2.1.1.); Mini centrifuge (Rotilabo®); 

Vortex mixer (Vortex-Genie 2). 

Chemicals: Plasmid DNA (see Table 6 and Table 7); XfectTM transfection reagent (Takara Bio Inc.) including 

Xfect reaction buffer and Xfect polymer. 

Transfection of plasmid DNA was performed using Xfect™ transfection reagent. Plasmids 

used in this thesis are listed in Table 6 and Table 7. The amount of growth medium, DNA, 

and transfection reagent mixture is shown in Table 13. Murine keratinocytes were grown in 

LCM for 24 h to allow 50-70% confluency at the time of transfection. In a microcentrifuge 

tube, the appropriate µg of plasmid DNA was diluted with Xfect reaction buffer. Xfect 

polymer was added to the diluted plasmid DNA and mixed by vortexing for 10 sec at high 

speed. To allow formation of nanoparticle complexes, the solution was incubated for 10 min 

at room temperature. The solution was spinned down and the entire nanoparticle complex 

solution was added dropwise to the medium of adherent keratinocytes. The plate was 

incubated at 32°C for 4 h. Nanocomplex particles were removed by aspiration and replaced 

with fresh LCM or HCM for 24 h until further processing of transfected keratinocytes. 
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Table 13 │ DNA transfection by Xfect reagent. 

Culture vessel Growth medium DNA Xfect reaction buffer Xfect polymer 

24-well plate 250 µl 0.5-1 µg 25 µl 

0.3 µl for every 
1 µg of plasmid 

12-well plate 500 µl 2 µg 50 µl 

6-well plate 1 ml 5 µg 100 µl 

10 cm dish 8 ml 30 µg 600 µl 

 

3.2.1.3. RNA interference in murine keratinocytes 

Lab equipment: Lab equipment for cultivation of cell lines (see chapter 3.2.1.1.); Mini centrifuge (Rotilabo®); 

Vortex mixer (Vortex-Genie 2). 

Chemicals: Lipofectamin® RNAiMAX reagent (Thermo Fisher Scientific); siRNA pools generated by siTools 

Biotech GmbH.  

For knockdown analysis in murine keratinocytes, siRNA pools (defined pools of 30 selected 

siRNAs) were generated by siTools Biotech GmbH (Hannus et al., 2014). Murine 

keratinocytes were transfected in suspension with 2 pmol of non-targeting (Ctrl), p21, 

PKP3, ribosomal s6 kinase 1 (RSK1), RSK2, or runt-related transcription factor 3 (RUNX3) 

directed siRNAs with Lipofectamine® RNAiMAX. The cells were plated in the appropriate 

density just prior to preparing RNA-lipid transfection complexes. For each sample, two 

microcentrifuge tubes were prepared. Lipofectamine® RNAiMAX reagent and siRNA were 

diluted separately in serum-free medium as described in Table 14, combined in a 1:1 ratio, 

vortexed at medium speed for 10 sec, and incubated for 5 min at room temperature. After 

adding the entire siRNA-lipid complex to the freshly plated cell suspension, keratinocytes 

were incubated at 32°C until further proceeding. For analyzing the role of PKP3 in 

adhesion, keratinocytes were transfected with siRNA, switched to HCM at 48 h after 

transfection, and kept in HCM for another 24 h. For analysis of the extra-desmosomale role 

of PKP3, transfected cells were kept in LCM for 72 h. 

Table 14 │ siRNA transfection by Lipofectamin® RNAiMax. LCM = low calcium medium. 

Culture 
vessel 

Dilution Lipofectamin® RNAiMAX in 
serum-free LCM 

Dilution siRNA in serum-free LCM 

Volume serum-
free LCM 

Volume Lipofectation 
RNAiMAX 

Volume serum-
free LCM 

Volume siRNA 

24-well plate 50 µl 3 µl 50 µl 1 µl (10 pmol) 

12-well plate 100 µl 6 µl 100 µl 2 µl (20 pmol) 

6-well plate 150 µl 9 µl 150 µl 3 µl (30 pmol) 

 

3.2.1.4. Growth factor, inhibitor, and EGTA treatment 

Lab equipment: Lab equipment for cultivation of cell lines (see chapter 3.2.1.1.); Mini centrifuge (Rotilabo®); 

Vortex mixer (Vortex-Genie 2). 

Chemicals: DMSO (Sigma-Aldrich); 100 ng/ml EGF; 3.3. mM EGTA (Carl-Roth); Inhibitors (see Table 3); 

50 µg/ml Insulin. 
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Murine keratinocytes grown for 24 h in HCM were starved in serum-free HCM for 5 h and 

stimulated with growth factors insulin or EGF for the indicated times. A431 cells were 

serum-starved for 24 h before stimulation with growth factors. 

Inhibitors and corresponding working concentration used in this thesis are listed in Table 3. 

For application of inhibitors, keratinocytes were treated with the indicated inhibitor for 1 h 

or 24 h. In experiments with simultaneously EGF treatment, inhibitors were applicate before 

stimulation with EGF for 15 min. Dimethyl sulfoxide (DMSO) was used as control treatment. 

For application of ethylene bis(oxyethylenenitrilo)tetraacetic acid (EGTA), keratinocytes 

were treated with 3.3 mM EGTA for 1 h or 3 h. 

 

3.2.1.5. Actinomycin D and cycloheximide treatment 

Lab equipment: Lab equipment for cultivation of cell lines (see chapter 3.2.1.1.); Mini centrifuge (Rotilabo®); 

Vortex mixer (Vortex-Genie 2). 

Chemicals: 10 µg/ml Actinomycin D (Sigma-Aldrich); 200 µg/ml Cycloheximide (Sigma-Aldrich). 

To perform a mRNA decay or cycloheximide chase assay, murine keratinocytes were 

treated with actinomycin D or cycloheximide, respectively. The working principle is 

described in Figure 10. 

 
Figure 10 │ Analyzing mRNA and protein stability by using actinomycin D and cycloheximide. Created 
with biorender.com. During transcription, DNA is copied to mRNA, which directs protein synthesis in the process 
called translation. The levels of proteins within cells are determined not only by rates of synthesis, but also by 
rates of degradation, which results in protein breakdown into smaller polypeptides or amino acids. 
Actinomycin D is widely used in mRNA stability assays. Actinomycin D is a transcription inhibitor which 
intercalates into DNA, thereby inhibiting synthesis of new mRNA, allowing the assessment of mRNA decay by 
measuring mRNA abundance following transcription inhibition. By blocking the translational elongation phase, 
cycloheximide is used to analyze protein stability over a time course. 

The mRNA stability within cells can be measured indirectly by analysing the mRNA half-

life following transcription inhibition. Treatment with actinomycin D results in changes in 

mRNA levels that are assumed to reflect mRNA degradation. Murine keratinocytes were 

grown in LCM for 24 h followed by treatment with actinomycin D in LCM for 1 h, 3 h, 5 h, 

and 8 h. Subsequently, cells were harvested at indicated times and samples were prepared 

for RNA isolation, cDNA synthesis, and qRT-PCR (see chapter 3.2.3.). 

To measure steady-state protein stability, a cycloheximide chase assay was performed. 

The de novo protein synthesis was blocked by cycloheximide due to the prevention in 

translational elongation. For analysis of protein stability, murine keratinocytes were treated 

with cycloheximide for 8 h or 16 h. Subsequently, cells were harvested at indicated times. 
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Samples were prepared for SDS-PAGE and western blotting (see chapter 3.2.2.2. and 

chapter 3.2.2.3.). 

 

3.2.1.6. Cell proliferation assay 

Lab equipment: IncuCyte® S3 System; Lab equipment for cultivation of cell lines (see chapter 3.2.1.1.). 

Software: IncuCyte® S3 Software (version 2021C, Sartorius). 

For the assessment of cell proliferation, murine keratinocytes were grown for up to 96 h in 

LCM or HCM. Live cell images were automatically taken every 24 h by using an IncuCyte® 

S3 System with 20x magnification and the corresponding IncuCyte® S3 Software. Cell 

proliferation was determined by analyzing the occupied area of individual nuclei over time. 

 

3.2.1.7. Cell cycle analyzes 

Lab equipment: IncuCyte® S3 System; Lab equipment for cultivation of cell lines (see chapter 3.2.1.1.); 

MACSQuant® flow cytometer. 

Chemicals: 70% Ethanol; PBS (see Table 2); Propidium iodide solution (see Table 2); RNAse A (Sigma-

Aldrich); Trypsin MKC (see Table 2). 

Software: FlowJoTM Software (version 10.6.0, Dickinson and Company, Ashland, USA); IncuCyte® S3 Software 

(version 2021C, Sartorius); MACSQuantifyTM Software (version 2.11, Miltenyi Biotec). 

For cell cycle analyzes, cells were harvested by trypsinization and pelleted by 

centrifugation (3 min; 1,000 x g; room temperature). The pellet was washed three times in 

PBS and fixed overnight in 70% ethanol at -20°C. Cells were pelleted by centrifugation 

(5 min; 3,200 x g; room temperature), washed three times in PBS, and incubated with 

40 µg/ml RNAse and propidium iodide solution to stain DNA at 37°C for 10 min in the dark. 

The DNA content of about 10,000 cells per sample was measured by flow cytometry using 

a MACSQuant® flow cytometer and the MACSQuantifyTM Software and was analyzed 

using FlowJoTM Software. Flow cytometry was kindly performed by Dr. Nadine Bley (Core 

Facility Imaging of the Medical Faculty, Martin Luther University). 

The fluorescent ubiquitination-based cell cycle indicator (FUCCI) system was used to 

analyze the duration of cell cycle phases. Cell cycle phases of WT FUCCI and PKP3-KO 

FUCCI cells were monitored based on their fluorescence using an IncuCyte® S3 System 

with 20x magnification starting 4 h after seeding. Live cell images were automatically taken 

every hour. Individual FUCCI cells were identified and tracked visually in every cell cycle 

phase for their duration using the IncuCyte® S3 Software. 

 

3.2.1.8. BrdU assay 

Lab equipment: Lab equipment for cultivation of cell lines (see chapter 3.2.1.1.); Plate reader Infinite® M PLEX. 

Chemicals: Cell Proliferation ELISA, BrdU Kit (Sigma-Aldrich) including BrdU, fixation solution, anti-BrdU 

peroxidase coupled antibody, and tetramethylbenzidine containing substrate solution; PBS (see Table 2). 
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To analyze DNA replication, a colorimetric 5-bromo-2’-desoxyuridine (BrdU) assay was 

performed using the Cell Proliferation ELISA, BrdU Kit. The working principle is described 

in Figure 11. 

 
Figure 11 │ Colorimetric BrdU assay principle. Created with biorender.com. (1) Cells were treated with the 
non-radioactive pyrimidine analogue 5-bromo-2’-desoxyuridine (BrdU) to allow its incorporation in place of 
thymidine into new synthesized DNA of proliferating cells. (2) Cells were fixed and incubated with the anti-BrdU 
peroxidase coupled antibody to detect the level of BrdU incorporation. (3) Incubation with substrate solution 
enables color development for photometric detection. 

Murine keratinocytes were grown in LCM for 24 h, 48 h, and 72 h. At the indicated times, 

the medium was discarded, cells were washed twice in PBS, and maintained in LCM 

supplemented with BrdU (100 µM) for 6 h at 32°C. Cells were fixed for 30 min at room 

temperature using the fixation solution provided in the kit, incubated with the anti-BrdU 

peroxidase coupled antibody for 90 min, and washed three times in PBS to remove 

unbound antibodies. Tetramethylbenzidine containing substrate solution was added for 

100 min until color development was sufficient for photometric detection. The absorbance 

of all samples was measured at 370 nm (reference wavelength 492 nm) using a plate 

reader Infinite® M PLEX. The blank control (assay performed in wells without cells) was 

subtracted from all other values. 

 

3.2.1.9. Epithelial sheet assay (Dispase assay) 

Lab equipment: Digital shaker with microtiter attachment (IKA vortex 4 digital); Lab equipment for cultivation of 

cell lines (see chapter 3.2.1.1.); Sony DSC-H300 camera. 

Chemicals: Dispase solution (see Table 2); 3.3 mM EGTA (Carl-Roth); PBS (see Table 2). 

Software: Fiji, tool “Cell Counter” (version 1.51h; (Schindelin et al., 2012)). 

For analysis of intercellular adhesion, murine keratinocytes were grown to confluence in 

HCM, washed twice in PBS, and maintained in Dispase solution for 30 min at 37°C. After 

detachment, 3.3 mM EGTA was added to the medium for additional 30 min to facilitate 

disruption of Ca2+-sensitive cell contacts. Free floating monolayers were submitted to 

mechanical stress on a digital shaker at 750 rpm. Images were taken using a Sony DSC-

H300 camera. Image processing and counting of fragments were performed with the Fiji 

tool “Cell Counter”. 
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3.2.1.10. Immunofluorescence 

Lab equipment: Glass coverslips (12 mm); Glass slides; Lab equipment for cultivation of cell lines (see chapter 

3.2.1.1.); Tweezer. 

Chemicals: Aqua bidest; 50 µg/µl Collagen I rat tail (Corning) in 0.02 N acidic acid; Ethanol; Fluorochrome-

coupled primary antibody (see Table 4); 3.7% (w/v) Formaldehyde; Hoechst 33342 (Thermo Fisher Scientific); 

Methanol; Mowiol (see Table 2); MT buffer (see Table 2); PBS (see Table 2); Poly-L-lysine; Primary antibodies 

(see Table 4); Secondary antibodies (see Table 5); 1% (w/v) Skimmed BSA/PBS; 1% (w/v) Skimmed milk/PBS.  

In indirect immunofluorescence, a two-step incubation is performed (Figure 12A). Firstly, a 

specific primary antibody recognizes the target structure. In a second incubation step, a 

fluorescence-coupled secondary antibody is applied which specifically binds to the primary 

antibody. Directing the secondary antibody against the species in which the primary 

antibody was raised obtains the specificity. 

Murine keratinocytes were grown on collagen I-coated coverslips and A431 cells were 

grown on poly-L-lysine-coated coverslips and proceeded according to the experiment. The 

medium was discarded and cells were washed twice in PBS. Cells were fixed for 10 min in 

methanol at −20°C or for 20 min in 3.7% (w/v) formaldehyde in PBS at room temperature 

or on ice. Formaldehyde fixation results in crosslinking of cellular proteins via their free 

amino groups, which enables good visualization of soluble components. Methanol has a 

dehydrogenating effect and precipitate proteins, thereby fixing them in their cellular context. 

Next, the plasma membrane was permeabilized in detergent buffer (microtubule 

stabilization (MT) buffer) for 15 min at room temperature to enable the accessibility of 

intracellular structures for the antibody. Cells were washed three times in PBS and blocked 

in 1% (w/v) skimmed milk/PBS or 1% (w/v) skimmed bovine serum albumin (BSA)/PBS 

(depending on primary antibody) for 30 min at room temperature to minimize the unspecific 

binding of antibodies to non-target structures. Primary antibodies (see Table 4) were 

diluted in blocking solution and incubated overnight at 4°C in a humid chamber. The next 

day, coverslips were washed three times for 10 min in PBS, briefly blocked in blocking 

solution, and incubated for 1 h at room temperature with the fluorophore-conjugated 

secondary antibody (see Table 5). DNA was stained with Hoechst 33342 (1:1,000 in 

blocking solution). Again, coverslips were washed three times for 10 min in PBS, briefly 

washed in aqua bidest as well as ethanol. After drying at room temperature, coverslips 

were mounted in Mowiol and stored at a dark, dry place at room temperature until image 

processing. 

Direct immunofluorescence was used to visualize total RB in murine WT keratinocytes 

(Figure 12B). In direct immunofluorescence, the specific primary antibody is linked to a 

fluorochrome, which visualizes the target structure under the microscope. Cells were fixed 

in 3.7% (w/v) formaldehyde in PBS on ice, permeabilized in MT buffer, blocked in 1% (w/v) 
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skimmed BSA/PBS, and incubated with the fluorochrome-coupled primary antibody 

overnight at 4°C. The next day, coverslips were washed, DNA was stained with Hoechst 

33342, and coverslips were mounted in Mowiol. 

 
Figure 12 │ Workflow of indirect and direct immunofluorescence principle. Created with biorender.com. 
Detailed information about incubation times and temperatures are given in the figure. (A) In indirect 
immunofluorescence, on coverslips coated cells were methanol or formaldehyde fixed, permeabilized in 
detergent buffer, blocked in blocking solution, and incubated with the primary antibody. In a next step, coverslips 
were incubated with the appropriate fluorophore-conjugated secondary antibody, washed, and mounted. 
Indirect immunofluorescence was used to visualize all in this thesis mentioned proteins except retinoblastoma 
protein. (B) In direct immunofluorescence, the specific primary antibody is linked to a fluorochrome, resulting 
in a workflow similar to that of indirect immunofluorescence but without additional secondary antibody 
incubation. Direct immunofluorescence was used to visualize retinoblastoma protein. 

 

3.2.1.11. BiFC 

Lab equipment: Glass coverslips (12 mm); Glass slides; Lab equipment for cultivation of cell lines (see chapter 

3.2.1.1.); Tweezer. 

Chemicals: Aqua bidest; 50 µg/µl Collagen I rat tail (Corning) in 0.02 N acidic acid; Ethanol; 3.7% (w/v) 

Formaldehyde; Hoechst 33342 (Thermo Fisher Scientific); Mowiol (see Table 2); MT buffer (see Table 2); PBS 

(see Table 2); Plasmid DNA (see Table 7); Primary antibodies (see Table 4); Secondary antibodies (see 

Table 5); 1% (w/v) Skimmed BSA/PBS; 1% (w/v) Skimmed milk/PBS; XfectTM transfection reagent (Takara Bio 

Inc.) including Xfect reaction buffer and Xfect polymer. 

Software: Fiji (version 1.51h; (Schindelin et al., 2012)) 

Bimolecular fluorescence complementation (BiFC) enables visualization of protein-protein 

associations by using a single fluorescent protein. This fluorescent protein is split into two 

fragments that individually lack fluorescence. When they are brought in proximity to each 
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other by an association between proteins fused to the fragments, the fragments form the 

complete fluorescent protein resulting in a fluorescent signal that can be detected by a 

fluorescence microscope. 

For BiFC analysis, murine keratinocytes were grown on collagen I-coated coverslips for 

24 h in LCM. The medium was discarded and cells were co-transfected with the indicated 

pVenus1 and pVenus2 constructs (see Table 7) using Xfect™ transfection reagent (for 

details see chapter 3.2.1.2.). At 4 h after transfection, LCM was switched to HCM and cells 

were incubated for 24 h before fixation in 3.7% (w/v) formaldehyde/PBS on ice. Further 

steps were performed as described above (for details see chapter 3.2.1.10.). Cells were 

immunostained with FLAG and human influenza hemagglutinin (HA) tag-directed 

antibodies. BiFC images of cells expressing both FLAG- and HA-tagged fusion proteins 

were taken with identical exposure times (2 s) to enable a comparison of BiFC efficiencies. 

Image processing and mean BiFC fluorescence intensities of individual transfected cells 

were determined using Fiji. 

 

3.2.2. Biochemical methods 

3.2.2.1. Preparation of protein lysates and determination of protein concentration 

Lab equipment: Cell scraper; Centrifuge (Mikro 220 R); Heating thermo shaker (MHR 23); Hypodermic needles 

(0.45 x 25 mm); Plate reader Infinite® M PLEX; Syringes (1 ml). 

Chemicals: Benzonase (Santa Cruz Biotechnology); 1x HaltTM protease and phosphatase inhibitor cocktail 

(Thermo Fisher Scientific); PierceTM BCA Protein Assay Kit (Thermo Fisher Scientific) including BSA, BCA 

reagent A and B; PBS (see Table 2); SDS lysis buffer (see Table 2); 4x SDS loading buffer (see Table 2). 

Software: Microsoft Excel (version 2016; Microsoft Corporation, Redmond, USA). 

For protein expression analyses, cells were washed twice in PBS and lysed in SDS lysis 

buffer (supplemented with 1x HaltTM protease and phosphatase inhibitor cocktail). The cells 

were scraped off using a cell scraper and stored in a microcentrifuge tube at -80°C. After 

thawing, cells were homogenized using hypodermic needles by about 10 iterations of up 

and down passes of the syringe. Lysates were cleared by centrifugation (15 min; 

13,000 x g; room temperature). The supernatant was transferred into a new 

microcentrifuge tube and the protein concentration was determined using the PierceTM 

bicinchoninic acid (BCA) Protein Assay Kit. This assay combines the reduction of Cu2+ to 

Cu+ by proteins in an alkaline medium (also known as biuret reaction) with the ability of 

BCA to form an intense purple complex with the cuprous cation Cu+. To perform the 

colorimetric BCA protein assay, standard BSA solutions were prepared according to the 

manufacturer’s instructions (see Table 15). 25 µl of each standard and unknown sample 

(1:10 dilution) were pipetted into a microplate. The working reagent was prepared by mixing 

50 parts of BCA reagent A with 1 part of BCA reagent B (50:1, reagent A:B). After adding 
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200 µl of the working reagent to each well, the plate was incubated at 37°C for about 

30 min. The absorbances of the standard BSA solutions and the unknown samples were 

measured at 562 nm on a plate reader Infinite® M PLEX. The evaluation was performed 

using the software Microsoft Excel. The absorbance measurement of the blank standard 

was subtracted from measurements of all other individual standard and unknown samples. 

The responses of the standards were used to prepare a standard curve by plotting the 

average blank-corrected measurement for each BSA standard versus its concentration in 

µg/ml. The standard curve was used to determine the protein concentration of each 

unknown sample. For an adjustment of protein concentration, the samples were provided 

with the corresponding amount of SDS buffer. After adding Benzonase and 4x SDS loading 

buffer to a partial sample volume, samples were heated to 95°C for 5 min, stored at -20°C, 

separated by SDS-PAGE, and analyzed by western blotting. 

Table 15 │ Preparation of standard BSA solutions. BSA = bovine serum albumin. 

Vial Volume of BSA Volume of aqua bidest Final BSA concentration 

A 2,000 µl of stock 2,000 µl 1,000 µg/ml 

B 1,500 µl of vial A dilution 500 µl 750 µg/ml 

C 750 µl of vial B dilution 250 µl 500 µg/ml 

D 500 µl of vial C dilution 500 µl 250 µg/ml 

E 500 µl of vial D dilution 500 µl 125 µg/ml 

F 200 µl of vial E dilution 800 µl 25 µg/ml 

G 0 µl 800 µl 0 µg/ml = blank 

 

3.2.2.2. SDS-PAGE 

Lab equipment: Mini-Protean Tetra vertical electrophoresis cell including buffer tank, lid with cables, electrode 

assembly, and companion running module; Power supply. 

Chemicals: Chemicals for preparation of polyacrylamide gels including acrylamide/bis-solution (29:1; Carl 

Roth), separating gel buffer (see Table 2), stacking gel buffer (see Table 2), 10% SDS (Carl Roth), 

tetramethylethylenediamine (Carl Roth), and 10% ammonium persulfate (Carl Roth); PageRulerTM Plus 

Prestained protein ladder (Thermo Fisher Scientific); SDS electrophoresis buffer (see Table 2). 

To separate proteins under denaturing conditions, SDS-PAGE was performed. The SDS-

polyacrylamide (SDS-PAA) gels consist of two layers. A stacking gel with a low acrylamide 

concentration and pH value lined up all the loaded protein samples. In the separating gel, 

proteins are separated solely based on polypeptide chain length. Proteins migrate at 

different rate depending on the concentration of the separating gel. The appropriate gel 

concentrations were as follows:  

Visualization of proteins with a size of Separating gel concentration 
<30 kDa 15% 
30-120 kDa 10% 
>120 kDa 8% 
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Separating and stacking gel were prepared as described in Table 16. After gel 

polymerization and assembly of the electrophoresis system, 20 µl of each sample mixed 

with 4x SDS loading buffer were loaded in pockets of the stacking gel. 4 µl of the 

PageRulerTM Plus Prestained protein ladder was loaded as protein standard. The buffer 

tank was filled with SDS electrophoresis buffer and electrophoresis was carried out at 80 V 

for 30 min and 100 V for approximately 2-3 h. 

Table 16 │ Preparation of polyacrylamide gels. SDS = sodium dodecyl sulfate, TEMED = tetramethyl-
ethylenediamine. 

Component For final concentration of separating gel Stacking 
gel 8% 10% 15% 

30% Acrylamide / 0.8% bisacrylamide 20 ml 25 ml 37.5 ml 3.9 ml 

Separating gel buffer 18.75 ml - 

Stacking gel buffer - 7.5 ml 

10% SDS 750 µl 300 µl 

Aqua bidest 35.75 ml 30.75 ml 18.25 ml 18.6 ml 

TEMED 50 µl 30 µl 

10% Ammonium persulfate 500 µl 600 µl 

 

3.2.2.3. Western blotting 

Lab equipment: Filter paper (Rotilabo®; thickness 0.35 mm); Fusion-SL 3500.WL imaging system; Mini Trans-

Blot cell for wet blot approach including tank, lid with cables, holder cassettes, foam pads, electrode module, 

and cooling unit; Nitrocellulose blotting membrane (AmershamTM ProtanTM; pore size 0.2 µm); Overhead rotator 

(Stuart rotator SB3); PerfectBlue Semi-Dry blotter including blotting lid and blotting system; Power supply; 

Rocking shaker (VWR 12620 platform rocker); Scanner (Epson Perfection V600 Photo). 

Chemicals: Blotting buffer I, II, and III (see Table 2); Chemiluminescence solution 1 and 2 (see Table 2); 

Horseradish peroxidase-conjugated secondary antibodies (see Table 5); Ponceau S solution (see Table 2); 

Primary antibodies (see Table 4); 3% Skimmed BSA/TBST; 3% Skimmed milk/TBST; 100 nM Sodium azide 

(Sigma-Aldrich); Stripping buffer (see Table 2); TBS (see Table 2); TBST (see Table 2); Western Blot Ultra 

Sensitive HRP Substrate (Takara); Wet blot buffer (see Table 2). 

Following SDS-PAGE, proteins were transferred to a nitrocellulose blotting membrane 

using a PerfectBlue Semi-Dry blotter or Mini Trans-Blot cells for a wet blot approach. Semi-

dry blotting provides more convenience compared to wet blot transfer, but the wet blot 

approach offers a higher efficiency of transfer from gel to blot (Ghosh et al., 2014). The 

composition of the blotting devices is described in Figure 13. 
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Figure 13 │ Assembly of a semi-dry and wet blot approach. Created with biorender.com. Image of the semi-
dry blotting system (upper left panel) was adapted from https://de.vwr.com/store/product/15248668/perfect 
bluetm-semi-dry-blotter-sedectm#gallery, 2022. (A) In the semi-dry approach, one stack of paper, each 
containing three single sheets, were pre-soaked in blotting buffer I, II, or III, respectively. The stacks of in 
blotting buffer I and II pre-soaked filter papers were placed in the center of the base of the blotting system. A 
blotting membrane was put on top of the filter paper stack. The sodium dodecyl sulfate polyacrylamide (SDS-
PAA) gel was placed at the top of the membrane. Any air bubbles between gel and membrane were removed. 
A stack of in blotting buffer III pre-soaked filter papers were stacked on top. After assembling the gel sandwich, 
the lid was closed, fixed with the screwing knobs, and the transfer was started. (B) In the wet blot approach, 
filter paper, the gel, and membrane were thoroughly saturated with wet blot buffer before blotting. A foam pad 
was placed on the inner side of the holder cassette. Two sheets of filter paper were put on top of the foam pad. 
A blotting membrane was placed on top of the filter paper stack and the gel was put at the top of the membrane. 
The gel sandwich was completed by placing two sheets of filter paper on the membrane and adding the second 
foam pad. After every single step, air bubbles were removed. The holder cassette was closed and placed in 
the electrode module. The tank was filled with wet blot buffer, a frozen cooling unit was added, the lid was 
closed, and the transfer was started. 

The transfer performed with a semi-dry blotter was at 1 mA/cm² for 45 min followed by 

1.5 mA/cm² for 30 min. Proteins were transferred using the wet blot approach at 110 V for 

70 min. After transfer, membranes were stained in Ponceau S solution for 5 min, destained 

in distilled water, and documented using a scanner. Membranes were cut, briefly washed 

in tris-buffered saline with Tween20 (TBST), and blocked using 3% (w/v) skimmed milk/ 

TBST or 3% (w/v) BSA/TBST on a rocking shaker for 30 min. Membranes were probed 

overnight at 4°C on an overhead rotator with the appropriate primary antibodies (see 

Table 4). Next day, membranes were washed in TBST (three times for 10 min) and 

incubated for 1 h at room temperature on a rocking shaker with the appropriate horseradish 

peroxidase-conjugated secondary antibodies (diluted in 3% (w/v) skimmed milk/TBST, see 

Table 5). After washing twice in TBST for 10 min and once in tris-buffered saline (TBS) for 

10 min, membranes were treated with enhanced chemiluminescence (ECL) Western 

Blotting Substrate (equal parts chemiluminescence solution 1 and 2) or Western Blot Ultra 

Sensitive HRP Substrate. Signals were detected using a Fusion-SL 3500.WL imaging 
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system. If staining with additional antibodies was required, the membranes were washed 

in TBST (three times, each for 10 min), incubated in stripping buffer (fresh supplemented 

with 100 nM sodium azide) for 1 h, washed again in TBST (three times, each for 10 min), 

blocked, and treated with antibodies as described above. β-actin or ponceau S staining 

was used as loading control. 

 

3.2.2.4. Nucleus/cytoplasm fractionation 

Lab equipment: Cell scraper; Centrifuge (Mikro 220 R); Heating thermo shaker (MHR 23); Hypodermic needles 

(0.45 x 25 mm); Overhead rotator (Stuart rotator SB3); Syringes (1 ml). 

Chemicals: 0.5 mM DTT (Roche); 1x HaltTM protease and phosphatase inhibitor cocktail (Thermo Fisher 

Scientific); Hypotonic buffer A (see Table 2); Hypertonic buffer C (see Table 2); NP-40 (Sigma-Aldrich); PBS 

(see Table 2); 4x SDS loading buffer (see Table 2). 

For nucleus/cytoplasm fractionation, 6x 105 murine keratinocytes were used. All 

preparation steps were performed on ice. The principle of nucleus/cytoplasm fractionation 

is described in Figure 14 (Caspi et al., 2008). Cells were washed twice in PBS and lysed 

in hypotonic buffer A (supplemented with 1x HaltTM protease and phosphatase inhibitor 

cocktail and 0.5 mM DTT). The cells were scraped off using a cell scraper and transferred 

into a microcentrifuge tube. The lysate was incubated for 10 min at 4°C on an overhead 

rotator. After adding NP-40 to a final concentration of 3%, the solutions were kept for 

10 min. Cells were homogenized using hypodermic needles by about 10 iterations of up 

and down passes of the syringe. Lysates were cleared by centrifugation (30 sec; 

14,000 x g; 4°C). The supernatant was collected as cytoplasmic fraction and stored at -

20°C. The pellet was washed three times in buffer A and incubated in hypertonic buffer C 

(supplemented with 1x HaltTM protease and phosphatase inhibitor cocktail) for 30 min at 

4°C on an overhead rotator. Lysates were cleared by centrifugation (30 min; 18,000 x g; 

4°C). The supernatant was collected as nuclear fraction and stored at -20°C. For SDS-

PAGE analysis, cytoplasmic and nuclear fractions were mixed with 4x SDS loading buffer, 

heated to 95°C for 5 min, separated by SDS-PAGE, and analyzed by western blotting. 

P54nrb and α-tubulin were used as positive controls for the nuclear and cytoplasmic 

fractions, respectively. 
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Figure 14 │ Workflow of nucleus/cytoplasm fractionation principle. Created with biorender.com, modified 
from (Caspi et al., 2008). Cells were lysed and incubated in hypotonic buffer A. After adding NP-40 and 
homogenization of the cells, the lysate was cleared by centrifugation. The supernatant was collected as 
cytoplasmic fraction, whereas the pellet was incubated with hypertonic buffer C. After centrifugation, the 
supernatant was collected as nuclear fraction. 

 

3.2.2.5. Immunoprecipitation 

Lab equipment: Cell scraper; Centrifuge (Mikro 220 R); Heating thermo shaker (MHR 23); Hypodermic needles 

(0.45 x 25 mm); Overhead rotator (Stuart rotator SB3); Syringes (1 ml). 

Chemicals: Anti-E2F1 antibody and anti-PKP3 antibody (see Table 4); Benzonase (Santa Cruz Biotechnology); 

GFP-Trap Agarose beads (ChromoTek); 1x HaltTM protease and phosphatase inhibitor cocktail (Thermo Fisher 

Scientific); IP buffer (see Table 2); Normal rabbit IgG (Santa Cruz Biotechnology #sc-2027) and guinea pig 

serum (Sigma-Aldrich #G9774); PBS (see Table 2); Protein A agarose beads (Thermo Fisher Scientific); 

1x and 4x SDS loading buffer (see Table 2). 

For each immunoprecipitation reaction, 6x 105 murine keratinocytes were used. All 

preparation steps were performed on ice. Cells were washed twice in PBS and lysed in 

immunoprecipitation (IP) buffer (supplemented with 1x HaltTM protease and phosphatase 

inhibitor cocktail). The cells were scraped off using a cell scraper and stored in a 

microcentrifuge tube at -80°C. After thawing, cells were homogenized using hypodermic 

needles by about 10 iterations of up and down passes of the syringe. Lysates were cleared 
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by centrifugation (15 min; 13,000 x g; 4°C). 1/6 of the lysate was mixed with 4x SDS loading 

buffer and Benzonase, heated to 95°C for 5 min, and stored at -20°C for an input control. 

The residual lysate was incubated with anti-E2F1 or anti-PKP3 antibody overnight at 4°C 

on an overhead rotator. Normal rabbit immunoglobulin G (IgG) or guinea pig serum was 

used as an isotype control. Protein A agarose beads were washed in IP buffer and added 

to the lysate for 1 h at 4°C on an overhead rotator. Lysates were pelletized by centrifugation 

(3 min; 4,000 x g; 4°C). The pellet was washed three times in IP buffer and bound proteins 

were eluted in 1x SDS loading buffer. Both input and eluate samples were separated by 

SDS-PAGE and analyzed by western blotting. 

For GFP-Trap, WT cells expressing GFP-tagged PKP3 were lysed and pelleted as 

described before. Cell lysates were incubated with GFP-Trap Agarose beads for 1 h at 4°C 

on an overhead rotator. Further preparation of the samples was as described before. 

 

3.2.2.6. Lambda protein phosphatase treatment 

Lab equipment: Cell scraper; Centrifuge (Mikro 220 R); Heating thermo shaker (MHR 23); Hypodermic needles 

(0.45 x 25 mm); Syringes (1 ml). 

Chemicals: 1x HaltTM protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific); IP buffer II (see 

Table 2); Lambda PP (New England Biolabs), supplied with Lambda PP buffer (50 mM HEPES; 100 mM NaCl; 

2 mM DTT; 0.01% Brij 35; freshly supplemented with 1 mM MnCl2; pH 7.5); PBS (see Table 2); 4x SDS loading 

buffer (see Table 2). 

To validate the phospho-RB Ser807/811 antibody in murine keratinocytes, WT cells were 

treated with Lambda protein phosphatase (Lambda PP). Lambda PP is an Mn2+-dependent 

protein phosphatase with activity towards phosphorylated serine, threonine, and tyrosine 

residues. All preparation steps were performed on ice. Cells were washed twice in PBS 

and lysed in IP buffer II (supplemented with 1x HaltTM protease and phosphatase inhibitor 

cocktail). IP buffer II contains no EDTA in order to avoid inhibition of Lambda PP. The cells 

were scraped off using a cell scraper and stored in a microcentrifuge tube at -80°C. After 

thawing, cells were homogenized using hypodermic needles by about 10 iterations of up 

and down passes of the syringe. Lysates were cleared by centrifugation (15 min; 

13,000 x g; 4°C). The entire 80 µl WT cell lysate was incubated with 4 µl Lambda PP in 

20 µl Lambda PP buffer at 30°C for 30 min on a heating thermo shaker at 900 U/min. 

Negative control was performed in the same experimental condition without Lambda PP. 

Subsequently, the lysate was mixed with 4x SDS loading buffer to inhibit the enzyme, and 

heated to 95°C for 5 min. The samples were stored at -20°C, separated by SDS-PAGE, 

and analyzed by western blotting. 
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3.2.3. Molecular biological methods 

3.2.3.1. RNA isolation 

Lab equipment: Cell scraper; Centrifuge (Mikro 220 R); DNase/RNase-free 2.0ml microcentrifuge tubes. 

Chemicals: Chloroform (Carl Roth); DNase/RNase-free distilled water (Invitrogen); Ice-cold 75% ethanol 

(Sigma-Aldrich); Ice-cold isopropanol (Sigma-Aldrich); β-Mercaptoethanol (Carl Roth); PBS (see Table 2); 

RNA-grade glycogen (20 mg/ml; Thermo Fisher Scientific); Trizol (see Table 2). 

Total RNA was isolated from murine keratinocytes and A431 cells grown for 3 days in LCM 

or standard DMEM, respectively. Cells were washed twice in PBS, homogenized in 

1,500 µl Trizol supplemented with β-mercaptoethanol (1:100), scratched from the dish, and 

transferred into a DNase/RNase-free 2.0 ml microcentrifuge tube. The sample was frozen 

and stored at -80°C. After thawing, the RNA was isolated by phenol/chloroform extraction 

and isopropanol precipitation. 1/5 vol chloroform was added to homogenized cells, mixed 

by shaking for 15 sec, incubated for 3 min, and separated by centrifugation (15 min; 

13,000 x g; 4°C). The RNA-containing aqueous phase was transferred into a new RNase-

free microcentrifuge tube, mixed with 1 vol chloroform, and separated by centrifugation 

(15 min; 13,000 x g; 4°C). Again, the RNA-containing aqueous phase was transferred into 

a new RNase-free microcentrifuge tube, mixed with 1 vol ice-cold isopropanol and 1 µl 

glycogen. RNA was incubated overnight at -20°C for precipitation. Next day, RNA was 

pelletized by centrifugation (10 min; 13,000 x g; 4°C) and washed for three times with ice-

cold 75% ethanol by centrifugation (5 min; 5,000 x g; 4°C). After removal of the ethanol by 

pipetting, the RNA was dried for 10 min at room temperature, resolved within nuclease-free 

distilled water, and stored at -80°C. 

 

3.2.3.2. cDNA synthesis 

Lab equipment: PCR thermal cycler (Biometra TRIO); Plate reader Infinite® M PLEX. 

Chemicals: DNase/RNase-free distilled water (Invitrogen); dNTP mix (10 mM); DTT (0.1 M; Invitrogen); First-

Strand buffer (5x; Invitrogen); Random hexamer primer (0.2 µg/µl; Thermo Fisher Scientific); SuperScript® II 

Reverse Transcriptase (Invitrogen). 

For the synthesis of complementary DNA (cDNA), a reverse transcription reaction was 

performed. RNA concentration was quantified using a plate reader Infinite® M PLEX. 

Absorbance of RNA samples was measured at 260 nm. To assess the RNA purity, an 

additional measurement at 280 nm was performed to indicate proteins in the sample. In 

each sample, a 260/280 ratio of about 1.9 was considered as “pure” for RNA. 1 μg isolated 

total RNA was incubated with 1 µl random hexamer primer, 1 µl dNTP mix, and nuclease-

free distilled water to a final volume of 12 µl for 5 min at 65°C to denature any secondary 

structures of the RNA. For reverse transcription, the following reaction mix was added: 4 µl 

5x First-Strand buffer, 2 µl 0.1 M DTT, 1 µl SuperScript® II Reverse Transcriptase, 
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1 µl nuclease-free distilled water. The reactions were run in a PCR thermal cycler and 

performed with the following program: 

Step Temperature Time 
Denaturation 65°C 5 min 
Cool down 4°C hold 
Addition of 8 µl reaction mix 
Primer annealing 25°C 10 min 
Reverse transcription 42°C 50 min 
Inactivation 70°C 15 min 
End 4°C hold 

 
The synthesized cDNA was diluted in 180 µl nuclease-free distilled water and stored at 

-20°C. 

 

3.2.3.3. qRT-PCR 

Lab equipment: 384 well plate; LightCycler 480 II Real Time PCR system. 

Chemicals: Maxima SYBR Green/ROX qPCR Master Mix (Thermo Fisher Scientific). 

To assess the relative abundance of mRNAs, qRT-PCR was performed. Primer pairs were 

selected using Primer Blast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/, 2021). 

Primer sequences are listed in Table 8. In wells of a 384 well plate, 2.4 µl cDNA was mixed 

with 0.1 µl primer pairs, and 2.5 µl Maxima SYBR Green/ROX qPCR Master Mix. The PCR 

runs on a LightCycler 480 II Real Time PCR system with the following conditions: 

Step Temperature Time  
DNA polymerase activation 95°C 15 min  
Denaturation 95°C 15 sec  
Primer annealing 62°C 15 sec 40 cycles 
Elongation 72°C 20 sec  

 

3.2.4. Image processing and quantification 

3.2.4.1. Image processing of immunofluorescence and BiFC 

Immunofluorescence and BiFC images were taken on a Nikon Eclipse E600 microscope, 

with a charge-coupled device camera and a Plan APO 60x/1.40 NA oil objective, controlled 

with the NIS-Elements AR software (version 4.12.00, Nikon). For comparisons between 

different treatments within the same experiment, samples were treated in parallel and 

images were captured with the same exposure times. Image processing of BiFC 

experiment is described in chapter 3.2.1.11. The Fiji software was used for image 

processing (Schindelin et al., 2012). 
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3.2.4.2. Quantification of immunofluorescence images 

To determine the enrichment factors for PKP3 and desmoplakin at lateral contacts as well 

as PKP3 at tricellular contacts, fluorescence intensities were measured in segments of 

equal length (∼100 pixel) and width (bicellular, 40 pixel; tricellular, 10 pixel) covering the 

cytoplasm as well as lateral and tricellular contacts as illustrated in Figure 15A. All cell 

contacts of the entire image were evaluated, with the exception of mitotic, polynuclear, or 

overgrowing cells. Each line scan results in a histogram depicting the fluorescence 

intensities along the bar. The enrichment factors for PKP3 and desmoplakin at lateral 

contacts were calculated by dividing the mean junctional value (10 pixel length of the 

100 pixel scan line) by the mean cytoplasmic value (both ends of a scan line, each 10 pixel 

length) for each line scan. To quantify PKP3 fluorescence intensities at tricellular contacts, 

the mean tricellular value (10 pixel length at the middle of the 100 pixel scan line) was 

divided by the mean lateral value (one end of a scan line, 10 pixel length). 

 
Figure 15 │ Quantification of immunofluorescence images. (A) Quantification of PKP3 and desmoplakin 
immunofluorescence intensities at lateral contacts (upper panel) and tricellular contacts (lower panel). PKP3 
and desmoplakin fluorescence intensities were determined in immunofluorescence images using Fiji by 
measuring segments of equal length (about 100 pixel) and width (bicellular, 40 pixel; tricellular, 10 pixel) across 
individual bicellular or tricellular contacts as illustrated by the colored bars in the schematics and 
immunofluorescence images. Each line scan results in a histogram depicting the fluorescence intensities along 
the bar [bicellular (blue), cytoplasm (green), tricellular (pink)]. (B) Quantification of RB and p21 
immunofluorescence intensities. RB (left panel) and p21 (right panel) fluorescence intensities were calculated 
from images using Fiji by measuring segments of equal length (100 pixel) and width (40 pixel) across individual 
nuclei as illustrated by the colored bars. An image of the nuclear marker Hoechst33342 was used to generate 
a mask that segments nuclei. The start of the line was in the nucleus, the end of the line was in the cytoplasm. 
The lines were positioned in such a way that their center was at the transition from nucleus to cytoplasm. Each 
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line scan resulted in a histogram depicting the fluorescence intensities along the bar [nucleus (orange), 
cytoplasm (green)].  

To determine the enrichment factors for RB and p21 in the nucleus and the cytoplasm, 

fluorescence intensities were measured in segments of equal length (100 pixel) and width 

(40 pixel) across individual nuclei as illustrated in Figure 15B. All nuclei of the entire image 

were evaluated, with the exception of mitotic, polynuclear, or overgrowing cells. Each line 

scan results in a histogram depicting the fluorescence intensities along the bar. The 

enrichment factors for RB were calculated by dividing the mean cytoplasmic value (50 pixel 

length at the end of the 100 pixel scan line) by the mean nuclear value (50 pixel length at 

the start of the 100 pixel scan line) for each line scan. To quantify p21 fluorescence 

intensities, the mean nuclear value was divided by the mean cytoplasmic value. At least 

250 cells per condition from two independent experiments were analyzed. 

 

3.2.4.3. Quantification of western blots 

For quantification of western blots, the Fiji tool “Gel analysis” was used. Signals were 

normalized to the internal loading control β-actin. If β-actin protein level varied due to 

experimental conditions, Ponceau S staining was used as loading control. Details 

concerning normalization procedures are given in the figure legends.  

 

3.2.4.4. Calculation of mRNA levels 

Raw cycle threshold (Ct) values for the gene of interest and the housekeeping gene were 

used to determine the relative RNA abundance by the ∆∆Ct method with the following 

equation:  ∆∆Ct =  ∆Ct (experimental conditions) −  ∆Ct (control conditions) 

where ∆Ct =  mean Ct (gene tested) −  mean Ct (housekeeping gene) for experimental 

conditions and control conditions, respectively. In a next step, the log2 fold changes were 

determined by the following equation:  log2 fold change =  −∆∆Ct 

For validation of knockdown efficiency, the fold changes were calculated by the following 

formula:  fold change =  2−∆∆𝐶𝑡 

 

3.2.4.5. Calculation of mRNA half-life 

Murine keratinocytes were treated with actinomycin D to analyze RNA stability (see 

chapter 3.2.1.5.). To assess mRNA decay kinetics, one-phase exponential decay curve 

analysis was performed using Graphpad Prism Software (version 9). The mRNA half-life 

was obtained with the following equation: 

t1/2 =
In(2)

kdecay
 where t1/2 is the half-life of mRNA 
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and kdecay is the rate constant for decay (i.e., percent change over time). 

An exponential decay equation model was fit to determine kdecay  using the following 

equation for one-phase decay:  Y = (Y0 − Plateau) ∗ exp(−kdecay ∗ X) + plateau 

where X is the time and Y is the mRNA level, starting at Y0 and decaying (with one phase) 

down to Plateau (Y value at infinite times) as described in the following plot: 

 

 

3.2.4.6. RNA sequencing and GSEA 

Total RNA (≥ 2 µg) isolated from murine keratinocytes (see chapter 3.2.3.1.) was 

sequenced and analyzed to reveal mRNA expression profiles. Library preparation (Poly(A) 

tail RNA selection) and sequencing was performed by LC Sciences (Houston, USA). 

Calculation of log2 fold changes and gene set enrichment analysis (GSEA) were kindly 

performed by Dr. Markus Glaß (Core Facility Imaging of the Medical Faculty, Martin Luther 

University). GSEA was performed using the R-package clusterProfiler (version 4.4.4, 

(Yu et al., 2012)), and MSigDB (version 7.5.1, (Liberzon et al., 2015)) gene sets utilizing 

the fgsea algorithm and setting the exponent parameter to 0 for unweighted analyses of 

log2 fold change sorted gene lists from RNA sequencing data. Murine gene names were 

converted to human homolog equivalents using the R-package biomaRt (version 2.52.0, 

(Durinck et al., 2005)). 

 

3.3. Statistical analysis 

Statistical analysis and preparation of plots were performed using Graphpad Prism 

Software (version 9). Details on how data and error bars are presented can be found in the 

figure legends. In bar plots, all individual data points are shown. Boxplots display the first 

to third quartile; whiskers extend to the minimum and maximum. For two independent data 

sets, statistically significant differences were determined with a student’s unpaired two 

tailed t-test. To compare more than two independent data sets with normal distribution, 

one-way analysis of variance (ANOVA) followed by a Tukey’s multiple comparison test was 

used. Asterisks indicate statistical significance (*p<0.05, **p<0.01, ***p<0.001). ns 

represents no significant difference.   
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4. RESULTS 

 

4.1. The desmosomal role of PKP3 as a scaffold for adhesion 

The first part of the results chapter deals with the desmosomal role of PKP3 as a scaffold 

for adhesion. As PKP1 promotes desmosome maturation to a Ca-independent “hyper-

adhesive” state and PKP3 facilitates desmosome assembly, I wondered if these distinct 

functions are regulated by distinct signals that would lead to specific post-translational 

modifications. Therefore, I analyzed the effects of growth factor signaling pathways on 

PKP3-dependent adhesive properties using non-transformed murine keratinocytes and 

A431 cells as model systems. 

 

4.1.1. EGF signaling induces PKP3 phosphorylation 

Keratinocyte proliferation, differentiation, and migration depend on growth factors such as 

IGF-1/insulin and EGF (Krane et al., 1991; Sadagurski et al., 2006; Seeger and Paller, 

2015). To test the effect of insulin and EGF on PKP3 phosphorylation, murine keratinocytes 

and A431 cells were treated with insulin and EGF, respectively, and compared to untreated 

serum-starved cells. The activity of both growth factors was validated by testing 

downstream kinase activation of the PI3K/AKT and the RAS/RAF/MAPK signaling 

pathways using phospho-specific antibodies (Figure 16A, 16B). AKT, S6 kinase (S6K), 

mitogen-activated protein kinase kinase (MEK), extracellular signal regulated kinase 

(ERK), ribosomal S6 kinase (RSK), and the ribosomal protein S6, which is a common target 

of S6K and RSKs, were all phosphorylated after insulin and/or EGF stimulation in murine 

keratinocytes. Immunoprecipitated PKP3 was then tested for its phosphorylation using an 

antibody that recognizes the AGC-kinase motif RXXpS/pT (see Figure S1 for putative 

antibody recognition sites). In murine keratinocytes, PKP3 was phosphorylated at such 

motifs only after EGF but not after insulin treatment. In contrast, PKP1 was phosphorylated 

in response to insulin stimulation but not after EGF treatment (Wolf et al., 2013). To further 

validate these data, PKP3 modification by EGF was analyzed in human A431 cells 

(Figure 16A), which reveal high protein levels of the EGFR. Again, activation of the 

PI3K/AKT and the RAS/RAF/MAPK signaling pathways was confirmed by phospho-specific 

antibodies to AKT, S6K, MEK, ERK, and RSK. Phosphorylation of PKP3 at the AGC-kinase 

motif RXXpS/pT was strongly increased after EGF but not after insulin treatment. 

These date show that EGF stimulates PKP3 phosphorylation at AGC-consensus sites in 

murine keratinocytes and human A431 cells. In contrast, insulin, which promoted PKP1 

phosphorylation and its cytoplasmic accumulation, had no effect on PKP3 phosphorylation. 
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Figure 16 │ EGF induces PKP3 phosphorylation. (A) For analyzing growth factor signaling on PKP3 
phosphorylation, murine keratinocytes were grown in HCM for 24 h, maintained in serum-free HCM without any 
supplements for 5 h (without growth factors, -GF), and treated with Ca2+ in combination with growth factors 
(50 µg/ml insulin, 100 ng/ml EGF) for 15 min. A431 cells were grown in standard DMEM for 24 h, maintained 
in serum-free DMEM for additional 24 h (-GF), and stimulated with growth factors (50 µg/ml insulin, 100 ng/ml 
EGF) for 15 min. Kinase activation was verified by western blotting with the indicated antibodies (input). 
Immunoprecipitated PKP3 (eluate) was probed for growth factor-specific phosphorylation with an antibody that 
recognizes RXX-phospho-serine or phospho-threonine motif (RXXpS/pT). Insulin had no effect on the 
respective motif, whereas EGF stimulated PKP3 phosphorylation at these AGC-kinase consensus sites 
(RXXS/T motif) in murine keratinocytes and A431 cells. The bar plots (upper right panel) depicts the mean 
intensity ratios (+ s.d.; n=3) of eluate RXXpS/pT versus precipitated PKP3 normalized to untreated cells (-GF). 
Statistical significance was determined by one-way ANOVA with Tukey’s multiple comparisons test. (B) 
Schematic of insulin and EGF signaling pathways (created with biorender.com). Insulin interacts with the insulin 
receptor to activate the PI3K/AKT signaling pathway, whereas EGF activates the EGF receptor followed by 
activation of the RAS/RAF/MAPK signaling pathway. In addition, both downstream pathways are secondary 
branches of insulin or EGF signaling, respectively. A phosphorylation cascade leads to the phosphorylation of 
downstream effectors such as S6 protein, thereby modulating their function. PKP3 might be an effector of the 
EGF signaling pathway. 

 

4.1.2. EGF signaling improves PKP3 cell contact association 

Phosphorylation alters the structural conformation of proteins (Ardito et al., 2017) and can 

modify their functions due altered subcellular localization and interactions (Lee and Yaffe, 

2016). To analyze whether EGF induced PKP3 phosphorylation affects its localization, 

serum-starved murine keratinocytes were treated with insulin, EGF, or complete medium 

and processed for immunofluorescence (Figure 17). In untreated serum-starved cells, 

PKP3 and desmoplakin were hardly found at cell contact sites. Whereas PKP3 and 
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desmoplakin lateral localization remained essentially unaltered upon insulin treatment, 

EGF considerably improved PKP3 and desmoplakin association at lateral membranes 

similar to the incubation in complete medium. This suggests that EGF-induced PKP3 

phosphorylation affects its localization resulting in improved lateral membrane association 

of PKP3. 

 
Figure 17 │ EGF improves lateral PKP3 membrane recruitment in murine keratinocytes. For analyzing 
EGF induced effects on PKP3 localization, murine keratinocytes were grown in HCM for 24 h, maintained in 
serum-free HCM without any supplements for 5 h (without growth factors, -GF), and treated with Ca2+ in 
combination with growth factors (50 µg/ml insulin, 100 ng/ml EGF) or complete medium (HCM; comp. m.) for 
15 min. Cells were fixed in methanol at -20°C and immunostained for PKP3 and desmoplakin (DSP). 
Immunofluorescence images show PKP3 and desmoplakin localization in stimulated compared to non-
stimulated cells. The enlargements highlight the effects of the respective treatments on PKP3 and desmoplakin 
localization. Scale bars: 50 µm, enlargement 10 µm. Insulin had no effect on PKP3 or desmoplakin membrane 
association, whereas stimulation with EGF or complete medium improves PKP3 and desmoplakin recruitment 
to lateral membranes. The boxplots (right panels) depict the enrichment factor of PKP3 or desmoplakin at lateral 
contacts (n≥200). The Whiskers extend to the minimum and maximum values. Statistical significance was 
determined by one-way ANOVA with Tukey’s multiple comparisons test. 

As clustering of PKP3 at tricellular contacts depends on its displacement from lateral 

membranes by PKP1 (Keil et al., 2016), I analyzed whether a brief EGF stimulation would 

be sufficient to induce PKP3 recruitment to tricellular contacts or whether a longer time 

period would allow PKP3 distribution to cell corners even in the absence of complete 

medium. Therefore, PKP3 localization at tricellular contacts was analyzed in murine 

keratinocytes after a short EGF stimulation followed by 6 h incubation without growth 
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factors or a prolonged incubation with either EGF or complete medium for 6 h (Figure 18). 

Immunofluorescence analysis showed that short EGF stimulation was not sufficient to 

induce PKP3 accumulation at tricellular contacts. In contrast, prolonged EGF treatment 

resulted in increased tricellular PKP3 localization. However, EGF alone was clearly less 

efficient than complete medium. This suggests that EGF supports desmosome formation 

by facilitating the incorporation of phosphorylated PKP3 into nascent desmosomes, but that 

their full maturation requires additional signals. 

 
Figure 18 │ EGF improves tricellular PKP3 cell contact association in murine keratinocytes. For 
analyzing EGF induced tricellular PKP3 localization, murine keratinocytes were grown in HCM for 24 h, 
maintained in serum-free HCM without any supplements for 5 h, and treated with Ca2+ in combination with EGF 
(100 ng/ml) for 15 min followed by 6 h incubation in serum-free HCM without any supplements (without growth 
factors, -GF), or with Ca2+ in combination with EGF (100 ng/ml) or complete medium (HCM; comp. m.) for 6 h. 
Cells were fixed in methanol at -20°C and immunostained for PKP3 and desmoplakin (DSP). 
Immunofluorescence images show PKP3 and desmoplakin localization in prolonged EGF stimulated compared 
to short EGF stimulated cells. The enlargements highlight the effects of the respective treatments on PKP3 and 
desmoplakin localization. Scale bars: 50 µm, enlargement 10 µm. A short EGF stimulation for 15 min followed 
by 6 h incubation without growth factors was not sufficient for PKP3 accumulation at tricellular contacts. After 
prolonged EGF treatment for 6 h, tricellular PKP3 localization was increased. A strong enrichment of PKP3 at 
tricellular contact sites was observed after 6 h incubation in complete medium. Representative line scans of 
PKP3 fluorescence intensities across tricellular contact regions (upper right panel) illustrate the different 
distribution of PKP3 after short EGF treatment followed by incubation without growth factors (15’ EGF) and 
prolonged EGF (6 h EGF) or complete medium (6 h comp. m.) treatment. The boxplot (lower right panel) depicts 
the enrichment factor of PKP3 at tricellular versus bicellular contacts (n≥200). The Whiskers extend to the 
minimum and maximum values. Statistical significance was determined by one-way ANOVA with Tukey’s 
multiple comparisons test. 
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Similar effects were observed in human A431 cells, although due to the low expression of 

PKP1 in these cells, PKP3 does not accumulate at tricellular contacts. Nonetheless, to 

analyze whether EGF induced PKP3 phosphorylation affect its lateral localization, serum-

starved A431 cells were treated with insulin, EGF, or complete medium (standard DMEM 

containing FCS) and processed for immunofluorescence (Figure 19). In untreated serum-

starved and insulin treated A431 cells, PKP3 and desmoplakin were hardly found at cell 

contact sites. In contrast, EGF and complete medium considerably improved PKP3 and 

desmoplakin association at lateral membranes. 

 
Figure 19 │ EGF improves lateral PKP3 membrane recruitment in A431 cells. For analyzing EGF induced 
effects on PKP3 localization, A431 cells were grown in standard DMEM for 24 h, maintained in serum-free 
DMEM for additional 24 h (without growth factors, -GF), and stimulated with growth factors (50 µg/ml insulin, 
100 ng/ml EGF) or standard DMEM with FCS (complete medium) for 15 min. Cells were fixed in methanol at -
20°C and immunostained for PKP3 and desmoplakin (DSP). Immunofluorescence images show PKP3 and 
desmoplakin localization in stimulated compared to non-stimulated cells. The enlargements highlight the effects 
of the respective treatments on PKP3 and desmoplakin localization. Scale bars: 50 µm, enlargement 10 µm. 
Insulin had no effect on PKP3 or desmoplakin membrane association, whereas stimulation with EGF or 
complete medium improves PKP3 and desmoplakin recruitment to lateral membranes. The boxplots (right 
panels) depict the enrichment factor of PKP3 or desmoplakin at lateral contacts (n≥100). The Whiskers extend 
to the minimum and maximum values. Statistical significance was determined by one-way ANOVA with Tukey’s 
multiple comparisons test. 
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Taken together, these data show that short EGF treatment for 15 min was sufficient to 

promote desmosome assembly by recruiting PKP3 to lateral membranes in murine 

keratinocytes as well as in A431 cells. However, additional signals are necessary for PKP3 

sorting into tricellular contacts in murine keratinocytes.  

 

4.1.3. The effect of EGF on early desmosomes depends on PKP3 

Short EGF treatment resulted in lateral PKP3 accumulation, suggesting a role of PKP3 in 

desmosome assembly by recruiting other junctional proteins such as desmoplakin and 

PKP1 to lateral membranes. To test whether EGF-mediated desmosome assembly 

depended indeed on PKP3, desmosome formation in wild-type (WT) and PKP3-knockout 

(PKP3-KO) keratinocytes was compared. Ca2+ was added to induce desmosome formation 

and cells were either kept without growth factors or stimulated with insulin, EGF, or 

complete medium and processed for immunofluorescence (Figure 20A). In WT cells, lateral 

desmoplakin membrane association was significantly improved in the presence of EGF or 

complete medium, supporting the notion that EGF promotes early desmosome formation 

in WT keratinocytes. In contrast, desmoplakin accumulation at lateral contacts was not 

enhanced in PKP3-KO keratinocytes, neither in the presence nor in the absence of EGF or 

complete medium, indicating that the effect of EGF signaling in facilitating desmosome 

initiation depended on PKP3. 

Collectively these results show that EGF-induced PKP3 phosphorylation improves its 

localization at lateral cell contacts as well as its role in desmosome assembly by recruiting 

desmoplakin to lateral membranes (Figure 20B). 
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Figure 20 │ Early desmosome formation is mediated by EGF and depends on PKP3 in murine 
keratinocytes. (A) For analyzing PKP3’s effect on EGF-mediated desmosome assembly, murine keratinocytes 
were grown in LCM for 24 h, maintained in serum-free LCM without any supplements for 5 h (without growth 
factors, -GF), and treated with Ca2+ in combination with growth factors (50 µg/ml insulin, 100 ng/ml EGF) or 
complete medium (HCM; comp. m.) for 2 h. Cells were fixed in methanol at -20°C and immunostained for PKP3 
and desmoplakin (DSP) in WT cells or PKP1 and desmoplakin in PKP3-KO cells. Immunofluorescence images 
show PKP3, desmoplakin, and PKP1 localization in stimulated compared to non-stimulated cells. Scale bars: 
10 µm. In WT cells, stimulation with EGF or complete medium for 2 h improves desmoplakin recruitment to 
lateral membranes. In PKP3-KO cells, lack of lateral desmoplakin membrane association after EGF stimulation 
or incubation with complete medium indicates a delayed cell contact formation. The boxplot (lower left panel) 
depicts the enrichment factor of desmoplakin at lateral contacts (n≥20) in WT and PKP3-KO cells. The Whiskers 
extend to the minimum and maximum values. Statistical significance was determined by one-way ANOVA with 
Tukey’s multiple comparisons test. (B) Schematic of EGF-dependent PKP3 function based on the previous 
results (created with biorender.com). (1) EGF induces PKP3 phosphorylation, which affects its localization. (2) 
EGF improves lateral PKP3 membrane recruitment. (3) The effect of EGF on desmosome assembly depends 
on PKP3, which might recruits desmoplakin to lateral membranes. 

 

4.1.4. RSKs mediate EGF-induced PKP3 phosphorylation 

EGF activates the RAS/RAF/MAPK kinase cascade as well as PI3K/AKT mediated 

signaling. In order to identify the kinase(s) responsible for PKP3 phosphorylation, a series 

of inhibitors for kinases of both pathways was used. Therefore, serum-starved murine 

keratinocytes were treated with EGF in the absence or presence of Gefitinib (EGFR 

inhibitor), Rapamycin (mechanistic target of rapamycin (mTOR) inhibitor), PF-4708671 

(S6K inhibitor), Osu03012 (3-phosphoionositide-dependent protein kinase 1 (PDK1) 
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inhibitor), U0126 (MEK inhibitor), FR180204 (ERK inhibitor), or LJH685 (RSK inhibitor). 

Pathway activation by EGF and impact of inhibitors were validated by probing cell lysates 

with phospho-specific antibodies as indicated (Figure 21A, 21B). PKP3 was 

immunoprecipitated and its phosphorylation determined using the RXXpS/pT motif 

antibody. PKP3 phosphorylation was increased in EGF stimulated cells, but was slightly 

reduced upon inhibition of EGFR, MEK, and ERK, as well as strongly impaired upon 

inhibition of RSK. In contrast, inhibition of mTOR, S6K, or PDK1 did not interfere with PKP3 

phosphorylation. This confirms the importance of EGF signaling via the MEK/ERK/RSK 

axis and strongly suggests a role of RSKs in the regulation of PKP3. 

 
Figure 21 │ PKP3 phosphorylation is mediated by the MEK-ERK-RSK axis. (A) For analyzing the kinase(s) 
responsible for PKP3 phosphorylation, murine keratinocytes were grown in HCM for 24 h, maintained in serum-
free HCM without any supplements for 5 h (without growth factors, -GF), incubated with the indicated inhibitors 
(EGFR, 10 µM Gefitinib; mTOR, 100 nM Rapamycin; S6K, 10 µM PF-4708671; PDK1, 10 µM Osu03012; MEK, 
10 µM U0126; ERK, 25 µM FR180204; RSK, 50 µM LJH685) for 1 h, and treated with Ca2+ in combination with 
EGF (100 ng/ml) for 15 min. Impact of inhibitors was verified by western blotting with the indicated antibodies 
(input). Immunoprecipitated PKP3 (eluate) was probed for phosphorylation with an antibody that recognizes 
RXX-phospho-serine or phospho-threonine motif (RXXpS/pT). EGF-stimulated PKP3 phosphorylation at these 
AGC-kinase consensus sites (RXXS/T motif) was slightly reduced upon inhibition of EGFR, MEK, and ERK 
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and strongly impaired upon RSK inhibition. The bar plot (upper right panel) depicts the mean intensity ratios (+ 
s.d.; n=3) of RXXpS/pT versus PKP3 normalized to EGF stimulation without inhibitor (mock EGF). Orange 
colored bars indicate the PI3K/AKT signaling pathway, purple colored bars indicate the RAS/RAF/MAPK 
signaling pathway. Statistical significance was determined by one-way ANOVA with Tukey’s multiple 
comparisons test. (B) Schematic of PI3K/AKT (orange colored) and RAS/RAF/MAPK (purple colored) signaling 
pathways with indicated inhibitors (created with biorender.com).  

The RSK family of proteins consists of four isoforms: RSK1 (gene name RPS6KA1), RSK2 

(RPS6KA3), RSK3 (RPS6KA2), and RSK4 (RPS6KA6). To identify the kinase(s) 

responsible for PKP3 phosphorylation in murine keratinocytes and A431 cells, the mRNA 

levels of all four RSKs were analyzed (Figure S2). RSK1 and RSK2 were highly expressed 

in both cell types, whereas RSK3 and RSK4 were rare or undetectable at the mRNA level. 

Thus, the focus was set on RSK1 and RSK2. 

To distinguish between unique or overlapping roles of RSK1 and RSK2, knockdown studies 

in EGF stimulated murine keratinocytes were performed and the effects compared to 

LJH685 treatment (Figure 22A). Pathway activation by EGF was validated by probing cell 

lysates with phospho-specific antibodies as indicated. S6 phosphorylation was reduced 

after RSK1 or RSK2 knockdown and completely abolished upon RSK inhibition by LJH685. 

PKP3 was immunoprecipitated and its phosphorylation determined using the RXXpS/pT 

motif antibody. PKP3 phosphorylation was increased in EGF stimulated cells, but was 

decreased in RSK1-depleted cells as well as upon RSK inhibition by LJH685 treatment. In 

contrast, RSK2 depletion did not affect PKP3 phosphorylation. Therefore, RSK1 appears 

to be the predominant kinase responsible for PKP3 phosphorylation at RXXpS/pT motif. 

However, due to the incomplete depletion of RSK2, RSK2 cannot yet be completely ruled 

out and in the following experiments RSK1 as well as RSK2 were analyzed. 

For further validation of an association between PKP3 and RSK1 or RSK2, BiFC analysis 

were performed (Figure 22B). Murine keratinocytes were co-transfected with FLAG-

Venus1 tagged PKP3 and HA-Venus2 tagged RSK1/RSK2. Association of PKP3 with RSK 

brought the fragments of the fluorescent protein Venus within close proximity, allowing the 

Venus protein to fold in its native three-dimensional conformation and emit a fluorescent 

signal. This experiment confirmed a strong association of PKP3 with RSK1 at cell borders 

and in the cytoplasm. In contrast, the BiFC signal for PKP3 and RSK2 was low. 

Collectively these results show that EGF-induced PKP3 phosphorylation was mediated by 

the MEK/ERK/RSK signaling axis. The downstream effectors RSKs appear to regulate 

PKP3 via the association of RSK1 with PKP3 at the cell membrane and in the cytoplasm 

(Figure 22C). In the following chapter, the role of RSKs in modulating PKP3 localization 

and cellular adhesion will be analyzed. 
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Figure 22 │ RSKs mediate PKP3 phosphorylation at RXXS/T motif. (A) For analyzing RSK isoform specific 
effects on PKP3 phosphorylation, murine keratinocytes transfected with non-targeting (siCtrl), RSK1, or RSK2 
(siRSK1, siRSK2, respectively) directed siRNAs were grown in HCM for 24 h, maintained in serum-free HCM 
without any supplements for 5 h, and treated with Ca2+ in combination with EGF (100 ng/ml) for 15 min. 
Furthermore, murine keratinocytes were grown in HCM for 24 h, maintained in serum-free HCM without any 
supplements for 5 h, incubated with the RSK inhibitor LJH685 (50 µM) for 1 h, and treated with Ca2+ in 
combination with EGF (100 ng/ml) for 15 min. Knockdown effciency, kinase activation, and impact of inhibitor 
were verified by western blotting with the indicated antibodies (input). Immunoprecipitated PKP3 (eluate) was 
probed for phosphorylation with an antibody that recognizes RXX-phospho-serine or phospho-threonine motif 
(RXXpS/pT). EGF-stimulated PKP3 phosphorylation at these AGC-kinase consensus sites (RXXS/T motif) was 
strongly increased, whereas RSK1 depletion and RSK inhibtion led to impaired PKP3 phosphorylation. In 
contrast, RSK2 depletion did not prevent PKP3 phosphorylation. The bar plot (lower panel) depicts the mean 
intensity ratios (+ s.d.; n=3) of RXXpS/pT versus PKP3 normalized to non-stimulated cells. Statistical 
significance was determined by one-way ANOVA with Tukey’s multiple comparisons test. (B) For BiFC analysis, 
murine keratinocytes were co-transfected with the indicated pVenus1 and pVenus2 constructs, LCM was 
switched to HCM, and cells were maintained in HCM for 24 h before fixation in formaldehyde on ice and 
immunostaining with FLAG- and HA-directed antibodies. Images of cells expressing both FLAG- and HA-
tagged fusion proteins were taken with identical exposure times (2 s) to enable a comparison of BiFC 
efficiencies. Scale bars: 50 µm, enlargement 10 µm. BiFC shows an association of PKP3 with RSK1 at cell 
borders as well as in the cytoplasm. In contrast, the association of PKP3 with RSK2 was low. The boxplot (right 
panel) depicts the mean fluorescence intensity (in area units, AU) of BiFC signals of ~ 70 individual transfected 
cells. The Whiskers extend to the minimum and maximum values. Statistical significance was determined by a 
student’s unpaired two tailed t-test. (C) Schematic of EGF-dependent PKP3 function based on the previous 
results (created with biorender.com). (1) EGF induces RSK phosphorylation by activation of the 
RAS/RAF/MAPK signaling pathway. (2) RSK1 and to a lesser extent RSK2, mediate PKP3 phosphorylation via 
association. (3) RSK-dependent modulation of PKP3 might affect its localization resulting in altered cellular 
adhesion. 
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4.1.5. RSKs modulate PKP3 localization and intercellular adhesion 

Based on the observation that PKP3 and RSK1 associate and depletion of RSK1 resulted 

in decreased PKP3 phosphorylation, I asked if this is reflected by changes in PKP3 

localization and desmosome structure. To analyze the effect of RSK1 and RSK2 on PKP3 

localization, plasmids encoding human RSK1 or RSK2 cDNA were transiently transfected 

into murine keratinocytes, resulting in RSK1 or RSK2 overexpression in these cells 

(Figure 23). Lateral desmosomes appeared as straight lines as observed after desmosome 

maturation in both RSK1 and RSK2 overexpressing cells. Despite the different appearance, 

the amount of lateral PKP3 was not considerably affected. In contrast, overexpression of 

RSK1 was compatible with strong PKP3 tricellular accumulation, whereas overexpression 

of RSK2 did not promote its tricellular localization. 

 
Figure 23 │ RSK1 overexpression improves tricellular PKP3 localization. For analyzing the effect of 
RSK1/2 overexpression on PKP3 localization, murine keratinocytes were transfected with the indicated GFP-
RSK constructs or a plasmid without insert (Ctrl) and grown in HCM for 24 h. Cells were fixed in methanol at -
20°C and immunostained for PKP3. Immunofluorescence images show RSK1/2 and PKP3 localization in 
control and in RSK1- or RSK2-overexpressing cells. The enlargements highlight the effects of the respective 
treatments on PKP3 localization. Scale bars: 50 µm, enlargement 10 µm. Lateral localization of PKP3 was not 
affected by RSK1 or RSK2 overexpression, whereas RSK1 overexpression led to increased tricellular PKP3 
localization. The boxplots (right panels) depict the enrichment factor of PKP3 at lateral contacts (n≥100) or at 
tricellular versus bicellular contacts (n≥100). The Whiskers extend to the minimum and maximum values. 
Statistical significance was determined by one-way ANOVA with Tukey’s multiple comparisons test. 
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Given that overexpression of RSK1 promoted tricellular PKP3 localization, I investigated 

the effect of RSK1 or RSK2 depletion on PKP3 localization in murine keratinocytes 

(Figure 24A). Knockdown of RSK1 and RSK2 was validated by western blotting 

(Figure S3A). Lateral PKP3 and desmoplakin appeared in a punctate pattern in RSK1- or 

RSK2-depleted cells, which is a characteristic of native immature desmosomes. 

Furthermore, the knockdown of either RSK1 or RSK2 resulted in decreased tricellular 

PKP3 localization. To further validate these results, RSK activity was inhibited by LJH685 

treatment (Figure 24B, for validation of inhibitor impact see Figure S3B). Inhibition of RSKs 

strongly prevented the tricellular localization of PKP3. 

 
Figure 24 │ RSK knockdown and inhibition interfere with PKP3 localization at tricellular contacts. (A) 
For analyzing the effect of RSK1/2 depletion on PKP3 localization, murine keratinocytes transfected with non-
targeting (siCtrl), RSK1, or RSK2 (siRSK1, siRSK2, respectively) directed siRNAs were switched to HCM at 
48 h after transfection and kept in HCM for another 24 h. Cell were fixed in methanol at -20°C and 
immunostained for PKP3 and desmoplakin (DSP). Immunofluorescence images show PKP3 and desmoplakin 
localization in control and in RSK1- or RSK2-depleted cells. The enlargements highlight the effects of the 
respective siRNAs on PKP3 and desmoplakin localization. Scale bars: 50 µm, enlargement 10 µm. Knockdown 
of RSK1 or RSK2 led to punctate desmosomes at lateral membrane and decreased tricellular PKP3 localization. 
Representative line scans of PKP3 fluorescence intensities across tricellular contact regions (upper mid panel) 
illustrate the different distribution of PKP3 in control and RSK1- or RSK2-depleted cells. The boxplot (upper 
right panel) depicts the enrichment factor of PKP3 at tricellular versus bicellular contacts (n≥300). The Whiskers 
extend to the minimum and maximum values. Statistical significance was determined by one-way ANOVA with 
Tukey’s multiple comparisons test. (B) For analyzing the effect of RSK inhibition on PKP3 localization, murine 
keratinocytes were grown in HCM for 24 h before control treatment with DMSO or treatment with the RSK 
inhibitor LJH685 (50 µM) for 1 h. Cells were fixed in methanol at -20°C and immunostained for PKP3. 
Immunofluorescence images show PKP3 localization in control and in LJH685 treated cell. The enlargements 
highlight the effects of the respective treatments on PKP3. Scale bars: 50 µm, enlargement 10 µm. RSK 
inhibition resulted in a punctate pattern of lateral PKP3 and a strongly reduced tricellular PKP3 localization. The 
boxplot (right panel) depicts the enrichment factor of PKP3 at tricellular versus bicellular contacts (n≥100). The 
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Whiskers extend to the minimum and maximum values. Statistical significance was determined by a student’s 
unpaired two tailed t-test. 

These experiments confirmed a specific role of RSKs in regulating PKP3 localization. RSK 

depletion or inhibition led to a switch of PKP3 localization from tricellular contacts to a more 

diffuse lateral membrane association (Figure 24), whereas overexpression of RSK1 but not 

RSK2 promote tricellular PKP3 localization (Figure 23). Due to the stronger effect of RSK1 

overexpression on PKP3 localization, RSK1 and not RSK2 seems to be the key driver 

(Figure 25A). 

As strong localization of PKP1 at lateral cell borders and PKP3 accumulation at tricellular 

contacts was described to correlate with increased intercellular adhesion (Keil et al., 2016), 

I asked whether RSK-dependent regulation of PKP3 localization affects the intercellular 

adhesion. An epithelial sheet assay (also known as dispase assay) was performed to 

measure the strength of intercellular adhesion (Figure 25B). Cell monolayers released by 

dispase were subjected to mechanical stress and the number of cell fragments were 

counted. In murine WT keratinocytes, RSK1/2 depletion as well as RSK inhibition resulted 

in an increased number of fragments, suggesting reduced intercellular adhesion 

(Figure 25C). This was in line with the altered lateral and tricellular localization of PKP3. In 

contrast, PKP3-KO cells showed an unaltered number of fragments after RSK1/2 depletion 

or RSK inhibition compared to control treated cells (Figure 25D). These results confirm that 

the effect of RSKs on desmosomes depend on PKP3. 
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Figure 25 │ Impaired tricellular PKP3 localization by RSK knockdown and inhibition correlate with 
reduced intercellular adhesion. (A) Schematic of RSK-dependent PKP3 function based on the previous 
results (created with biorender.com). RSK1 and to a lesser extent RSK2, phosphorylate PKP3 to promote 
tricellular localization. (B) Schematic of the epithelial sheet assay (also known as dispase assay, created with 
biorender.com). Cells were grown to confluence on collagen-I coated cell culture dishes. After detaching of 
monolayers by dispase, the monolayers were subjected to mechanical stress on a digital shaker. Cell plates 
were documented and fragments were counted. (C, D) Epithelial sheet assay performed in (C) WT cells and 
(D) PKP3-KO cells. Murine keratinocytes transfected with non-targeting (siCtrl), RSK1, or RSK2 (siRSK1, 
siRSK2, respectively) directed siRNAs were switched to HCM at 24 h after transfection. Alternatively, RSK 
inhibitor LJH685 (50 µM) was applied for 1 h to keratinocytes kept in HCM for 24 h before performing epithelial 
sheet assay. Cells were detached using dispase solution (serum-free medium supplemented with dispase, 
HEPES, and Ca2+) and treated with EGTA (3.3 mM) for 30 min to facilitate disruption of Ca2+-sensitive cell 
contacts. Monolayers were documented using a digital camera and subjected to mechanical stress for a 
maximum of 20 min on a digital shaker at 750 rpm. Fragments were documented and counted. Representative 
images before rotation (upper panels) and after rotation (lower panels) are shown. Scale bars: 0.7 cm. 
Knockdown of RSK1/2 (n=7) or RSK inhibition (n=4) led to increased number of fragments in WT cells. This 
effect was completely lost in PKP3-KO cells (n=4). The boxplots (right panels) depict the number of fragments. 
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The Whiskers extend to the minimum and maximum values. Statistical significance was determined by one-
way ANOVA with Tukey’s multiple comparisons test. 

To further validate the stability of adhesion, cells were treated with the chelator EGTA. As 

tricellular regions are more dynamic than lateral contacts, EGTA treatment induces small 

gaps at tricellular regions as described previously (Takasawa et al., 2013; Keil et al., 2016). 

Murine keratinocytes were treated with EGTA and immunostained for desmoplakin in both 

WT and PKP3-KO cells (Figure 26). In WT cells transfected with non-targeting siRNA 

(siCtrl), EGTA induced the dissociation of tricellular contacts but lateral contacts remained 

intact. In RSK1-depleted WT cells, the area of gaps between adjacent cells was 

significantly larger compared to control treated WT cells resulting in the extensive 

separation of neighboring cells after 3 h of EGTA treatment. In agreement with the loss of 

contact, RSK1 depletion resulted in the extensive loss of desmoplakin from lateral 

membranes. This indicates that RSK1 promotes cellular adhesion by stabilizing lateral 

contacts. In order to analyze if this phenomenon was PKP3-dependent, the experiment 

was performed in PKP3-KO cells. In the absence of PKP3, tricellular gaps remained small 

even after prolonged EGTA treatment in RSK1 depleted cells. This suggests a PKP3-

dependent stabilization of cell adhesion by RSK1. 

 
Figure 26 │ PKP3 promotes stabilization of cellular adhesion by RSK1. Murine WT and PKP3-KO 
keratinocytes transfected with non-targeting (siCtrl) or RSK1 (siRSK1) directed siRNAs were switched to HCM 
at 48 h after transfection and kept in HCM for another 24 h. Cell were treated with EGTA (3.3 mM) for 1 h or 
3 h, fixed in methanol at -20°C, and immunostained for desmoplakin. Immunofluorescence images show 
desmoplakin localization in control and in RSK1-depleted cells. Scale bars: 10 µm. In WT cells, EGTA treatment 
resulted in small gaps between adjacent cells that expanded after RSK1 depletion. The loss of PKP3 (PKP3-
KO cells) led to small gaps even after prolonged EGTA treatment. RSK1 knockdown did not affect gap size of 
neighboring PKP3-KO cells. The bar plots (right panels) depict the exposed area in percent per image (+ s.d.; 
n=3; 30 images each). Statistical significance was determined by one-way ANOVA with Tukey’s multiple 
comparisons test. 
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4.1.6. Summary 

In this chapter, murine keratinocytes and human A431 cells were used to analyze the 

desmosomal role of PKP3 as a scaffold for adhesion. Whereas PKP1 desmosome 

association is negatively regulated by IGF-1/insulin, this signaling pathway did not affect 

PKP3 phosphorylation or localization. In contrast, EGF signaling supported desmosome 

formation via PKP3, which was identified as a direct target of RSKs downstream of the 

EGFR. This effect of EGF on desmosomes was completely lost in PKP3-KO keratinocytes 

indicative of the essential role of PKP3 in mediating desmosome assembly in response to 

EGFR activation. PKP3 associated with RSKs with a preference for the RSK1 isoform 

resulting in altered PKP3 localization and function. Overexpression of RSK1 or RSK2 

supported desmosome formation and maturation with the accumulation of PKP3 at 

tricellular contacts. In contrast, depletion of RSKs by siRNAs or their inhibition interfered 

with normal desmosome maturation. In RSK-depleted or inhibited cells, PKP3 displayed a 

punctate or frayed appearance along lateral membranes whereas tricellular regions not 

only lacked PKP3 but in addition did not become sealed. This correlated with the 

destabilization of intercellular cohesion. Taken together, this chapter focused on the 

regulation of PKP3 in terms of adhesion and reports several novel findings that 

considerably improve the understanding of desmosomal regulation. The next chapter 

addresses the extra-desmosomal role of PKP3 as a scaffold for signaling. 

 

4.2. The extra-desmosomal role of PKP3 as a scaffold for signaling 

The second part of the results chapter deals with the extra-desmosomal role of PKP3 as a 

scaffold for signaling. The occurrence of PKP3 in different and distant locations suggests 

that PKP3 plays roles in cytoplasmic and nuclear processes in addition to its involvement 

in cell-cell adhesive interactions. These additional functions in the cytoplasm and the 

nucleus are less well characterized. As nuclear and cytoplasmic proteins can induce 

signaling pathways to regulate cell growth and differentiation, I started to elucidate how 

PKP3 contributes to the control of proliferation. 

Since proliferation is upregulated in cancer cells which correlates with disturbed cell cycle 

progression due to mutations for example in the tumor suppressor genes RB and/or p53 

(Engeland, 2022), I performed all the following experiments in non-transformed murine 

keratinocytes to focus on the mechanistic basis of PKP3’s role in proliferation. As a model 

system, I used established WT keratinocytes (Sklyarova et al., 2008; Keil et al., 2016) and 

PKP3-KO keratinocytes, which do not express PKP3 protein (Sklyarova et al., 2008; 

Keil et al., 2016), as well as PKP3-GFP overexpressing WT cells (WT+PKP3, (Keil et al., 
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2016)). Unless otherwise stated, all experiments were performed in LCM to keep PKP3 in 

a soluble, cytoplasmic pool in order to analyze its extra-desmosomal function. 

 

4.2.1. PKP3 affects proliferation and cell cycle progression 

To explore putative extra-desmosomal functions of PKP3, I analyzed PKP3-dependent 

protein coding gene expression patterns using various bioinformatic tools and databases. 

RNA sequencing of WT, PKP3-KO, and WT+PKP3 cells grown for 24 h in LCM was 

performed followed by assessment of a GSEA of all expressed protein coding genes to 

identify differentially regulated biological processes and molecular functions. Signaling 

pathways associated with PKP3 were identified using the REACTOME and KEGG 

databases, which are collections of various protein interaction networks such as pathways 

and complexes (Kanehisa et al., 2004; Yu et al., 2015). To further analyze the role of 

PKP3, the HALLMARK database was mapped, which represents biological states or 

processes (Liberzon et al., 2015). GSEA-based REACTOME (Figure 27), KEGG 

(Figure S4), and HALLMARK analyses (Figure S5) highlight the top ten downregulated 

gene sets in PKP3-KO versus WT cells as well as the top ten upregulated gene sets in 

WT+PKP3 versus WT cells. The downregulated genes in PKP3-KO cells and the 

upregulated genes in WT+PKP3 cells were mainly associated with cell cycle regulation and 

related pathways. This suggests that PKP3 positively correlates with cell cycle progression. 
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Figure 27 │ Gene set enrichment analysis links PKP3 to cell cycle regulation. For analyzing PKP3-
dependent protein coding gene expression patterns, WT, PKP3-KO, and WT+PKP3 cells were grown for 24 h 
in LCM and prepared for RNA sequencing. Based on a list of all protein coding genes ranked according to log2 
fold changes, a GSEA was performed mapping the REACTOME database. The GSEA-based REACTOME 
shows that downregulated protein coding genes in PKP3-KO cells and upregulated protein coding genes in 
WT+PKP3 cells were mainly involved in cell cycle regulation. Calculation of log2 fold changes and GSEA were 
kindly performed by Dr. Markus Glaß (Core Facility Imaging of the Medical Faculty, Martin Luther University). 
(A, C) The bar plots depict the normalized enriched scores (NES) of (A) the top ten most negatively enriched 
gene sets among protein coding genes in PKP3-KO versus WT cells or (C) the top ten most positively enriched 
gene sets among protein coding genes in WT+PKP3 versus WT cells. A positive NES reflects enrichment of 
the gene set at the top of the ranked list, i.e. gene sets overrepresented among induced genes. A negative 
NES indicates enrichment of the gene set at the bottom of the ranked list, i.e. gene sets overrepresented among 
repressed genes. The adjusted p-value estimates the statistical significance of the NES for a single gene set. 
The representative gene set which is further analyzed in (B) and (D) is marked in bold. (B, D) The GSEA 
enrichment plots for “REACTOME Cell cycle” for (B) PKP3-KO versus WT cells and (D) WT+PKP3 versus WT 
cells shows the running enrichment score (green curve), which increases as a gene within the set is present 
while the GSEA walks down the rank ordered list of log2 fold changes of protein coding genes. Vertical black 
lines indicate the positions of genes in the ranked dataset. Genes on the far left (red) correlates with the most 
upregulated cell cycle-associated genes, whereas genes on the far right (blue) correlates with the most 
downregulated cell cycle-associated genes. 

 

To further analyze the role of PKP3 in cell cycle regulation, cell proliferation of the adherent 

growing murine keratinocytes was tracked by live cell images automatically taken by an 

IncuCyte S3 system (Figure 28). Relative confluence was monitored for 4 days. In 

supporting of the GSEA data, growth behavior differed between WT, PKP3-KO, and 

WT+PKP3 cells. WT and WT+PKP3 cells revealed a similar growth pattern with continuous 

proliferation, as indicated by a steep ascent of the relative confluence over time. Up to 
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day 3, their proliferation appeared indistinguishable. After 3 days, however, a flattening of 

the curve revealed a tendency of WT cells to become non-proliferative at high cell density, 

whereas WT+PKP3 cells continued to proliferate, suggesting that these cells might be able 

to overcome contact inhibition. Loss of PKP3 (PKP3-KO cells) resulted in a flat curve with 

reduced relative confluence even after 96 h. These data further suggest that PKP3 

promotes proliferation in non-transformed keratinocytes. 

 
Figure 28 │ PKP3 promotes proliferation in non-transformed murine keratinocytes. For analyzing cell 
proliferation rates, murine WT, PKP3-KO, and WT+PKP3 keratinocytes were grown for up to 96 h in LCM. Live 
cell images were automatically taken from day 0 on every day by using an IncuCyte S3 System. Representative 
images (left panels) showing the confluence of WT, PKP3-KO, and WT+PKP3 cells at the indicated time points. 
Scale bar: 200 µm. WT and WT+PKP3 cells revealed a similar growth pattern with continuous proliferation, but 
WT+PKP3 cells continued to proliferate at high cell density. In contrast, PKP3-KO cells showed delayed 
confluence even after 96 h. The graph (right panel) depicts the averages of relative confluence, which was 
determined by analyzing the occupied area of individual nuclei over time (± s.d.; n=5; 12 images each). 
Statistical significance was determined by one-way ANOVA with Tukey’s multiple comparisons test. 

 

Cell proliferation involves cell growth and cell division, and is tightly organized by cell cycle 

phases (Schafer, 1998). During G0 phase, cells exist in a quiescent state. Proliferation 

begins with the first period of growth (G1 phase) during which DNA synthesis is prepared. 

In this phase, the cells grow in size and synthesize mRNA and proteins required for DNA 

synthesis. In the synthesis phase (S phase), the cells replicate their DNA. Once the cells 

have duplicated their chromosomes, they enter a second period of growth (G2 phase) 

during which the division into two daughter cells is prepared. Finally, the cell partitions its 

replicated DNA into two daughter cells in mitosis (M phase). After completing the cell cycle, 

the cell either starts the process again starting from G1 phase or it exits from the cell cycle 

through G0 phase. To determine more directly which phase of the cell cycle was primarily 

affected by PKP3, flow cytometry using propidium iodide to label DNA was performed 

(Figure 29). This allows measurement of cellular DNA content and reveals the distribution 

of cells in the cell cycle phases G0/G1 versus S versus G2/M. However, G0 and G1 as well 
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as G2 and M phase cannot be discriminated due their identical DNA content. Nonetheless, 

this analysis showed an enrichment of PKP3-KO cells in G0/G1 phase and a reduction of 

WT+PKP3 cells in this phase. 

 
Figure 29 │ Loss of PKP3 increases the number of cells in G0/G1 phase. For analyzing the PKP3-affected 
cell cycle phase, WT, PKP3-KO, and WT+PKP3 cells were grown for 24 h in LCM. Cells were fixed overnight 
in 70% ethanol, pelleted by centrifugation, and labelled with propidium iodide at 37°C for 10 min. The DNA 
content of about 10,000 cells per sample was measured by flow cytometry to analyze cell cycle. Flow cytometry 
was kindly performed by Dr. Nadine Bley (Core Facility Imaging of the Medical Faculty, Martin Luther 
University). Representative population histograms (left panels) showing the cell cycle distribution of WT, PKP3-
KO, and WT+PKP3 cells. Blue, G0/G1 phase; yellow, S phase; green, G2/M phase. Whereas PKP3-KO cells 
were enriched in G0/G1 phase, WT+PKP3 cells revealed a reduction in this phase. The bar plot (right panel) 
depicts the number of cells in cell cycle phases (+ s.d.; n=3). Statistical significance was determined by one-
way ANOVA with Tukey’s multiple comparisons test. 

 

Analysis of cell cycle specific events in murine keratinocytes is challenging because cell 

cycle synchronization using chemicals does not induce a synchronized division pattern 

(data not shown, experiment performed by Dr. René Keil and Gunther Kahl, Hatzfeld lab). 

To overcome this limitation, the FUCCI system was used. The FUCCI technology is based 

on the expression of two proteins, which show cell cycle regulated oscillations (Figure 30). 

Chromatin licensing and DNA replication factor 1 (CDT1) tagged with red fluorescent 

protein is present in G1 phase, whereas GFP tagged geminin accumulates in G2 and M 

phase. During S phase, both proteins are highly expressed resulting in a yellow 

fluorescence signal. Thus, changes in fluorescence allow to determine the duration of G1 

and G2 phases. WT and PKP-3KO cells were stably transfected with FUCCI probes and 

fluorescence was visualized by live cell images automatically taken by an IncuCyte S3 

system (Figure 30). This allowed monitoring of cell cycle progression at the single cell level. 

The loss of PKP3 (PKP3-KO FUCCI cells) prolonged G1 phase approximately twofold 

compared to WT FUCCI cells whereas other phases of the cell cycle were unaffected. This 

considerable enrichment of PKP3-KO FUCCI cells in G0/G1 phases suggested a delay in 

S phase entry. 
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Figure 30 │ Loss of PKP3 increases the duration in G1 phase. To determine the duration in cell cycle 
phases, WT and PKP3-KO cells were stable transfected with FUCCI probes. Cell cycle phases of WT FUCCI 
and PKP3-KO FUCCI cells were monitored based on their fluorescence using an IncuCyte S3 system starting 
4 h after seeding. Live cell images were automatically taken every hour. The FUCCI system (lower left panel, 
schematic created with biorender.com) consists of two fluorescent polypeptides that are degraded in a cell 
cycle dependent manner. In G1 phase, only CDT1 tagged with red fluorescent protein is present, whereas in 
G2 and early M phase, only geminin tagged with green fluorescent protein remains. As cells progress into S 
phase, both proteins are present in the nuclei as indicated by yellow fluorescence. Representative images of 
WT FUCCI and PKP3-KO FUCCI cells with segmentation mask overlays (upper panels) showing the 
fluorescence at the indicated time points. Red, G1 phase; yellow, S phase; green, G2 phase. Scale bar: 50 µm. 
In PKP3-FUCCI cells, G1 phase was prolonged approximately twofold compared to WT FUCCI cells. Other 
phases of the cell cycle were unaffected. The boxplot (lower right panel) depicts the duration of the cell cycle 
phases in WT FUCCI compared to PKP3-KO FUCCI cells (n=2; 17 cells per condition). The Whiskers extend 
to the minimum and maximum values. Statistical significance was determined by a student’s unpaired two tailed 
t-test. 

 

To compare the amount of cells in S phase, the incorporation of BrdU into newly 

synthesized DNA was measured (Figure 31). WT+PKP3 cells showed increased BrdU 

incorporation. In contrast, BrdU incorporation was diminished in PKP3-KO cells, indicating 

a decrease in the number of cells in S phase. This finding correlates with the growth curves 

and further supports a delay in G1-S phase transition in PKP3-KO keratinocytes. 
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Figure 31 │ Loss of PKP3 reduces BrdU incorporation into the DNA. For analyzing DNA replication, WT, 
PKP3-KO, and WT+PKP3 cells were grown for 24 h, 48 h, or 72 h in LCM. Afterwards, a colorimetric BrdU 
assay was performed. Cells were labelled with BrdU and incubated with the anti-BrdU peroxidase coupled 
antibody. After adding of substrate solution, photometric detection was based on blue color development. BrdU 
incorporation into newly synthesized DNA was decreased in PKP3-KO cells but increased in WT+PKP3 cells 
compared to WT cells. The boxplot depicts the absorbance (n=5). The Whiskers extend to the minimum and 
maximum values. Statistical significance was determined by one-way ANOVA with Tukey’s multiple 
comparisons test. 
 

In the skin, epidermal stem cells of the single basal layer differentiate upon stratification to 

form the suprabasal layers for maintaining the architecture of the mature epidermis. Thus 

in keratinocytes, a “slow-down” in cell cycle progression is commonly associated with the 

induction of differentiation. When cells stop to proliferate, they can undergo reversible 

quiescence by entering temporarily the non-proliferative state G0 or the cells irreversible 

enter G0 phase, which induces terminal differentiation with the simultaneous inability to 

proliferate (Marescal and Cheeseman, 2020). The expression of differentiation-specific 

markers enables reversible quiescence and terminal differentiation of epidermal 

keratinocytes to be distinguished. Early epidermal differentiation is characterized by 

increased levels of desmoglein 1, keratin 1, and keratin 10 in the spinous layer of the 

epidermis, whereas corneodesmosin, involucrin, and loricrin are expressed in the upper 

corneal and granular layers (Matsui and Amagai, 2015) (Figure 32). The protein levels of 

these differentiation markers were analyzed to examine whether reduced proliferation 

correlated with increased differentiation in PKP3-KO cells. WT and PKP3-KO keratinocytes 

were grown for 72 h in LCM or HCM to induce differentiation (Figure 32). WT cells grown 

in HCM expressed all differentiation markers. In contrast, protein levels of differentiation 

markers were unaltered or decreased in PKP3-KO cells grown in HCM. Thus, growth 

retardation in PKP3-KO cells was not a consequence of premature differentiation. 



RESULTS 

 

- 70 - 
 

 
Figure 32 │ Growth retardation is not a consequence of premature differentiation. A schematic of the 
epidermis demonstrates the expression of differentiation markers in distinct epidermal layers (upper left panel, 
created with biorender.com, modified from (Matsui and Amagai, 2015). Desmoglein 1, keratin 1, and keratin 10 
are highly expressed in the spinous layer, whereas corneodesmosin, involucrin, and loricrin show increased 
expression in the upper corneal and granular layers. For analysis of the PKP3-dependent expression pattern 
of differentiation markers, WT and PKP3-KO cells were grown for 72 h in medium with or without Ca2+ and 
lysed in SDS lysis buffer. Total cell extracts were analyzed by western blotting with the indicated antibodies. 
Representative western blots (upper right panel) showing the protein levels of PKP3 and epidermal 
differentiation markers. Ponceau S staining was used as a loading control. PKP3-KO cells grown in HCM 
showed unaltered or decreased protein levels of all differentiation markers compared to WT cells. The bar plots 
(lower panels) depict the protein amounts (+ s.d.; n=3) normalized to Ponceau S staining and relative to WT 
cells grown in medium without Ca2+ (first lane in western blot). Statistical significance was determined by one-
way ANOVA with Tukey’s multiple comparisons test. 
 

Collectively these results show that loss of PKP3 led to an enrichment of cells in G0/G1 

phase and a prolonged G1 phase. As a consequence, S phase entry was retarded. These 

data indicate that PKP3 promotes proliferation and cell cycle progression in murine 

keratinocytes. In the following chapter, the mechanistic basis of PKP3’s role in the G1-S 

phase transition will be analyzed. 

 

4.2.2. PKP3 promotes RB phosphorylation and E2F1 activity 

G1 to S phase transition is primarily controlled by the RB pathway (Figure 33A). The RB 

protein is a tumor suppressor, which plays a central role in the negative control of the cell 

cycle (Giacinti and Giordano, 2006). In G0 and early G1 phase, un-phosphorylated RB 

binds to members of the E2F family of transcriptions factors, including E2F1, in the nucleus 

and represses its transcriptional activity. In late G1 phase, mitogenic signals induce the 

synthesis of cyclins D and E, which form complexes with cyclin-dependent kinase 
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(CDK)4/CDK6 and CDK2, respectively. These activated complexes promote RB 

phosphorylation which leads to E2F dissociation. The priming hypo-phosphorylation is 

mediated by cyclin D-CDK4/6, which mono-phosphorylate RB. Subsequently, cyclin E-

CDK2 completes RB phosphorylation and its inactivation. Hyper-phosphorylated RB 

dissociates from E2F1 and can be translocated into the cytoplasm in an exportin-1 

dependent manner (Jiao et al., 2008). The release of E2F1 leads to its full activation and 

allows the expression of E2F1 target genes that encode proteins necessary for S phase 

transition. 

 
Figure 33 │ PKP3 regulates G1 phase in murine keratinocytes. (A) A schematic of the key events initiating 
G1-S phase progression demonstrates RB pathway as a central control mechanism (created with 
biorender.com, modified from (Giacinti and Giordano, 2006)). Un-phosphorylated, activated RB binds to E2F1 
transcription factor, which represses its transcriptional activity and blocks cell cycle progression. When a cell 
receives mitogenic signals, complex formation of CDK4/6 and CDK2 with their corresponding cyclins is 
triggered, leading to their full activation. Activated cyclin-CDK complexes partially deactivate RB by 
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phosphorylation. Subsequently, E2F1 is released and mediates expression of genes that encode proteins 
necessary for G1-S phase transition. (B) For analysis of the putative effect of PKP3 on the RB pathway, WT, 
PKP3-KO, and WT+PKP3 cells were grown for 24 h in LCM and lysed in SDS lysis buffer. Total cell extracts 
were analyzed by western blotting with the indicated antibodies. Representative western blots (left panel) 
showing the protein level of PKP3 and distinct G1 phase markers. In the PKP3 blot, the lower lane represents 
endogenous PKP3, the upper lane reflects PKP3-GFP. β-actin was used as a loading control. PKP3-KO cells 
showed unaltered protein levels of cyclin D1, D2, and E1, as well as CDK4, phospho-CDK4-Thr172, and E2F1 
compared to WT cells. CDK6 protein amount was reduced in PKP3-KO cells, but the level of its active form, 
phospho-CDK6-Thr177, was unaltered. CDK2 protein level was increased in PKP3-KO cells and decreased in 
WT+PKP3 cells, but the amount of its activated form (phospho-CDK2-Thr160) was unaltered or slightly 
increased. Importantly, RB and phospho-RB-Ser807/811 revealed PKP3-dependent levels, as shown by 
decreased amounts in PKP3-KO cells and increased levels in WT+PKP3 cells. A schematic of CDK activation 
(lower mid panel, created with biorender.com) demonstrates CDK4/6 and CDK2 phosphorylation sites, with 
indicated analyzed phosphosites (marked in bold). The bar plots (upper panel and lower right panel) depict the 
protein amounts (+ s.d.; n=3) normalized to β-actin and relative to WT cells (first lane in western blot). Statistical 
significance was determined by one-way ANOVA with Tukey’s multiple comparisons test. 
 

To analyze the putative effect of PKP3 on the RB pathway, the amount and activity of 

distinct proteins involved in RB regulation were quantified by western blotting (Figure 33B). 

In PKP3-KO cells, protein levels of cyclin D1, D2, and E1 were unaltered. Furthermore, 

CDK4 protein amount and activity (i.e., phosphorylation at Thr172) were not affected by the 

loss of PKP3. However, CDK6 protein level and its phosphorylation at Tyr24, which inhibits 

cyclin D-CDK6 association and prevents cell cycle progression, were decreased in PKP3-

KO cells, suggesting low levels of inactive CDK6. Despite its reduced protein level, 

activation of CDK6 by phosphorylation at Thr177 was not affected by PKP3. In contrast, the 

CDK2 protein level was significantly increased in PKP3-KO cells, but the amount of 

activated CDK2 (i.e., phosphorylation at Thr160) was unaltered. WT+PKP3 cells showed 

decreased CDK2 protein levels without a decrease in its activation. This suggests that 

PKP3 primarily affects the amount of CDK6 and CDK2 protein levels without significant 

effects on their activation. 

Even though the activities of the cyclin-CDK complexes were essentially unaltered, I 

investigated whether RB and/or E2F1 activity was affected by PKP3. The most dramatic 

effect was observed downstream of cyclin-CDKs. Total RB levels were significantly 

reduced in PKP3-KO and increased in WT+PKP3 cells. To analyze the effect on RB 

phosphorylation, I used an antibody raised against human phospho-RB-Ser807/811, a well-

known CDK4/CDK6 and CDK2 phosphorylation site (Rubin, 2013; Narasimha et al., 2014). 

To validate this antibody in murine keratinocytes, WT cells were treated with Lambda PP, 

which is active towards phosphorylated serine, threonine, and tyrosine residues 

(Figure S6). Treatment with Lambda PP did not alter PKP3 or RB levels, but the phospho-

RB signal was abolished confirming the antibody’s specificity for phospho-RB. Not only 

total RB was affected by PKP3, phospho-RB also revealed PKP3-dependent changes 

(Figure 33B). PKP3-KO cells showed an even more pronounced reduction in phospho-RB 
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compared to total RB, whereas WT+PKP3 cells showed elevated levels of phospho-RB. 

These data suggest that PKP3 might contribute to the regulation of RB phosphorylation. 

 

PKP3-KO cells were obtained from PKP3-KO mice, which were generated by the Cre/loxP-

site specific recombination system and were specified by the depletion of the mouse Pkp3 

exon 2-4 (Figure 34A) (Sklyarova et al., 2008). PKP3-KO cells were characterized by the 

loss of PKP3 protein (Figure 33B) and, surprisingly, by high levels of non-protein coding 

PKP3 RNA (Figure 34B). To analyze whether this non-protein coding RNA might affect the 

expression and regulation of components of the RB pathway, WT and PKP3-KO cells were 

treated with control or PKP3-directed (siPKP3) siRNAs. Depletion of PKP3 resulted in 

decreased PKP3 mRNA levels in both WT and PKP3-KO cells. Nonetheless, the loss of 

the non-protein coding PKP3 RNA in PKP3-KO cells did not affect CDK6 and RB mRNA 

levels, which were reduced to the same extent as in PKP3-KO cells with high levels of the 

truncated PKP3 RNA. This excludes that the observed effects on cell cycle associated 

genes were caused by the non-protein coding PKP3 RNA but are due to the loss of the 

PKP3 protein. 

 
Figure 34 │ Increased non-coding PKP3 RNA levels in PKP3-KO cells does not affect CDK6 and RB 
mRNA amount. (A) Schematic of Pkp3-WT allele and mutated Pkp3 allele with depletion of exon 2-4 (created 
with biorender.com, modified from (Sklyarova et al., 2008)). Exons are indicated as numbered blue boxes. 
Exon 1 starts with the ATG start codon, exon 13 ends with the TAG stop codon. PKP3-KO cells were obtained 
from PKP3-KO mice, which were generated by knockout of exon 2-4. (B) WT and PKP3-KO cells were 
transfected with non-targeting (siCtrl) or PKP3-directed (siPKP3) siRNAs, grown for 72 h in LCM, and 
processed for qRT-PCR. PKP3-KO cells showed increased levels of non-protein coding RNA, which was 
reduced to the same extent as in WT cells after PKP3 knockdown (left panel). CDK6 and RB mRNA were 
reduced in siCtrl and siPKP3 treated PKP3-KO cells compared to WT cells (right panel). The bar plots depict 
the mRNA amounts (+ s.d.; n=5) normalized to Eif3k as an invariant endogenous control (reference gene) and 
relative to WT cells. Statistical significance was determined by one-way ANOVA with Tukey’s multiple 
comparisons test. 
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Although PKP3-KO cells showed altered CDK6 and RB protein levels (Figure 33B), PKP3 

depletion in WT cells was not sufficient to decrease CDK6 and RB mRNA levels 

(Figure 34B), which might be due to the short time frame of the knockdown experiment. To 

analyze this effect in detail, protein stability of PKP3, CDK6, and RB was determined. WT, 

PKP3-KO, and WT+PKP3 cells were treated with cycloheximide, an inhibitor of protein 

biosynthesis which prevents translational elongation. After treatment and lysis of the cells, 

the protein abundance was analyzed by western blotting (Figure 35). The highly unstable 

protein c-MYC was used as positive control (Welcker et al., 2004; Li et al., 2015). Even 

after prolonged cycloheximide treatment, protein abundance of CDK6 and RB were only 

slightly decreased in WT cells, suggesting high protein stability. Highly stable proteins do 

not need continuous translation from mRNA, which might contribute to smaller effects of 

PKP3 knockdown in WT cells compared to its depletion in PKP3-KO cells. Moreover, CDK6 

and RB protein levels after cycloheximide treatment were unaltered in PKP3-KO and 

WT+PKP3 cells compared to WT cells. Thus, it seems that PKP3 does not affect protein 

stability of CDK6 and RB. 

 
Figure 35 │ PKP3 does not affect protein stability of CDK6 and RB. A cycloheximide chase assay was 
performed to measure steady-state protein stability. WT, PKP3-KO, and WT+PKP3 cells were grown for 24 h 
in LCM and treated with cycloheximide (CHX, 200 µg/ml) for 8 h or 16 h. Cells were lysed in SDS lysis buffer. 
Total cell extracts were analyzed by western blotting with the indicated antibodies. Representative western 
blots (left panel) showing the protein level of PKP3, CDK6, and RB. In the PKP3 blot, the lower lane represents 
endogenous PKP3, the upper lane reflects PKP3-GFP. β-actin was used as a loading control. c-MYC was used 
as positive control. Whereas c-MYC showed dramatically reduced protein amounts in all three cell lines, PKP3, 
CDK6, and RB protein levels were unaltered even after 16 h cycloheximide. The graph (right panels) depicts 
the protein abundance (± s.d.; n=3) normalized to β-actin and relative to 0 h cycloheximide. Statistical 
significance was determined by one-way ANOVA. 
 

As CDK6 can phosphorylate RB and PKP3-KO cells showed diminished protein levels of 

CDK6 and phospho-RB, I determine whether increased expression of CDK4 or CDK6 can 

rescue RB phosphorylation in PKP3-KO cells. Thus, HA-tagged CDK4 or CDK6 were 

expressed in all three cell lines (Figure 36). Neither the ectopic expression of CDK4 nor 

expression of CDK6 increased RB phosphorylation in PKP3-KO cells. This suggests that 

the reduced CDK6 protein level in PKP3-KO cells is not the main driver of the prolonged 

G1 phase. 
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Figure 36 │ Ectopic expression of CDK4 or CDK6 does not rescue RB phosphorylation in PKP3-KO 
cells. For analyzing the effect of CDK4 and CDK6 overexpression, WT, PKP3-KO, and WT+PKP3 cells were 
transfected with the indicated Venus2-HA-CDK constructs or a plasmid without insert (mock) and grown for 
24 h in LCM. Cells were lysed in SDS lysis buffer. Total cell extracts were analyzed by western blotting with the 
indicated antibodies. Representative western blots (left panel) showing the protein level of CDK4/6 and 
phospho-RB. Ponceau S staining was used as a loading control. Amount of phospho-RB was not increased in 
PKP3-KO cells after ectopic expression of CDK4 or CDK6. The bar plot (right panel) depicts the level of 
phospho-RB (+ s.d.; n=3) normalized to Ponceau S staining and relative to mock treatment in WT cells (first 
lane in western blot). Statistical significance was determined by one-way ANOVA with Tukey’s multiple 
comparisons test. 
 

RB phosphorylation is the key event in G1-S phase transition by promoting E2F1 release 

and regulating its transcriptional activity. E2F1 protein level was not affected by PKP3 

(Figure 33B). As PKP3-KO cells showed impaired RB phosphorylation, I hypothesized that 

E2F1 activity might also be reduced. To analyze the transcriptional activity of E2F1, mRNA 

levels of selected E2F1 target genes involved in cell cycle control, such as E2F3, CCNA2 

(cyclin A2), CCNB1 (cyclin B1), CDK1, minichromosome maintenance complex 

components 3 and 6 (MCM3, MCM6), thymidylate synthase (TYMS), and flap 

endonuclease 1 (FEN1), were quantified by qRT-PCR (Figure 37). In PKP3-KO cells, 

mRNA levels of these E2F1 target genes were decreased. This indicates that the loss of 

PKP3 resulted in reduced transcriptional activity of E2F1 and was further supported by 

GSEA-based HALLMARK data (Figure S5), in which downregulated protein coding genes 

in PKP3-KO cells and upregulated protein coding genes in WT+PKP3 cells were highly 

associated with E2F targets. 
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Figure 37 │ PKP3 promotes transcriptional activity of E2F1. For analyzing the transcriptional activity of 
E2F1, WT and PKP3-KO cells were grown for 24 h in LCM and processed for qRT-PCR. Analysis of mRNA of 
E2F1 targets involved in cell cycle control revealed decreased levels in PKP3-KO cells compared to WT cells. 
The bar plot depicts the log2 mRNA fold changes (+ s.d.; n=7) normalized to Eif3k as an invariant endogenous 
control (reference gene) and relative to WT cells. Statistical significance was determined by a student’s 
unpaired two tailed t-test. 

 

Taken together, these data show that PKP3 promotes the G1-S phase transition by 

increasing RB phosphorylation, thereby enhancing E2F1 activity. In the following chapter, 

the molecular mechanism underlying the regulation of the G1 to S phase transition by PKP3 

will be analyzed. 

 

4.2.3. PKP3 captures RB to promote E2F1 release  

Cell cycle research continues to focus heavily on the molecular mechanisms to understand 

the modulators of the RB pathway. To test whether PKP3 contributes to RB pathway 

regulation by association with proteins involved in G1-S phase transition, 

immunoprecipitations were performed. PKP3-GFP was affinity purified from WT+PKP3 

cells (Figure 38A). CDK4, CDK6, cyclin E1, and CDK2 did not co-purify with PKP3. In 

contrast, RB and phospho-RB co-precipitated, suggesting an association with PKP3. To 

validate these data, endogenous RB was immunoprecipitated from WT cells (Figure 38B). 

Co-purification of PKP3 supports a putative association of PKP3 with RB. The interaction 

of PKP3 with RB may facilitate the dissociation of RB from E2F1. According to this 

hypothesis, the amount of RB-E2F1 complex would decrease in the presence of PKP3. To 

verify this hypothesis, endogenous E2F1 was immunoprecipitated from WT and PKP3-KO 

cells (Figure 38C). As expected, phospho-RB did not co-purify with E2F1, whereas RB co-

precipitated. In agreement with my hypothesis, the amount of RB forming a complex with 

E2F1 was reduced in WT cells. This supports the assumption that PKP3 disturbs the 

interaction of RB with E2F1. In contrast, the significantly greater amount of RB-E2F1 

complex in PKP3-KO cells suggests that the loss of PKP3 increased the association of RB 

with E2F1, leading to reduced E2F1 activity. 
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Figure 38 │ PKP3 captures RB to promote E2F1 release. (A) For analyzing putative PKP3 binding partners, 
PKP3-GFP or GFP were precipitated from ectopically expressing WT cells using GFP-trap agarose and probed 
for interaction by western blotting with the indicated antibodies. Representative western blots (left panel) 
showing total protein lysates labeled input, and immunoprecipitates which are eluated from the beads after the 
immunoprecipitation labeled eluate. In the PKP3 blot, the lower lane represents endogenous PKP3, the upper 
lane reflects PKP3-GFP. Whereas CDK4, CDK6, cyclin E1, and CDK2 did not co-purify with PKP3, RB and 
phospho-RB co-precipitated. The bar plot (upper right panel) depicts the level of eluate proteins (+ s.d.; n=3) 
normalized to precipitated GFP and relative to the values of GFP-only cells (second lane in western blot). 
Statistical significance was determined by a student’s unpaired two tailed t-test. The schematic (lower right 
panel, created with biorender.com) shows the role of PKP3 as a putative interaction partner of G1 phase 
regulating proteins. (B) For analyzing putative RB binding partners, endogenous RB was affinity purified from 
WT cells and probed for interaction by western blotting with the indicated antibodies. Representative western 
blots (upper panel) showing total protein lysates labeled input, and immunoprecipitates which are eluated from 
the beads after the immunoprecipitation labeled eluate. Normal rabbit IgG served as a negative control. PKP3 
did co-purify with endogenous RB. The bar plot (lower panel) depicts the level of eluate proteins (+ s.d.; n=3) 
normalized to precipitated IgG heavy chain (Ig) and relative to values in control cells (second lane in western 
blot). Statistical significance was determined by a student’s unpaired two tailed t-test. (C) For analyzing the 
E2F1-RB complex, endogenous E2F1 was affinity purified from WT cells or PKP3-KO cells and probed for 
interaction by western blotting with the indicated antibodies. Representative western blots (left panel) showing 
total protein lysates labeled input, and immunoprecipitates which are eluated from the beads after the 
immunoprecipitation labeled eluate. Normal rabbit IgG served as a negative control. Whereas phospho-RB did 
not co-purify with endogenous E2F1, RB did co-purify in WT and PKP3-KO cells. The bar plot (mid panel) 
depicts the RB/E2F1 ratio in the eluate (+ s.d.; n=3) normalized to precipitated IgG heavy chain (Ig) and relative 
to WT cells (second lane in western blot). Statistical significance was determined by a student’s unpaired two 
tailed t-test. The schematic (right panel, created with biorender.com) shows that PKP3 might promotes E2F1 
release and its increasing transcriptional activity in WT cells, whereas in PKP3-KO cells, the higher amount of 
RB-E2F1 complex may results in impaired transcriptional activity of E2F1. 
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As subcellular localization and phosphorylation status of RB change during the cell cycle 

(Mittnacht and Weinberg, 1991; Stokke et al., 1993), the effects of PKP3 on intracellular 

RB localization were analyzed. Nucleus/cytoplasm fractionation were used to identify the 

localization of PKP3, RB, and phospho-RB in WT as well as PKP3-KO cells (Figure 39A). 

PKP3 was detected in both cytoplasmic and nuclear fractions, with a slight preference for 

cytoplasmic localization. Total RB was primarily detected in the nucleus of WT and PKP3-

KO cells. In contrast, phospho-RB was primarily detected in the cytoplasmic fraction of WT 

cells, with a strong reduction in PKP3-KO cells. Thus, PKP3 might capture phospho-RB in 

the cytoplasm to promote G1-S phase transition. To test this assumption, 

nucleus/cytoplasm fractionation was combined with immunoprecipitation. Nuclear and 

cytoplasmic fractions were prepared from WT+PKP3 cells and PKP3-GFP was affinity 

purified from these fractions (Figure 39B). PKP3 was isolated from both fractions but it 

localized preferentially in the cytoplasm. RB co-isolated with PKP3 not only from the 

nuclear fraction but also from the cytoplasm. Although RB localized primarily in the nucleus, 

its interaction with PKP3 was detected mainly in the cytoplasm, suggesting a preferred 

association of PKP3 with the phosphorylated form of RB that translocates into the 

cytoplasm. Because nucleus/cytoplasm fractionation may not accurately reflect subcellular 

localization of proteins in living cells (e.g., redistribution after cell breakage of molecules 

not tightly bound to nuclear or cytoplasmic structures), immunofluorescence studies were 

performed to validate the PKP3-dependent localization of RB. WT and PKP3-KO cells were 

processed for immunofluorescence studies of PKP3 and RB (Figure 39C). In agreement 

with fractionation studies, RB was predominantly localized in the nucleus with a weaker 

cytoplasmic signal. The ratio of cytoplasmic to nuclear RB fluorescence was further 

decreased in PKP3-KO cells. Thus, PKP3 might increase the amount of cytoplasmic RB. 
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Figure 39 │ PKP3 promotes cytoplasmic localization of phospho-RB. (A) For analyzing intracellular 
localization, WT and PKP3-KO cells were grown for 24 h in LCM, processed for nucleus/cytoplasm 
fractionation, and analyzed by western blotting with the indicated antibodies. Representative western blots 
(upper panel) showing cytoplasmic fractions (CF) and nuclear fractions (NF). α-tubulin was used as CF control, 
p54nrb was used as NF control. Whereas PKP3 showed cytoplasmic and nuclear localization, RB localized 
predominantly nuclear. Phospho-RB was primarily detected in the cytoplasm of WT cells, with a strong 
reduction in PKP3-KO cells. The bar plot (lower panel) depicts the CF/NF ratio (+ s.d.; n=3) in WT and PKP3-
KO cells. Statistical significance was determined by a student’s unpaired two tailed t-test. (B) For analyzing 
putative PKP3 binding partners in the cytoplasm and the nucleus, PKP3-GFP or GFP were precipitated from 
ectopically expressing WT cells using GFP-trap agarose after nucleus/cytoplasm fractionation and probed for 
interaction by western blotting with the indicated antibodies. Representative western blots (upper left panel) 
showing total protein lysates labeled input, and immunoprecipitates which are eluated from the beads after the 
immunoprecipitation labeled eluate. In the PKP3 blot, the lower lane represents endogenous PKP3, the upper 
lane reflects PKP3-GFP. CF, cytoplasmic fraction; NF, nuclear fraction. PKP3 was isolated from both fraction. 
RB was co-isolated from the cytoplasm and to a lesser extent from the nucleus. Phospho-RB was co-isolated 
with PKP3 only from the cytoplasm. The bar plots (upper right panel) depict the level of eluate proteins (+ s.d.; 
n=3) normalized to precipitated GFP and relative to the values of GFP-only cells (second and fourth lane in 
western blot, respectively). Statistical significance was determined by a student’s unpaired two tailed t-test. The 
schematic (lower panel, created with biorender.com) shows that PKP3 prefers cytoplasmic binding with 
phospho-RB in WT cells, whereas in PKP3-KO cells, the loss of PKP3 results in decreased cytoplasmic levels 
of phospho-RB. (C) For analyzing intracellular RB localization, WT and PKP3-KO cells were grown for 24 h in 
LCM, and processed for immunofluorescence. Cells were fixed in formaldehyde on ice and immunostained for 
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PKP3 and RB. Immunofluorescence images (left panel) show RB localization in PKP3-KO cells compared to 
WT cells. PKP3 fluorescence depicts the loss of PKP3 in PKP3-KO cells. Scale bar: 50 µm. RB localized 
primarily nuclear with a weaker cytoplasmic signal. In PKP3-KO cells, cytoplasmic RB localization was further 
decreased. The truncated violin plot (right panel) depicts the cytoplasmic/nuclear ratio of RB fluorescence 
intensity (n≥300 cells per condition from two independent experiments). The violin plot shows medium 
smoothed data distribution for each subgroup, a black horizontal line representing the median of each 
subgroup, and colored horizontal lines representing the 75th percentile or the 25th percentile, respectively, of 
each subgroup. Statistical significance was determined by a student’s unpaired two tailed t-test. 

 

These data show a preferred interaction of PKP3 with the phosphorylated form of RB that 

translocates into the cytoplasm. To understand whether the association depended on RB 

phosphorylation or whether it was rather regulated by RB localization, a RB-∆CDK 

construct was used. RB-∆CDK is a mutant version of RB lacking all 15 CDK 

phosphorylation sites, which have been exchanged to alanine (Narasimha et al., 

2014). GFP-tagged RB-WT and RB-∆CDK were expressed in WT keratinocytes and both 

proteins were affinity purified (Figure 40). Using the phospho-RB-Ser807/811 antibody, a lack 

of Ser807/811 phosphorylation in the RB-∆CDK mutant was confirmed. However, PKP3 co-

precipitated with RB-WT as well as RB-∆CDK. This suggests no preference of PKP3 for 

phosphorylated or unphosphorylated RB. Therefore, RB localization, not its 

phosphorylation, determines its interaction with PKP3. 

 
Figure 40 │ RB phosphorylation does not determine its interaction with PKP3. GFP-RB-WT or GFP-RB-
∆CDK were precipitated from ectopically expressing WT cells using GFP-trap agarose and probed for 
interaction by western blotting with the indicated antibodies. Representative western blots (left panel) showing 
total protein lysates labeled input, and immunoprecipitates which are eluated from the beads after the 
immunoprecipitation labeled eluate. In the RB and P-RB-Ser807/811 blots, the lower lane represents endogenous 
RB, the upper lane reflects RB-GFP. The RB-∆CDK mutant was characterized by a lack of phosphorylation. 
PKP3 was co-isolated with RB-WT and RB-∆CDK. The bar plot (right panel) depicts the level of eluate proteins 
(+ s.d.; n=5) normalized to precipitated GFP and relative to the values of RB-WT (first lane in western blot). 
Statistical significance was determined by a student’s unpaired two tailed t-test. 

 

Collectively these results uncover a role of PKP3 in the regulation of RB. Mechanistically, 

PKP3 interacts with phosphorylated RB in the cytoplasm, which may contribute to reducing 

RB in the nucleus and decrease the inhibitory RB-E2F1 interaction. 
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4.2.4. PKP3 regulates p21 expression, localization, and function 

The previous data show that PKP3 sequesters RB in the cytoplasm which might promote 

E2F1 activity. However, these data do not explain why RB phosphorylation was reduced in 

PKP3-KO cells. Therefore, the regulation of G1-S phase transition upstream of the RB-

E2F1 complex was analyzed. RB phosphorylation is tightly controlled by CDKs. Their 

activity is regulated by the cyclin-dependent kinase inhibitor (CDKN) family of genes which 

code for proteins that bind and inhibit the activity of CDKs (Lutful Kabir et al., 2015). The 

inhibitors of CDK4 (INK4) family members p16 (gene name CDKN2A), p15 (CDKN2B), p18 

(CDKN2C), and p19 (CDKN2D) primarily target cyclin D-CDK4/CDK6, whereas the CDK 

interacting protein/kinase inhibitory protein (CIP/KIP) family members p21 (CDKN1A), p27 

(CDKN1B), and p57 (CDKN1C) inhibit both cyclin D-CDK4/CDK6 and cyclin E-CDK2 

complexes (Figure 41A). Analysis of mRNA levels in WT, PKP3-KO, and WT+PKP3 cells 

demonstrated decreased p16, p15, and p27 mRNA levels in both PKP3-KO and WT+PKP3 

cells (Figure 41B). Importantly, mRNA levels of p21 were increased in PKP3-KO cells and 

slightly decreased in WT+PKP3 cells. mRNA of p19 was unaltered in PKP3-KO cells. p57 

and p18 were not expressed in murine keratinocytes (data not shown). As p21 mRNA was 

inversely correlated with PKP3, the role of p21 in cell cycle regulation was further analyzed. 

First, I addressed the question if regulation of the stability of the p21 mRNA may contribute 

to its inhibitory effect on cell cycle progression. Thus, WT and PKP3-KO cells were treated 

with actinomycin D to inhibit synthesis of new mRNA, allowing the analysis of the p21 

mRNA half-life (Figure 41C). The highly unstable c-MYC mRNA was used as a positive 

control (Dani et al., 1984). Whereas c-MYC revealed a mRNA half-life of about 1 h, the 

mRNA half-life of p21 was about 5.04 h in WT cells and 4.52 h in PKP3-KO cells. Thus, the 

mRNA stability of p21 was essentially unaltered in PKP3-KO cells, suggesting that PKP3 

does not contribute to p21 mRNA decay. To test for a correlation of mRNA levels with 

protein abundance, protein levels of p16 and p21 were analyzed in WT, PKP3-KO, and 

WT+PKP3 cells (Figure 41D). In accordance to mRNA levels, p16 protein levels were 

decreased in PKP3-KO and WT+PKP3 cells. Furthermore, p21 protein levels were 

inversely correlated with PKP3 levels. This identifies p21 as the main inhibitory protein 

revealing a PKP3-dependent expression pattern. 
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Figure 41 │ PKP3 inhibits p21 mRNA and protein levels. (A) A schematic of the regulation of CDKs activity 
by the CDKN protein family (created with biorender.com, modified from (Lutful Kabir et al., 2015). The INK4 
family members p16 (gene name CDKN2A), p15 (CDKN2B), p18 (CDKN2C), and p19 (CDKN2D) primarily bind 
and inactivate cyclin D-CDK4/CDK6, whereas the CIP/KIP family members p21 (CDKN1A), p27 (CDKN1B), 
and p57 (CDKN1C) inhibit both cyclin D-CDK4/CDK6 and cyclin E-CDK2 complexes. (B) For analyzing CDKN 
mRNA levels, WT, PKP3-KO, and WT+PKP3 cells were grown for 24 h in LCM and processed for qRT-PCR. 
Analysis of CDKN mRNA revealed increased levels of p21 in PKP3-KO cells and slightly decreased levels in 
WT+PKP3 cells. mRNA of p16, p15, p19, and p27 were not inversely correlated with PKP3 levels. The bar plot 
(left panel) depicts the log2 mRNA fold change (+ s.d.; n=7) normalized to Eif3k as an invariant endogenous 
control (reference gene) and relative to WT cells. Statistical significance was determined by a student’s 
unpaired two tailed t-test. A schematic (right panel, created with biorender.com) demonstrates CDKN mRNA 
levels in PKP3-KO cells compared to WT cells. (C) A mRNA decay assay was performed to measure mRNA 
stability. WT and PKP3-KO cells were grown for 24 h in LCM, treated with actinomycin D (10 µg/ml) for up to 
8 h, and processed for qRT-PCR. The mRNA fold change was calculated normalized to Eif3k as an invariant 
endogenous control (reference gene) and relative to values at 0 h actinomycin D treatment. Subsequently, an 
one-phase exponential decay curve analysis was performed to determine the mRNA half-life of p21. C-MYC 
was used as positive control. The graphs depict the remaining mRNA levels (± s.d.; n=3) relative to 0 h 
actinomycin D and the calculated half-life (t1/2) of c-MYC or p21 mRNA in WT and PKP3-KO cells, respectively. 
mRNA stability of p21 was unaltered in PKP3-KO cells. (D) For analysis of the protein levels, WT, PKP3-KO, 
and WT+PKP3 cells were grown for 24 h in LCM and lysed in SDS lysis buffer. Total cell extracts were analyzed 
by western blotting with the indicated antibodies. Representative western blots (upper left panel) showing the 
protein levels of p16 and p21. β-actin was used as a loading control. PKP3-KO and WT+PKP3 cells showed 
impaired p16 protein levels compared to WT cells. In contrast, p21 protein level was increased in PKP3-KO 
cells and decreased in WT+PKP3 cells. A schematic (upper right panel, created with biorender.com) 
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demonstrates CDKN protein levels in PKP3-KO cells compared to WT cells. The bar plots (upper panels) depict 
the protein amounts (+ s.d.; n=3) normalized to β-actin and relative to WT cells (first lane in western blot). 
Statistical significance was determined by one-way ANOVA with Tukey’s multiple comparisons test. 

 

To determine the role of p21 in controlling the RB pathway, its localization and function 

were analyzed in more detail. The function of p21 as inhibitor of cell cycle progression 

depends on its subcellular localization. Cytoplasmic localization of p21 promotes cell 

growth, whereas p21 inhibits proliferation and acts as a tumor suppressor when localized 

in the nucleus (Georgakilas et al., 2017; Shamloo and Usluer, 2019). The localization of 

p21 in WT and PKP3-KO cells was determined by immunofluorescence studies 

(Figure 42A). In order to validate the specificity of the antibody on murine keratinocytes, a 

knockdown of p21 was performed in parallel. In both WT and PKP3-KO cells, p21 localized 

predominately in the nucleus. However, the nuclear to cytoplasmic ratio of fluorescence 

intensity was 3-fold higher in PKP3-KO cells than in WT cells. This PKP3-dependent 

localization of p21 might be driven by its interaction with PKP3, which was confirmed by 

immunoprecipitations. PKP3-GFP was affinity purified from WT+PKP3 cells (Figure 42B). 

p16 did not co-purify with PKP3, whereas p21 co-precipitated, suggesting an association 

of PKP3. As PKP3 interacts with p21, PKP3 might sequesters p21 in the cytoplasm to 

prevent its inhibitory activity. 
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Figure 42 │ PKP3 prevents nuclear localization of p21. (A) For analyzing intracellular p21 localization, WT 
and PKP3-KO cells were transfected with non-targeting (siCtrl) or p21-directed (sip21) siRNAs, grown for 72 h 
in LCM, and processed for immunofluorescence. Cells were fixed in formaldehyde on ice and immunostained 
for PKP3 and p21. Immunofluorescence images (upper panel) show p21 localization in siCtrl-treated PKP3-KO 
cells compared to siCtrl-treated WT cells. p21 fluorescence depicts successful siRNA treatment. Scale bars: 
50 µm. In siCtrl-treated WT cells, p21 localized primarily nuclear. In contrast in siCtrl-treated PKP3-KO cells, 
nuclear p21 localization was further enhanced. The truncated violin plot (lower left panel) depicts the 
nuclear/cytoplasmic ratio of p21 fluorescence intensity in siCtrl-treated cells (n≥250 cells per condition from two 
independent experiments). The violin plot shows medium smoothed data distribution for each subgroup, a black 
horizontal line representing the median of each subgroup, and colored horizontal lines representing the 75th 
percentile or the 25th percentile, respectively, of each subgroup. Statistical significance was determined by a 
student’s unpaired two tailed t-test. (B) For analyzing putative PKP3 binding partners, PKP3-GFP or GFP were 
precipitated from ectopically expressing WT cells using GFP-trap agarose and probed for interaction by western 
blotting with the indicated antibodies. Representative western blots (left panel) showing total protein lysates 
labeled input, and immunoprecipitates which are eluated from the beads after the immunoprecipitation labeled 
eluate. In the PKP3 blot, the lower lane represents endogenous PKP3, the upper lane reflects PKP3-GFP. 
Whereas p16 did not co-purify with PKP3, p21 co-precipitated. The bar plot (upper right panel) depicts the level 
of eluate p21 protein (+ s.d.; n=3) normalized to precipitated GFP and relative to the values of GFP-only cells 
(second lane in western blot). Statistical significance was determined by a student’s unpaired two tailed t-test. 
The schematic (lower right panel, created with biorender.com) shows PKP3’s role as a putative interaction 
partner of CDKN proteins. 

 

In PKP3-KO cells, nuclear p21 might act as a tumor suppressor. To investigate whether 

elevated nuclear localization of p21 in PKP3-KO cells resulted in impaired RB 

phosphorylation, WT and PKP3-KO cells were transfected with non-targeting or p21-

directed siRNAs (Figure 43). Depletion of p21 in PKP3-KO cells diminished the p21 protein 
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to a level similar to that detected in WT cells. Importantly, downregulation of p21 in PKP3-

KO cells resulted in increased levels of phospho-RB. This partial rescue of RB 

phosphorylation after p21 knockdown in PKP3-KO cells suggested that p21 is critically 

involved in PKP3-mediated regulation of cell cycle progression. 

 
Figure 43 │ RB phosphorylation is determined by p21 level. For analyzing p21 depletion, WT and PKP3-
KO cells were transfected with non-targeting (siCtrl) or p21-directed (sip21) siRNAs, grown for 72 h in LCM, 
and lysed in SDS lysis buffer. Total cell extracts were analyzed by western blotting with the indicated antibodies. 
Representative western blots (left panel) showing the protein level of p21 and phospho-RB. β-actin was used 
as a loading control. Depletion of p21 in PKP3-KO cells resulted in decreased p21 protein level similar to WT 
cells, but enhanced RB phosphorylation. The bar plots (right panels) depict the protein amounts (+ s.d.; n=3) 
normalized to β-actin and relative to siCtrl-treated WT cells (first lane in western blot). Statistical significance 
was determined by one-way ANOVA with Tukey’s multiple comparisons test. 

 

Taken together, these data show that PKP3 inhibits p21 mRNA and protein levels by a yet 

unknown mechanism. Furthermore, PKP3 prevents the nuclear localization of p21 by 

association, which controls its function as an inhibitor of RB phosphorylation. In the 

following chapter, the mechanism underlying the PKP3-dependent regulation of p21 protein 

level will be analyzed. 

 

4.2.5. PKP3 modulates a RUNX3-EGFR axis 

Expression of p21 is regulated by a number of transcription factors, including c-MYC 

(Abbas and Dutta, 2009) and RUNX3 (Figure 44A), an effector of transforming growth 

factor-β (TGF-β) signaling (Ito and Miyazono, 2003). To analyze whether mRNA 

expression of c-MYC or RUNX3 were altered in PKP3-KO cells, mRNA levels of c-MYC 

and RUNX3 were investigated along with the reference gene EIF3K in WT, PKP3-KO, and 

WT+PKP3 cells (Figure 44B). C-MYC Ct levels revealed no PKP3-dependence. In 

contrast, RUNX3 Ct values were significantly decreased in PKP3-KO cells and increased 

in WT+PKP3 cells, indicative of elevated RUNX3 mRNA levels in PKP3-KO cells. To 

confirm these data, protein levels were analyzed (Figure 44C). In agreement with mRNA 

levels, c-MYC protein levels were unaltered, whereas RUNX3 protein levels were 

dramatically enhanced in PKP3-KO cells. This suggests that elevated RUNX3 may be 

responsible for increased p21 and reduced phospho-RB levels in PKP3-KO cells. 
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Figure 44 │ PKP3 inhibits RUNX3 mRNA and protein levels. (A) A schematic of the regulation of p21 by c-
MYC and RUNX3, which is an effector of TGF-β signaling (created with biorender.com, modified from 
(Ito and Miyazono, 2003; Abbas and Dutta, 2009). (B) For analyzing mRNA levels of p21 regulators, WT, 
PKP3-KO, and WT+PKP3 cells were grown for 24 h in LCM and processed for qRT-PCR. EIF3K was used as 
an invariant endogenous control. Whereas Ct values of c-MYC were unaltered, analysis of RUNX3 mRNA 
levels revealed dramatically decreased Ct values in PKP3-KO and increased Ct values in WT+PKP3 cells 
compared to WT cells. The boxplot depicts the Ct values (n=7). The Whiskers extend to the minimum and 
maximum values. Statistical significance was determined by one-way ANOVA with Tukey’s multiple 
comparisons test. (C) For analysis of the protein levels, WT, PKP3-KO, and WT+PKP3 cells were grown for 
24 h in LCM and lysed in SDS lysis buffer. Total cell extracts were analyzed by western blotting with the 
indicated antibodies. Representative western blots (left panel) showing the protein levels of c-MYC and RUNX3. 
β-actin was used as a loading control. Whereas c-MYC protein level was unaltered, RUNX3 protein level was 
highly increased in PKP3-KO cells compared to WT cells. The bar plot (right panel) depicts the protein amounts 
(+ s.d.; n=3) normalized to β-actin and relative to WT cells (first lane in western blot). Statistical significance 
was determined by one-way ANOVA with Tukey’s multiple comparisons test. 
 

To more directly evaluate the putative link between RUNX3 and p21 expression, WT and 

PKP3-KO cells were transfected with non-targeting or RUNX3-directed siRNAs (Figure 45). 

RUNX3 siRNAs diminished RUNX3 protein level in PKP3-KO cells although the level as 

still somewhat elevated compared to WT cells. Importantly, downregulation of RUNX3 in 

PKP3-KO cells resulted in decreased abundance of p21 protein which was similar to the 

level measured in WT cells. This confirmed the assumption that RUNX3 regulates p21 

expression in murine keratinocytes. Furthermore, RB phosphorylation was increased in 

RUNX3-depleted PKP3-KO cells, though it did not reach the level observed in WT cells. 

This might be due to the short time frame of the knockdown experiment. Nonetheless, this 

partial rescue of RB phosphorylation after RUNX3 knockdown in PKP3-KO cells suggests 

that PKP3-dependend elevation of RUNX3 promotes p21 expression, which results in 

impaired RB phosphorylation. 
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Figure 45 │ RUNX3 protein increases p21 protein level but decreases RB phosphorylation. For analyzing 
RUNX3 depletion, WT and PKP3-KO cells were transfected with non-targeting (siCtrl) or RUNX3-directed 
(siRUNX3) siRNAs, grown for 72 h in LCM, and lysed in SDS lysis buffer. Total cell extracts were analyzed by 
western blotting with the indicated antibodies. Representative western blots (left panel) showing the protein 
levels of RUNX3, p21, and phospho-RB. β-actin was used as a loading control. Depletion of RUNX3 in PKP3-
KO cells resulted in decreased RUNX3 and p21 protein levels similar to WT cells, but enhanced RB 
phosphorylation. The bar plots (right panels) depict the protein amounts (+ s.d.; n=3) normalized to β-actin and 
relative to siCtrl-treated WT cells (first lane in western blot). Statistical significance was determined by one-way 
ANOVA with Tukey’s multiple comparisons test. 

 

Next, I wondered which signaling pathway contributes to the regulation of a RUNX3-p21 

axis in murine keratinocytes. It has been reported that RUNX3 is regulated by TGF-β 

(Ito and Miyazono, 2003) and its inactivation is frequently associated with a kirsten rat 

sarcoma virus (KRAS)-mutated background, e.g. in human lung adenocarcinoma 

(Lee et al., 2013). As KRAS protein becomes activated by EGF stimulation (Jancik et al., 

2010), a putative link between EGFR signaling and RUNX3 expression might be assumed. 

To analyze whether EGFR signaling via RAS-MEK-ERK might controls RUNX3 and p21 

protein levels, WT cells were treated with gefitinib, a selective EGFR tyrosine kinase 

inhibitor (Figure 46A). As expected, gefitinib considerably reduced ERK1/2 phosphory-

lation. Importantly, RUNX3 and p21 protein levels were significantly increased, suggesting 

a regulation via the EGFR-ERK signaling pathway. In accordance with enhanced RUNX3 

and p21 protein levels, RB and phospho-RB were decreased in gefitinib-treated WT cells. 

 
Figure 46 │ EGFR signaling regulates RUNX3 and p21 protein levels and RB phosphorylation. (A) For 
analysis of the effect of EGFR signaling, WT cells were grown for 24 h in LCM, treated with gefitinib (10 µM) 
for 24 h to inhibit EGFR, and lysed in SDS lysis buffer. Total cell extracts were analyzed by western blotting 
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with the indicated antibodies. Representative western blots (left panel) showing the protein levels of effectors 
downstream the EGFR. β-actin was used as a loading control. Impact of inhibitor was verified by impaired ERK 
phosphorylation. EGFR inhibition in WT cells resulted in enhanced RUNX3 and p21 protein levels, but 
decreased RB protein level and phosphorylation. The bar plot (right panel) depicts the protein amounts (+ s.d.; 
n=3) normalized to β-actin and relative to DMSO-treated WT cells (first lane in western blot). Statistical 
significance was determined by a student’s unpaired two tailed t-test. (B) A schematic of the regulation of 
RUNX3, p21, and RB by EGFR signaling (created with biorender.com) demonstrates that EGF signaling blocks 
RUNX3 and p21 expression, which promotes RB phosphorylation. 

 

Taken together, these results show that PKP3 inhibits p21 expression via RUNX3 

regulation. Furthermore, mitogenic signaling via EGFR is required to block RUNX3 and p21 

expression and allow RB phosphorylation and G1-S phase transition (Figure 46B). 

 

4.2.6. PKP3 promotes EGFR signaling 

In the first part of this thesis, it has been demonstrated that EGFR signaling controls PKP3 

phosphorylation by RSKs, thereby modulating PKP3 function in desmosome formation, 

maturation, and adhesion. Furthermore in the previous chapter, it has been shown that 

EGFR signaling contributes to RUNX3 and p21 regulation of the RB pathway, which is 

linked to extra-desmosomal PKP3. To further elucidate the role of PKP3 in EGFR signaling, 

I asked whether PKP3 can regulate EGFR signaling and, if so, at which level this may occur 

(Figure 47A). First, the EGFR protein levels and phosphorylation were determined in WT, 

PKP3-KO, and WT+PKP3 cells (Figure 47B). The loss of PKP3 (PKP3-KO cells) resulted 

in decreased total EGFR protein level and its phosphorylation at multiple tyrosine residues. 

In contrast, WT+PKP3 cells had improved EGFR phosphorylation, which correlated with 

increased activation of its downstream targets MEK1/2, ERK1/2, and RSK. Importantly, 

RSK phosphorylation was impaired in PKP3-KO cells, which might indicate a regulation by 

PKP3. To further examine the role of PKP3 as a scaffold to promote EGFR signaling, 

putative binding partners of PKP3 were identified by immunoprecipitations. PKP3-GFP was 

affinity purified from WT+PKP3 cells (Figure 47C). EGFR and MEK1/2 did not co-purify 

with PKP3, whereas ERK1/2 and RSK1 co-precipitated, suggesting an association 

between these kinases and PKP3. 
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Figure 47 │ PKP3 promotes EGFR signaling. (A) A schematic of the regulation of G1-S phase progression 
by EGFR signaling (created with biorender.com) demonstrates that PKP3 might regulates the EGFR signaling 
pathway via the MEK-ERK-RSK axis. (B) For analysis of the protein levels, WT, PKP3-KO, and WT+PKP3 cells 
were grown for 24 h in LCM and lysed in SDS lysis buffer. Total cell extracts were analyzed by western blotting 
with the indicated antibodies. Representative western blots (left panel) showing the phosphorylation and levels 
of proteins involved in the EGFR signaling pathway. β-actin was used as a loading control. EGFR protein level 
and phosphorylation were decreased in PKP3-KO cells, but slightly increased in WT-PKP3 cells compared to 
WT cells. Whereas MEK1/2 and ERK1/2 phosphorylation was unaltered in PKP3-KO cells, RSK 
phosphorylation was significantly impaired in PKP3-KO cells and enhanced in WT+PKP3 cells. The bar plot 
(right panel) depicts the protein amounts (+ s.d.; n=3) normalized to β-actin and relative to WT cells (first lane 
in western blot). Statistical significance was determined by one-way ANOVA with Tukey’s multiple comparisons 
test. (C) For analyzing putative PKP3 binding partners, PKP3-GFP or GFP were precipitated from ectopically 
expressing WT cells using GFP-trap agarose and probed for interaction by western blotting with the indicated 
antibodies. Representative western blots (left panel) showing total protein lysates labeled input, and 
immunoprecipitates which are eluated from the beads after the immunoprecipitation labeled eluate. In the PKP3 
blot, the lower lane represents endogenous PKP3, the upper lane reflects PKP3-GFP. Whereas EGFR and 
MEK1/2 did not co-purify with PKP3, ERK1/2 and RSK1 co-precipitated. The bar plot (upper right panel) depicts 
the level of eluate proteins (+ s.d.; n=3) normalized to precipitated GFP and relative to the values of GFP-only 
cells (second lane in western blot). Statistical significance was determined by a student’s unpaired two tailed t-
test. The schematic (lower right panel, created with biorender.com) shows the role of PKP3 as a putative 
interaction partner of proteins involved in the EGFR signaling pathway. 
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But was the lack of RSK activity in PKP3-KO cells responsible for reduced RB 

phosphorylation? To more directly analyze this putative link, RSK depletion by siRNA-

mediated knockdown in WT cells was performed in order to reduce RB phosphorylation. 

WT cells were transfected with non-targeting, RSK1-, or RSK2-directed siRNAs 

(Figure 48). RSK1 depletion significantly reduced RB phosphorylation, whereas RSK2 

depletion did not affect RB protein level or phosphorylation. This suggests that RSK1 may 

be a key driver in RB regulation by PKP3. 

 
Figure 48 │ RSK1 promotes RB phosphorylation. For analyzing RSK depletion, WT cells were transfected 
with non-targeting (siCtrl), RSK1, or RSK2 (siRSK1, siRSK2, respectively) directed siRNAs, grown for 72 h in 
LCM, and lysed in SDS lysis buffer. Total cell extracts were analyzed by western blotting with the indicated 
antibodies. Representative western blots (left panel) showing the protein levels of RSK1, RSK2, RB, and 
phospho-RB. β-actin was used as a loading control. Knockdown of RSK1 or RSK2 was verified by impaired 
RSK1 and RSK2 protein levels, respectively. Depletion of RSK1 in WT cells resulted in decreased RB 
phosphorylation, whereas RSK2 did not affect RB protein level and phosphorylation compared to siCtrl-treated 
WT cells. The bar plots (right panels) depict the protein amounts (+ s.d.; n=3) normalized to β-actin and relative 
to siCtrl-treated WT cells (first lane in western blot). Statistical significance was determined by one-way ANOVA 
with Tukey’s multiple comparisons test. 

 

Collectively these results uncover a role of PKP3 as a scaffold in EGFR signaling. PKP3 

improved RSK1 phosphorylation thereby enhancing signaling downstream of EGFR. In 

contrast, the loss of PKP3 resulted in the dysregulation of EGFR signaling with reduced 

RSK activity, which contributes to impaired RB phosphorylation and cell cycle progression. 

 

4.2.7. Summary 

In summary of this chapter, non-transformed murine keratinocytes were used to analyze 

the extra-desmosomal role of PKP3 as a scaffold for signaling and its contribution to 

proliferation. The loss of PKP3 (PKP3-KO cells) leads to a delayed progression from G0/G1 

to S phase of the cell cycle, resulting in reduced proliferation whereas PKP3-GFP 

expressing WT cells reveal elevated proliferation. Since differentiation is not enhanced or 

accelerated, permanent exit of PKP3-KO cells from the cell cycle can be precluded. PKP3 

expression correlates directly with RB phosphorylation, which is a key event to allow S 

phase entry, and E2F-dependent target gene expression, including genes required for cell 
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cycle progression. Mechanistically, PKP3 interacts with phosphorylated RB in the 

cytoplasm, which may contribute to reducing RB in the nucleus and decrease the inhibitory 

RB-E2F interaction in the nucleus. Increased levels of the key cyclin-dependent kinases 

CDK4 and CDK6 does not rescue RB phosphorylation in PKP3-KO cells, suggesting that 

these kinases are not fully active. Furthermore, expression of the CDK inhibitor p21 

inversely correlates with PKP3 levels. Reducing p21 protein levels by knockdown in PKP3-

KO cells rescues RB phosphorylation supporting the idea that CDKs are not fully active in 

PKP3-KO cells. In addition, the transcription factor RUNX3 was identified as a key factor 

in controlling p21 expression in PKP3-KO cells. RUNX3 is inversely correlated with PKP3 

expression levels and is suppressed by an EGFR-ERK signaling axis. Finally, I show that 

PKP3 promotes EGFR-dependent signaling, as indicated by increased RSK- and ERK 

phosphorylation and an association of PKP3 with these kinases. Taken together, this 

chapter of the thesis focused on the regulation of PKP3 in terms of proliferation and 

identifies a role of PKP3 in promoting a ERK/RSK-RUNX3-p21-RB-E2F1 signaling axis that 

controls proliferation in non-transformed murine keratinocytes. 
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5. DISCUSSION 

 

Desmosomes have long been considered as more or less static structures that provide 

strong adhesion to force-exposed tissues such as the skin epidermis and the heart. 

However, epidermal regeneration depends on proliferation and cell movement implicating 

the requirement for dynamic modulation of adhesion. In the epidermis, proliferation is 

restricted to the basal layer whereas suprabasal layers are crucial for barrier formation 

(Sumigray and Lechler, 2015) implicating that desmosomal adhesion must differ between 

these layers. While cell type specific expression of desmosomal cadherins and PKPs has 

been known for years, little is known about how PKP isoforms impact on desmosomal 

properties and how desmosomal localization of these isoforms is regulated. Furthermore, 

PKPs perform additional functions in the nucleus and the cytoplasm that are not well 

characterized. Owing to their dual function in regulating desmosome adhesion and extra-

desmosomal signaling, regulation of their localization is of special interest. Thus, this thesis 

focused on the role of PKP3 in adhesion as well as proliferation, and reports several novel 

findings that considerably improve the understanding of PKP3’s function and regulation. 

 

5.1. PKP3 and EGFR signaling are mutually dependent on each other 

Promoting tissue integrity, PKP1-3 assist in linking desmosomal cadherins to intermediate 

filaments at desmosome junctions. PKP1 is absolutely essential for epidermal adhesion as 

revealed by neonatal lethality in PKP1-KO mice and severe skin disease in humans 

(Rietscher et al., 2016; Doolan et al., 2020). In contrast, PKP3 deficiency causes mild skin 

blistering and an increased risk of inflammatory reactions pointing to a putative function 

during skin barrier formation (Sklyarova et al., 2008). Furthermore, PKP1 and PKP3 have 

distinct functions in intercellular adhesion that is reflected by their complementary 

expression levels during keratinocyte differentiation. PKP3, which outbalances PKP1 in the 

basal layer, confers dynamics to desmosomes, whereas PKP1, which predominates in the 

suprabasal layers, imparts stability (Keil et al., 2016). These complementary functions 

suggest a differentiation-specific and coordinated regulation in keratinocytes. Although the 

ratio of both proteins varies during keratinocyte differentiation, PKP1 and PKP3 are co-

expressed, suggesting that they are regulated by distinct growth factors and signaling 

pathways. Whereas PKP1 is phosphorylated by AKT2 via IGF-1/insulin signaling 

(Wolf et al., 2013), I showed that PKP3 phosphorylation at AGC-kinase consensus sites 

was not affected by insulin signaling, suggesting that the IGF-1/insulin pathway does not 

regulate PKP3. In contrast, PKP3 phosphorylation was induced by RSKs via EGF 
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signaling, which promoted PKP3 recruitment to the lateral plasma membranes. The 

proposed model shows how PKP1 and PKP3 are regulated to balance stability and 

dynamic of the epidermis (Figure 49). The basal layer of the epidermis is composed of cells 

maintained in a proliferative state (Alonso and Fuchs, 2003), which requires dynamic cell-

cell interactions. In contrast, the barrier function of the suprabasal layer depends on strong 

and stable cellular adhesion (Sumigray and Lechler, 2015). This change in cell contacts 

from basal to suprabasal layers can be achieved by altered composition and post-

translational modifications such as phosphorylation. PKP1 and PKP3 display 

complementary expression patterns in the epidermis with PKP3 highly expressed in basal 

cells and increasing amounts of PKP1 in suprabasal cells. In basal cells, IGF-1/insulin 

mediated modification of PKP1 prevents the formation of PKP1-dependent hyper-adhesive 

desmosomes since phosphorylated PKP1 by AKT2 relocalizes from desmosomes to the 

cytoplasm. In the cytoplasm, PKP1 interacts with the translation initiation complex to 

promote protein synthesis thereby stimulating proliferation and maintaining cells in a 

proliferation competent state (Wolf et al., 2010; Wolf et al., 2013). At the same time, PKP3 

in response to EGF signaling and phosphorylation by RSKs initiates the formation of 

dynamic desmosomes in the basal layer of the epidermis by lateral localization of 

phosphorylated PKP3. This results in stable but dynamic cell adhesion in the basal cells. 

Upon transition to the suprabasal layers, the impact of EGF- and IGF-1/insulin signaling 

decreases through diminished receptor expression and activation (Gazel and Blumenberg, 

2013; Joly-Tonetti et al., 2021). Thus, un-phosphorylated PKP1 localizes mainly at lateral 

contacts, which displaces PKP3 into tricellular regions. This allows formation of stable 

PKP1-dependent desmosomes and promotes the barrier function of the suprabasal layer. 

As EGFR is also expressed in suprabasal layers and EGFR-dependent signaling in the 

granular layer induces tight junction formation (Rubsam et al., 2017), EGF signaling might 

promote epidermal sealing by directing phosphorylated PKP3 into the tricellular junctions 

of desmosomes. Finally, the proposed model highlights the differential functions of PKP1 

and PKP3 in regulating keratinocyte adhesion versus proliferation, and how these functions 

are independently but coordinately regulated by distinct signaling pathways. 
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Figure 49 │ Proposed model depicting the regulation of PKP1 and PKP3 by insulin and EGF signaling 
in the epidermis. Created with biorender.com. PKP1 and PKP3 display complementary expression patterns 
in the epidermis with PKP1 (red) primarily expressed in the superficial epidermal layers, whereas PKP3 (green) 
shows increased expression in the basal layer. In basal cells, PKP1 is regulated by insulin signaling via AKT2. 
Phosphorylated PKP1 relocalizes from lateral desmosomes into the cytoplasm (indicated as red bubbles), 
which promotes proliferation by stimulating translation. In contrast, PKP3 is regulated by EGF signaling via 
RSK1/2-meadiated phosphorylation. Phosphorylated PKP3 localizes at lateral contacts, which increase cell-
cell adhesion when desmosomal PKP1 is low. This results in dynamic intercellular adhesion in the high-
proliferative basal epidermal layer. In suprabasal cells with high PKP1 expression, attenuation of insulin 
signaling results in lateral localization of unphosphorylated PKP1 with increased desmosome number an onset 
of hyper-adhesion. Thereby, PKP3 is displaced from lateral into tricellular regions, which might be facilitated by 
EGFR signaling in the granular layer. This results in stabilization of cellular adhesion in the differentiated 
suprabasal epidermal layers. 

This thesis not only highlights that PKP3 itself is regulated by RSKs downstream of EGFR 

signaling, but also reveals a scaffold role of PKP3 in modulating EGFR signaling. I showed 

that loss of PKP3 decreased EGFR and RSK phosphorylation, whereas PKP3 

overexpression resulted in increased EGFR, MEK, ERK, and RSK phosphorylation. 

Furthermore, PKP3 interacted with ERK1/2 and RSK1, suggesting a link between PKP3 

and mitogenic signaling downstream of the EGFR. 

EGFR signaling leads to activation of CDKs by ERK phosphorylation (Chambard et al., 

2007), which maintains keratinocytes in the basal layer in a proliferative state. In ovarian 

cancer cells, PKP3 silencing results in decreased phosphorylation of ERK1/2, whereas 

PKP3 overexpression leads to increased ERK1/2 phosphorylation and cell proliferation 

ratio (Lim et al., 2019). The molecular mechanism how PKP3 modulates proliferation via 

EGFR signaling is so far not understood. RSK1 not only regulates the desmosomal function 

of PKP3, the kinase also contributes to proliferation (Anjum and Blenis, 2008), which I 
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confirmed by demonstrating a direct effect of RSK1 level on RB phosphorylation. An 

interaction of ERK near the C-terminus of RSK1 initiates its activation (Smith et al., 1999), 

resulting in RSK1 autophosphorylation at Ser380 (Romeo et al., 2012). Subsequent full 

activation of RSK1 allows phosphorylation of downstream targets, including PKP3. In 

PKP3-KO cells, RSK phosphorylation at Ser380 was significantly decreased. This suggests 

reduced RSK1 autophosphorylation possibly driven by impaired ERK binding to RSK1. 

PKP3 interacted with ERK1/2 as well as RSK1, and PKP3 overexpression stimulated ERK 

and RSK phosphorylation. Thus, PKP3 may act as scaffold for the kinases to extend 

signaling downstream of EGFR. 

As EGFR signaling is a driver for cancer progression (Sigismund et al., 2018), EGFR 

inhibitors are an important therapeutic option for patients with malignant tumors. However, 

cutaneous side-effects are frequently observed during therapy (Holcmann and Sibilia, 

2015). Understanding EGFR signaling in the epidermis not only with respect to proliferation 

and survival pathways but also with respect to cell-cell adhesion may help to understand 

these unwanted effects. This thesis unravels the EGFR-dependent molecular regulation of 

PKP3’s function in adhesion as well as proliferation and might provide results from basic 

research, which may eventually contribute to improved treatment options for skin cancer 

patients. 

 

5.2. PKP3 is phosphorylated by RSKs 

Kinase cascades and phosphorylation of target proteins are well known to modulate the 

localization and function of numerous proteins. However, concerning desmosomes, the 

current knowledge of post-translational modifications and their impact is limited. 

Desmoplakin, the linker protein between desmosomal cadherins and the keratin network, 

is the best studied desmosomal protein with respect to phosphorylation. Its C-terminus is 

phosphorylated by PKC (Stappenbeck et al., 1994; Amar et al., 1999; Kroger et al., 2013) 

or glycogen synthase kinase 3 (GSK3) (Albrecht et al., 2015), which seems to modulate 

desmoplakin’s interaction with keratins. Although numerous phosphorylation sites have 

been detected in the desmoplakin N-terminus which interacts with the PKPs and 

plakoglobin and recruits desmoplakin to the desmosomes (Kowalczyk et al., 1997; 

Bornslaeger et al., 2001), the impact of responsible kinases have not been characterized 

so far. However, the large negatively charged phosphate group might disrupt the molecular 

composition within the desmosomal plaque, resulting in disordered binding with a lower 

affinity and reduced cell-cell adhesion. Thus, phosphorylation of desmoplakin coordinates 

cytoskeletal dynamics and cellular adhesion. 
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For PKP3, phosphorylation at Ser285 has been shown to promote its association with 

stratifin, which resulted in the cytoplasmic accumulation of phosphorylated PKP3 and 

limited exchange with desmosomal PKP3 (Roberts et al., 2013). The decreased 

desmosomal PKP3 exchange correlated with increased adhesion and impaired migration. 

Cytoplasmic localization of PKP3 is further driven by its phosphorylation at Tyr195 by c-Src 

kinase (Neuber et al., 2015). Tyr195-phosphorylated PKP3 relocalized from desmosomes 

into the cytoplasm. As phosphorylated PKP3 was released from the desmosomes, a role 

in desmosome disassembly might be suggested. However, Tyr195 phosphorylation was 

transient and the modification was only detected after EGFR activation when at the same 

time tyrosine phosphatases were inactivated. The detailed mechanism and consequences 

of this modification remain to be determined. In contrast, PKP3 phosphorylation at Ser134/135 

by RSKs might support desmosome assembly in keratinocytes (Müller et al., 2020). 

Mutations of the RSK phosphorylation site (serine to alanine and serine to glutamic acid) 

reflect the effects of RSK inhibition and overexpression, respectively. PKP3-Ser134/135Ala 

mutant showed punctate lateral desmosomes and less tricellular PKP3, whereas the 

phospho-mimetic mutant PKP3-Ser134/135Glu localized at tricellular junctions, suggesting 

that PKP3 phosphorylated at Ser134/135 positively correlates with cellular adhesion. These 

findings demonstrate that RSK mediated phosphorylation of the desmosomal protein PKP3 

supports adhesion whereas in most cases described so far phosphorylation compromised 

intercellular adhesion. Thus, PKP3 phosphorylation both positively and negatively 

regulates desmosome assembly (Figure 50). 

 
Figure 50 │ Phosphorylation of PKP3 modulates its localization. Created with biorender.com. 
(1) Phosphorylation of PKP3 at Ser285 by stratifin results in accumulation of cytoplasmic PKP3 and limited 
exchange with desmosomes (shown by a dashed arrow line), which correlates with increased adhesion but 
decreased migration (Roberts et al., 2013). (2) Cytoplasmic accumulation of PKP3 is also driven by its 
phosphorylation at Tyr195 by EGFR-signaling activated c-Src kinase, resulting in decreased desmosomal PKP3 
localization (Neuber et al., 2015), suggesting desmosome disassembly. (3) In contrast, EGFR-signaling 
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activated RSK1/2 phosphorylate PKP3 at Ser134/135, which promotes its localization in tricellular regions, 
resulting in increased cellular adhesion (Müller et al., 2020). 

 

5.3. PKP3 regulates proliferation in a differentiation-independent manner 

Epidermal homeostasis is essential for maintaining tissue integrity and is regulated by stem 

cells in epithelial tissues (Sotiropoulou and Blanpain, 2012). Stem cells replace the 

keratinocytes that are lost through normal differentiation or through cell death following 

injury. A balance between the proliferating self-renewing cells in the epidermal basal layer 

and the differentiated cells in the suprabasal layers has to be maintained to avoid a variety 

of skin diseases, including cancer progression (Pierard, 2012). The molecular mechanisms 

that orchestrate proliferation and differentiation in the epidermis remain incompletely 

understood. Extra-cellular signals, including growth factors, and cell-intrinsic information 

regulate the decision between going through a division cycle or arresting cell division 

(Wang, 2021). If cells arrest, they can undergo reversible quiescence by entering 

temporarily the non-proliferative state G0 or the cells irreversible enter G0 phase, which 

induces terminal differentiation with the simultaneous inability to proliferate 

(Marescal and Cheeseman, 2020). Both quiescent and terminal differentiated cells are 

characterized by a prolonged G0/G1 phase, impaired E2F activity, high levels of hypo-

phosphorylated RB, and increased CDKN activity (Buttitta and Edgar, 2007). Despite these 

similarities, quiescent cells actively prevent differentiation allowing them to reenter the cell 

cycle. 

Using PKP3-KO and PKP3-overexpressing cells, a clear correlation of PKP3 expression 

and cellular proliferation was demonstrated. WT+PKP3 cells showed increased 

proliferation, which was characterized by a reduced number of cells in G0/G1 phase. In 

contrast, the loss of PKP3 (PKP3-KO cells) led to impaired proliferation and a prolonged 

G0/G1 phase, resulting in a delay in S phase entry. As the protein levels of differentiation 

markers was unaffected or reduced in the PKP3-KO cells, these cells entered a state of 

transient quiescence instead of starting the differentiation program prematurely. This 

implicates a function of PKP3 in stem cell maintenance of the epidermis by its positive 

effect on G0/G1-S phase transition of the cell cycle. 

 

5.4. PKP3 mediates the RB pathway to promote cell cycle progression 

The mechanisms that maintain the balance between proliferation and differentiation 

primarily affect cell cycle progression. RB protein is the central cell cycle regulator that 

controls the G1-S phase transition (Giacinti and Giordano, 2006). As PKP3 contributes to 

G1 to S phase progression, an extra-desmosomal role of PKP3 in regulating the RB 
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pathway has to be assumed. Furthermore, PKP3 promoted EGFR signaling and was itself 

regulated by EGFR signaling. The first pulse of EGFR signaling induces exit from 

quiescence into G1 phase by increasing the expression of cyclins and the activation of 

CDKs, which finally leads to RB phosphorylation and the progression through the restriction 

point (Wee and Wang, 2017). In non-transformed murine keratinocytes, the RB pathway 

was clearly regulated by PKP3 expression. The loss of PKP3 (PKP3-KO cells) led to 

decreased levels of total RB and especially, phospho-RB. In contrast, PKP3 

overexpression resulted in up-regulation of total RB and phospho-RB. This suggests a 

PKP3-dependent regulation of RB. 

RB phosphorylation is mediated by cyclin-CDK complexes (Harbour et al., 1999; 

Topacio et al., 2019). While the CDK4 protein level was not affected by PKP3, CDK6 was 

down-regulated in PKP3-KO cells. However, the level of phospho-CDK6-Thr177 which is 

supposed to represent the active form, was essentially unaltered. Furthermore, 

overexpression of CDK6 did not enhance RB phosphorylation in PKP3-KO cells, 

suggesting that lack of CDK6 was not the major driver of prolonged cell cycle exit. 

Furthermore, increased CDK2 protein levels in the PKP3-KO cells excluded a lack of CDK2 

being responsible for reduced RB hyper-phosphorylation. However, it cannot be excluded 

that CDKs might not be fully active in the absence of PKP3 since additional factors besides 

threonine phosphorylation may be required. Alternatively, PKP3 may intervene 

downstream of cyclin-CDK complexes. 

PKP3 not only increased the total RB level and its phosphorylation, it also bound to RB and 

its interaction depended on the subcellular localization. Using immunoprecipitations, an 

association between PKP3 and RB as well as phospho-RB was demonstrated. In murine 

keratinocytes, stably overexpressed PKP3 showed cytoplasmic as well as nuclear 

localization, which enables protein interactions in both compartments. Cell fractionation 

and immunofluorescence studies revealed that the majority of total RB localized in the 

nucleus, whereas minor amounts representing phospho-RB accumulated in the cytoplasm. 

Nonetheless, PKP3 interaction occurred, at least primarily, in the cytoplasm. This suggests, 

that PKP3 interacted primarily with phospho-RB in vivo. However, phosphorylation was not 

a prerequisite for PKP3 binding, since a RB mutant lacking all CDK phosphorylation sites 

(Narasimha et al., 2014) was still able to bind PKP3. Mechanistically, this means (1) that 

the interaction is regulated by intracellular localization which depends on RB post-

translational modification and (2) that PKP3 binds and retains phospho-RB in the cytoplasm 

thereby preventing its de-phosphorylation and/or inhibitory function in the nucleus to 

improve E2F activity and thus promote proliferation. 
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RB can interact with other proteins via two sites: the A and B domains in the RB pocket 

which binds the E2F transcription factor, and the side surface of the pocket domain which 

mediates interactions via a conserved LxCxD/E motif (in which x represents any amino acid 

residue) in the target proteins (Dahiya et al., 2000; Kalejta et al., 2003; Wang et al., 2012). 

An interaction between RB and LxCxD/E motif carrying proteins may promote E2F 

detachment and thus cell cycle progression (Ramanujan et al., 2021). The conserved 

LxCxD/E motif is not present in PKP3. However, a similar motif comprising the sequence 

LSCSR (LTCSR in mouse) might represent a RB binding site although the non-

conservative exchange of an acidic amino acid (D/E) to a basic amino acid (R) in the motif 

could interfere with RB binding. Future studies could address the role of this motif by 

generating a mutant PKP3 lacking this motif and testing for its RB association. 

In this thesis, I have identified a novel function of PKP3 in promoting proliferation via the 

RB-E2F pathway and unraveled the molecular mechanism of its extra-desmosomal 

function in G1-S phase transition. 

 

5.5. PKP3 regulates the RB pathway via an EGFR-RUNX3-p21 axis 

Alterations in the RB pathway are typically associated with dysregulation of the cell cycle. 

A key regulator involved in inhibiting the RB pathway is p21, which is encoded by CDKN1A 

gene. p21 mediates RB degradation and inhibits CDK activities (Harper et al., 1995; 

Broude et al., 2007) . Furthermore, p21 not only influences proliferation via protein-protein 

interactions with cyclins and/or CDKs, but can also interact directly with E2F1, reducing its 

transcriptional activity (Dimri et al., 1996). 

In murine keratinocytes, the p21 protein level was inversely correlated with RB 

phosphorylation. Moreover, PKP3 suppressed p21 mRNA and protein levels, its inhibitory 

effect on RB phosphorylation, and its nuclear localization. The regulatory function of p21 is 

mediated by its intracellular localization (Abbas and Dutta, 2009; Georgakilas et al., 2017). 

Nuclear p21 acts as a tumor suppressor by inactivating cyclins and/or CDKs, which 

prevents cell cycle progression (Al Bitar and Gali-Muhtasib, 2019). Elevated nuclear p21 

levels in PKP3-KO cells point to a central role in mediating the prolonged G0/G1 phase in 

these cells. 

As p21 mRNA was increased in PKP3-KO cells, the transcriptional regulation was 

analyzed. One of the best known p21 suppressors is c-Myc, which is highly expressed in 

cancer cells. Overexpression of c-Myc leads to activation of oncogenes, but suppression 

of cell cycle inhibitors, including p21 (Jung et al., 2010). Although PKP3-KO cells showed 

increased p21 levels, c-Myc mRNA and protein levels were not altered by PKP3. In 
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contrast, RUNX3 was found as a key mediator of p21 expression in murine keratinocytes. 

The tumor suppressor RUNX3 promoted p21 protein level, led to impaired RB 

phosphorylation, and was strongly increased in PKP3-KO cells. RUNX3 activity is closely 

associated with TGF-β signaling (Ito and Miyazono, 2003), but in addition deletion of 

RUNX3 in mouse lung causes the development of lung adenomas and accelerated KRAS-

induced progression into adenocarcinomas (Lee et al., 2013), suggesting a modulation 

between RUNX3 and EGFR signaling. I confirmed a positive correlation between RUNX3 

and p21 levels and showed that EGFR signaling suppressed RUNX3 and p21. These 

results link PKP3 to the control of an EGFR-RUNX3-p21 signaling axis to promote RB 

phosphorylation and cell cycle progression (Figure 51). 

Moreover, the data unravel the molecular mechanism of PKP3’s function as an oncogene 

which has been described in various tumors. However, despite PKP3’s role as an 

oncogene facilitating tumor cell growth, there are some examples where PKP3 was 

downregulated in tumor tissue (Papagerakis et al., 2003; Takahashi et al., 2012). The role 

of PKP3 may depend on tissue and cell type and on the activation of distinct signaling 

pathways. This might support the hypothesis that PKP3 is a “dual role cancer driver gene”, 

which can exhibits oncogene or tumor suppressive behavior depending on the biological 

context (Colaprico et al., 2020). Despite distinct functions in adhesion and signaling, the 

basic principle that intracellular localization determines function is conserved between 

PKP1 and PKP3. Desmosomal PKP1 acts as a tumor suppressor by promoting 

desmosomes stability (Keil et al., 2016), whereas cytoplasmic PKP1 acts as an oncogene, 

where it stimulates proliferation by enhancing protein synthesis in an eIF4A-dependent 

pathway (Wolf et al., 2010). This is controlled by IGF-1/insulin and AKT2 signaling 

(Wolf et al., 2013). In contrast, recruitment of PKP3 to the cell border is driven by EGF 

signaling to facilitate desmosome assembly. PKP3 acts as a tumor suppressor in 

desmosomes, where it stabilizes intercellular adhesion by its association with RSKs. 

Cytoplasmic PKP3 regulates the RB pathway via an EGFR-RUNX3-p21 axis, which 

promotes proliferation and exhibits the role of PKP3 as an oncogene. Thus, it may be a 

general principle that PKPs are dual role cancer driver genes with tumor suppressive 

functions when localized in desmosomes and oncogenic characteristic in the cytoplasm or 

nucleus. 
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Figure 51 │ Proposed model depicting the regulation of cell cycle progression by PKP3. Created with 
biorender.com. In PKP3-expressing WT cells (left panel), PKP3 supports EGFR signaling via a feedforward 
mechanism, which suppressed RUNX3 level and its transcriptional target p21. This promotes the 
phosphorylation and activation of cyclin-CDK complexes, RB phosphorylation, and E2F1 release. PKP3 also 
sequesters phosphorylated RB in the cytoplasm to promote E2F1 activity, resulting in G1-S phase transition 
and enhanced proliferation. In contrast, the loss of PKP3 (PKP3-KO cells, right panel) results in impaired RSK1 
phosphorylation, which increases RUNX3 and p21 levels. Elevated nuclear p21 prevents RB phosphorylation 
and E2F1 target gene expression, leading to G1 arrest and reduced proliferation. 

 

5.6. Future perspective: Crosstalk between cellular junctions and signaling 

pathways in regulating adhesion and proliferation 

The stratified epidermis requires adhesive contact remodeling to maintain its structural 

integrity. Although adherens junctions and desmosomes are separate structures with 

different protein compositions, it is well accepted that adherens junctions cooperate with 

desmosomes in providing tight intercellular adhesion (Sumigray and Lechler, 2015; 

Rubsam et al., 2018). However, the exact molecular crosstalk between these two adhesive 

structures in the epidermis is not precisely understood. Both the classical cadherins of 

adherens junctions and the desmosomal cadherins associate through their cytoplasmic 
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domains with interacting proteins that mediate for cytoskeletal binding and strong adhesion 

(Garcia et al., 2018; Zimmer and Kowalczyk, 2020). These proteins include members of 

the armadillo and armadillo-related families such as the desmosomal proteins plakoglobin 

and PKP1-3, as well as the adherens junction proteins β-catenin and p120-catenin. 

Furthermore, these proteins can be incorporated into both adherens junctions and 

desmosomes (Cowin et al., 1986; Bierkamp et al., 1999; Rickelt et al., 2010), suggesting a 

synergistic contribution to adhesive strength. In addition, PKP3 has been characterized as 

a protein with a broad repertoire of interaction partners, as it directly interacts with 

plakoglobin, desmoplakin, all desmogleins and desmocollins (Bonne et al., 2003). 

Furthermore, PKP3 associates with E-cadherin to initiate desmosome assembly 

(Gosavi et al., 2011) or to promote adherens junction maturation (Todorovic et al., 2014). 

This shows a direct or indirect involvement of PKP3 in regulating cell-cell adhesion by 

desmosomes and/or adherens junctions to maintain epidermal integrity. 

Intercellular adhesion is also constantly subjected to modulation, especially during 

epithelial mesenchymal transitions (EMT) in which epithelial cells acquire mesenchymal 

features (Ribatti et al., 2020). EMT is accompanied by the loss of adherens junctions and 

the simultaneously increase of mesenchymal markers. In contrast to the strictly regulated 

EMT required during development and tissue regeneration, deregulated EMT occurs during 

cancer progression where cells leave the epithelial layer in order to migrate to other tissues 

(Son and Moon, 2010). In skin cancer, the loss of desmoplakin and E-cadherin promotes 

EMT (Hodorogea et al., 2019). Furthermore, a link between PKP3 and EMT in human 

cancer progression has been reported (Aigner et al., 2007). The transcription factor ZEB1 

not only prevented the formation of adherens junctions by repressing E-cadherin, but also 

induced the disassembly of desmosomal structures. E-cadherin and PKP3 as EMT-

associated genes were also confirmed in colorectal cancer (Jackstadt et al., 2013). This 

suggests that adherens junctions and desmosomes synergistically coordinate mechanics 

and signaling to orchestrate tissue function, whereas deregulation leads to subsequent 

changes in normal cellular mechanisms which might facilitate cancer progression. 

The function of junctional proteins is further modulated by their subcellular localization. 

Several studies have already shown that proteins of the adherens junctions, especially β-

catenin, play an important role in controlling proliferation and differentiation due to their 

extra-desmosomal role in the cytoplasm and/or nucleus. Cytoplasmic stabilization of β-

catenin is essential for the activation of the canonical Wnt signaling pathway. The Wnt 

mediated protection of β-catenin from degradation allows shuttling of β-catenin into the 

nucleus to induce Wnt target gene expression (MacDonald et al., 2009; Yu et al., 2021). 
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Furthermore, β-catenin enables a crosstalk between Wnt and Hippo signaling pathways 

(Kim and Jho, 2014) and might be a convergent point between EGFR and Wnt signaling 

pathways (Hu and Li, 2010). This crossregulation of multiple signaling pathways is 

essential for balanced cell growth. For PKP3, a nuclear shuttling following Wnt pathway 

activation increased the expression of Wnt target genes (Hong et al., 2021), suggesting a 

similar role as established for the structurally related β-catenin. The present thesis 

highlights the role of PKP3 as a component of the desmosome where PKP3 can regulate 

intercellular adhesion in an EGFR signaling dependent manner. Furthermore, extra-

desmosomal PKP3 acts as an intracellular signal scaffold in the EGFR and RB signaling 

pathways to promote proliferation. Although future work will be needed to examine the 

exact mechanisms, PKP3 might be a central player in several signaling pathways involved 

in modulating fundamental cellular processes, including proliferation, differentiation, and 

adhesion. 
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7. APPENDIX 

 

7.1. Supplementary figures 

 
Figure S1 │ Putative binding sites of phospho-AKT substrate antibody in human PKP3. RXXpS/pT motif 
(phospho-AKT substrate antibody) are depicted in blue. Start and end of the armadillo repeat domain are 
indicated by blue arrows. 
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Figure S2 │ RSK1-4 mRNA levels in murine keratinocytes and A431 cells. For analyzing RSK mRNA 
levels, murine keratinocytes grown for 24 h in HCM and A431 cells grown for 24 h in standard DMEM were 
processed for qRT-PCR. EIF3K was used as an invariant endogenous control. Whereas RSK1 and RSK2 were 
abundant in keratinocytes and A431 cells, RSK3 and RSK4 were hardly detectable. The boxplot depicts the Ct 
values (keratinocytes n=7; A431 cells n=3). The Whiskers extend to the minimum and maximum values. 
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Figure S3 │ Validation of knockdown and inhibitor impact. (A) For analysis of knockdown efficiencies, 
murine keratinocytes transfected with non-targeting (siCtrl), RSK1, or RSK2 (siRSK1, siRSK2, respectively) 
directed siRNAs were switched to HCM at 48 h after transfection, and kept in HCM for another 24 h. In parallel 
with processing of immunofluorescence studies, cells were lysed in SDS lysis buffer. Total cell extracts were 
analyzed by western blotting with the indicated antibodies. Representative western blots (upper panel) showing 
the protein levels of RSK1 and RSK2. α-tubulin was used as a loading control. Knockdown of RSK1 or RSK2 
was verified by impaired RSK1 and RSK2 protein levels, respectively. The bar plot (lower panel) depicts the 
protein amounts (+ s.d.; n=3) normalized to α-tubulin and relative to siCtrl-treated keratinocytes (first lane in 
western blot). Statistical significance was determined by one-way ANOVA with Tukey’s multiple comparisons 
test. (B) The function and specificity of the RSK inhibitor LJH685 was analyzed by western blotting. The 
schematic (left panel, created with biorender.com) shows the impact of LJH685 on PI3K/AKT (orange colored) 
and RAS/RAF/MAPK (purple colored) signaling pathways with indicated analyzed targets (marked in bold). 
Murine keratinocytes were grown in HCM for 24 h before treatment with LJH685 (from 10 µM to 100 µM) for 
1 h. Cells were lysed in SDS lysis buffer. Total cell extracts were analyzed by western blotting with the indicated 
antibodies. Representative western blots (upper right panel) showing the phosphorylation levels of ERK1/2, 
RSK, S6K, and S6. Ponceau S staining was used as a loading control. Impact of inhibitor LJH685 was verified 
by a decrease of S6 phosphorylation in a concentration-dependent manner. The bar plot (lower right panel) 
depicts the amount of phospho-S6 (n=1) normalized to Ponceau S staining and relative to DMSO-treated 
keratinocytes (first lane in western blot). 
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Figure S4 │ GSEA-based KEGG links PKP3 to cell cycle regulation. WT, PKP3-KO, and WT+PKP3 cells 
were grown for 24 h in LCM and prepared for RNA sequencing. Based on a list of all protein coding genes 
ranked according to log2 fold changes, a GSEA was performed mapping the KEGG database. The GSEA-
based KEGG shows that downregulated protein coding genes in PKP3-KO cells and upregulated protein coding 
genes in WT+PKP3 cells were mainly involved in cell cycle regulation. Calculation of log2 fold changes and 
GSEA were kindly performed by Dr. Markus Glaß (Core Facility Imaging of the Medical Faculty, Martin Luther 
University). (A, C) The bar plots depict the normalized enriched scores (NES) of (A) the top ten most negatively 
enriched gene sets among protein coding genes in PKP3-KO versus WT cells or (C) the top ten most positively 
enriched gene sets among protein coding genes in WT+PKP3 versus WT cells. A positive NES reflects 
enrichment of the gene set at the top of the ranked list, i.e. gene sets overrepresented among induced genes. 
A negative NES indicates enrichment of the gene set at the bottom of the ranked list, i.e. gene sets 
overrepresented among repressed genes. The adjusted p-value estimates the statistical significance of the 
NES for a single gene set. The representative gene set which is further analyzed in (B) and (D) is marked in 
bold. (B, D) The GSEA enrichment plots for “KEGG Cell cycle” for (B) PKP3-KO versus WT cells and (D) 
WT+PKP3 versus WT cells shows the running enrichment score (green curve), which increases as a gene 
within the set is present while the GSEA walks down the rank ordered list of log2 fold changes of protein coding 
genes. Vertical black lines indicate the positions of genes in the ranked dataset. Genes on the far left (red) 
correlates with the most upregulated cell cycle-associated genes, whereas genes on the far right (blue) 
correlates with the most downregulated cell cycle-associated genes. 
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Figure S5 │ GSEA-based HALLMARK links PKP3 to E2F targets. WT, PKP3-KO, and WT+PKP3 cells were 
grown for 24 h in LCM and prepared for RNA sequencing. Based on a list of all protein coding genes ranked 
according to log2 fold changes, a GSEA was performed mapping the HALLMARK database. The GSEA-based 
HALLMARK shows that downregulated protein coding genes in PKP3-KO cells and upregulated protein coding 
genes in WT+PKP3 cells were mainly associated with E2F targets. Calculation of log2 fold changes and GSEA 
were kindly performed by Dr. Markus Glaß (Core Facility Imaging of the Medical Faculty, Martin Luther 
University). (A, C) The bar plots depict the normalized enriched scores (NES) of (A) the top ten most negatively 
enriched gene sets among protein coding genes in PKP3-KO versus WT cells or (C) the top ten most positively 
enriched gene sets among protein coding genes in WT+PKP3 versus WT cells. A positive NES reflects 
enrichment of the gene set at the top of the ranked list, i.e. gene sets overrepresented among induced genes. 
A negative NES indicates enrichment of the gene set at the bottom of the ranked list, i.e. gene sets 
overrepresented among repressed genes. The adjusted p-value estimates the statistical significance of the 
NES for a single gene set. The representative gene set which is further analyzed in (B) and (D) is marked in 
bold. (B, D) The GSEA enrichment plots for “HALLMARK E2F targets” for (B) PKP3-KO versus WT cells and 
(D) WT+PKP3 versus WT cells shows the running enrichment score (green curve), which increases as a gene 
within the set is present while the GSEA walks down the rank ordered list of log2 fold changes of protein coding 
genes. Vertical black lines indicate the positions of genes in the ranked dataset. Genes on the far left (red) 
correlates with the most upregulated E2F targets-associated genes, whereas genes on the far right (blue) 
correlates with the most downregulated E2F targets-associated genes. 
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Figure S6 │ Validation of phospho-RB-Ser807/811 antibody specificity. To validate the phospho-RB-
Ser807/811 antibody in murine keratinocytes, WT cells were grown for 24 h in LCM, lysed in IP buffer II, 
homogenized and cleared by centrifugation. The entire cell lysate was incubated with Lambda PP at 30°C for 
30 min. Total cell extracts were analyzed by western blotting with the indicated antibodies. Representative 
western blots (left panel) showing the protein level of PKP3, RB, and phospho-RB. Ponceau S staining was 
used as a loading control. Specificity of the phospho-RB-Ser807/811 antibody for phospho-RB was confirmed by 
abolished phospho-RB signal, whereas Lambda PP treatment did not affect PKP3 or RB levels. The bar plot 
(right panel) depicts the protein amounts (+ s.d.; n=5) normalized to Ponceau S staining and relative to 
keratinocytes without Lambda PP treatment (first lane in western blot). Statistical significance was determined 
by a student’s unpaired two tailed t-test. 
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7.2. Abbreviations 

ANOVA  one-way analysis of variance 

AU   area units 

BCA   bicinchoninic acid 

BiFC   bimolecular fluorescence complementation 

BrdU   5-bromo-2’-desoxyuridine 

BSA   bovine serum albumin 

CDK   cyclin-dependent kinase 

CDKN   cyclin-dependent kinase inhibitor 

CDT   chromatin licensing and DNA replication factor 

CHX   cycloheximide 

CIP   contact inhibition of proliferation 

CIP/KIP  cyclin-dependent kinase interacting protein/kinase inhibitory protein 

c-Src   cellular sarcoma 

Ct   cycle threshold 

DMEM   Dulbecco’s modified Eagle medium 

DMSO   dimethyl sulfoxide 

DNM1L  dynamin-1-like protein 

DSP   desmoplakin 

DTT   dithiothreitol 

ECL   enhanced chemiluminescence 

EDTA   ethylenediaminetetraacetic acid 

EGF   epidermal growth factor 

EGFP   enhanced green fluorescent protein 

EGFR   epidermal growth factor receptor 

EGTA   ethylene bis(oxyethylenenitrilo)tetraacetic acid 

eIF   eukaryotic translation initiation factor 

EIF3K   eukaryotic translation initiation factor 3 subunit k 
EMT   epithelial mesenchymal transitions 

ERK   extracellular-signal regulated kinase 

ETS   E twenty-six 

ETV   E twenty-six variant transcription factor 

FCS   fetal calf serum 

FEN   flap endonuclease 

FUCCI   fluorescent ubiquitination-based cell cycle indicator 

FW   forward primer 

FXR   fragile X mental retardation syndrome-related protein 

G3BP   rat sarcoma virus GTPase-activating protein-binding protein 

GEM   geminin 

-GF   without growth factors 

GFP   green fluorescent protein 

GSEA   gene set enrichment analysis 

GSK   glycogen synthase kinase  

h   human 

HA   human influenza hemagglutinin 

HCM   high calcium medium 
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IF   immunofluorescence 

IGF-1   insulin like growth factor 1 

INK4   inhibitors of cyclin-dependent kinase 4 

IgG   immunoglobulin G 

IP   immunoprecipitation 

JAK   janus kinase 

KO   knockout 

KRAS   kirsten rat sarcoma virus 

LCM   low calcium medium 

MAPK   mitogen activated protein kinase 

MCM   minichromosome maintenance complex component 

MEK   mitogen-activated protein kinase kinase 

miRNA   microRNA 

MKC   murine keratinocytes 

mRNA   messenger RNA 

MT   microtubule stabilization 

mTOR   mechanistic target of rapamycin 

NES   normalized enriched scores 

NP-40   nonidet P 40 

ORF   open reading frame 

p   promoter 

P   phospho 

PABPC  polyadenylate-binding protein 

PBS   phosphate-buffered saline 

PBSE   phosphate-buffered saline with ethylenediaminetetraacetic acid 

PDK   3-phosphoionositide-dependent protein kinase 

PI3K   phosphoinositide 3-kinase 

PKC   protein kinase C 

PKP   plakophilin 

PP   protein phosphatase 

RAF   rapidly accelerated fibrosarcoma 

RAP1 GTPase rat sarcoma virus-related protein 1 guanosine triphosphatase 

RAS   rat sarcoma virus 

RB   retinoblastoma 

REV   reverse primer 

RIPA   radioimmunoprecipitation assay 

RSK   ribosomal S6 kinase 

RUNX   runt-related transcription factor 

S6K   s6 kinase 

SDS   sodium dodecyl sulfate 

SDS-PAA  sodium dodecyl sulfate polyacrylamide 

SDS-PAGE  sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SNAI   snail family transcriptional repressor 

STAT   signal transducer and activator of transcription 

TBS   tris-buffered saline 

TBST   tris-buffered saline with Tween 20 
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TEMED  tetramethylethylenediamine 

TGF-β   transforming growth factor-β 

TYMS   thymidylate synthase 

3‘-UTR   3‘-untranslated regions 

WB   western blotting 

WT   wildtype 

ZEB   zinc finger E-box binding homeobox 
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