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Abstract 

 

Hailey-Hailey disease (HHD) is a skin disorder linked to mutations in the ATP2C1 

gene encoding a Ca2+/Mn2+ ATPase. ATP2C1 loss of function in keratinocytes 

leads to the loss of cell-to-cell adhesion in the suprabasal skin layers. The 

disorder is manifested as blistering skin lesions that do not heal and susceptible 

to microbial infections. Additionally, patients with squamous/basal cell 

carcinomas arising in the skin lesions have been described.  There is no long-

term treatment known to be effective in reducing the manifestations of HHD. The 

identification of compounds with fewer side effects compared to those used in the 

SOC treatment is highly desirable and could be reached by understanding the 

molecular mechanisms underlying the disorder. We previously found that HHD 

keratinocytes have increased oxidative stress that is associated with impaired 

proliferation, differentiation and DNA damage repair; these aspects are linked to 

the decreased action of some detoxifying systems and/or to deregulation in 

molecular pathways crucial for skin homeostasis such as the Notch1 signaling. 

Notch1 signaling influences many physiological aspects of the skin including 

differentiation, wound repair and also the DNA damage response. Moreover, 

HHD keratinocytes are characterized by deregulation in cytokines expression. 

The aims of my PhD thesis were designed to dissect the relationship between 

DNA damage engagement, inflammatory signaling, oxidative stress and Notch1 

deregulation in HHD development. 
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I. INTRODUCTION 

 

1. Barrier function of the skin: “la raison d’etre” of the epidermis 

The skin is the largest organ of the human body, accounting for approximately 

16% of total body weight. The skin's structure is made up of an intricate network 

which serves as the body’s initial barrier against pathogens, UV light, chemicals, 

and mechanical injury (Wickett R.R. and Visscher M.O., 2006). The skin also has 

important immune and sensory functions, helps to regulate body temperature, 

and synthesizes vitamin D. Any discussion of the structure of skin will necessarily 

refer to layers. The various layers of the skin work in concert to provide strength 

and flexibility and perform the multiple functions of the skin. It is made up of three 

layers, the epidermis, dermis, and the hypodermis, all three of which vary 

significantly in their anatomy and function (Yousef H. and Sharma S., 2017). The 

epidermis is the outermost layer of the integument. The barrier function of the 

skin has been called “la raison d’etre” of the epidermis. The epidermal barrier 

serves to limit passive water loss from the body, reduce the absorption of 

chemicals from the environment and prevent microbial infection (Madison K.C., 

2003).  

 

1.1 Epidermis structure  

The epidermis is a stratified squamous keratinized epithelium; it is a self-renewing 

tissue: a single, adult skin stem cell has sufficient proliferative capacity to produce 

enough new epidermis to cover the body surface (Rochat A. et al, 1994). 

Keratinocytes are the most frequent cells constituting the epidermis (Brody I., 

1960). Other less-abundant and nonepithelial cells are interspersed among the 

keratinocytes in specific locations. These cells are the melanin-producing 

melanocytes, tactile Merkel cells (Merkel F.S., 1875) and antigen-presenting 

Langerhans cells (Langerhans P.,1868). 

The epidermis is divided into several layers, or strata, starting with the stratum 

basale (basal layer) just above the dermis proceeding upward through the 
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stratum spinosum (prickle layer) and the stratum granulosum (granular layer) to 

the top layer, the stratum corneum (Wickett R.R. and Visscher M.O., 2006) 

(Fig.1)   

 

Figure 1 Epidermis layers (Gartner L.P. and Hiatt J.L., 2014) 

 

The stratum basale consists of a single layer of basophilic low-columnar to 

cuboidal-shaped keratinocytes with large nuclei. They are firmly attached to the 

basement membrane with hemidesmosomes and to lateral and upper adjacent 

cells with desmosomes. Numerous mitotic figures indicate that the layer is 

germinal and is the source of the keratinocytes of the upper layers (Mistry D.S., 

Chen Y.  and Sen G.L., 2012). 

Some of these proliferated cells stay attached to the basal lamina as stem cells 

while others, known as transit-amplifying, differentiate to spinal keratinocytes of 

the stratum spinosum and push the overlying cells towards the surface 

(Barrandon Y. et al, 1987). 

The stratum spinosum is the thickest layer of the epidermis. It consists of several 

layers of cells. The cells in the basal layers of the stratum spinosum show mitotic 

activity similar to the ones in stratum basale; together, they are often referred to 

as the Malpighian layer. The majority of the cells of the stratum spinosum are 

polyhedral-shaped keratinocytes. They flatten as they approach the surface. 
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They produce 10-nm tonofilaments made out of keratins. Synthesis of 

tonofilaments increases, and they group together into bundles forming tonofibrils 

as the cell moves towards the surface (Brody I., 1960). Tonofibrils terminate in 

desmosomes, which are the units of strong intercellular junctions in between the 

spinous cytoplasmic protrusions of the keratinocytes. Adjacent keratinocytes 

interdigitate with each other and form numerous intercellular bridges among them 

with these spinous extensions and firmly join with each other by desmosomes. 

The term “spinous” refers to this pattern of alignment. Keratin is essential for the 

protection of skin (Allen T.D. and Potten C.S., 1975). Langerhans cells (antigen-

presenting dendritic cells) derive from monocytes of bone marrow and represent 

the mononuclear phagocyte system in skin. They scatter mostly in the stratum 

spinosum among the keratinocytes of the Malpighian layer. These dendritic cells 

are capable of binding, processing, and presenting antigens to Tcells, and they 

initiate the response against foreign antigens in a similar way as immune dendritic 

cells found elsewhere (Girolomoni G. et al., 1990; Stingl G. et al., 1977).  

The stratum granulosum consists of 1-5 layers of flattened polygonal granulated 

cells. These cells undergo final cell differentiation of the uppermost keratinocytes 

of the stratum spinosum. They still have nuclei. The large, irregularly shaped and 

uncoated keratohyaline granules made up of filaggrin and other proteins related 

to the keratins of tonofibrils fill the cytoplasm. They do not have a limiting 

membrane. The other characteristic feature of the cytoplasm is membrane-bound 

small lamellar lipid granules. The cells discharge their granular content to the 

intercellular spaces by exocytosis. The lipid-rich substance spreads to fill the 

intercellular spaces and forms the major epidermal permeability barrier of the skin 

(Elias P.M., 2012). 

The stratum corneum is composed of 15-20 layers of flattened highly keratinized 

cells filled with keratins. The defensive functions of the skin reside primarily in the 

stratum corneum.  The cells contain only fibrillar and amorphous proteins 

embedded in an amorphous matrix. The dead cells continuously exfoliate from 

the surface of the epidermis (Elias P.M., 2012). 
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The cellular architecture of the epidermis is essential for its barrier and protective 

functions, and this architecture is perturbed in several human genetic skin 

disorders, including degenerative blistering diseases, such as epidermolysis 

bullosa simplex (EBS) and palmoplantar keratoderma, as well as in epithelial skin 

tumours and cancers. In the metabolically active layers of the epidermis, 

intercellular adhesion is accomplished by two types of intercellular junction: the 

desmosome and the adherents junction. Both of these intercellular junctions are 

essential for epithelial sheet formation and to preserve skin integrity (Green K.J. 

et al, 2000; Vasioukhin V. et al, 2000).  

Desmosomes are also defective in patients with Darier’s disease and Hailey-

Hailey disease who have impaired calcium homeostasis because of mutations in 

the sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA) (Sakuntabhai A. et al. 

1999; Dhitavat J. et al. 2003) and in the Golgi secretory pathway Ca2+/Mn2+ 

ATPase (hSPCA1) (Sudbrak R. et al., 2000; Hu Z. et al., 2000).  

 

1.2 Calcium regulation of keratinocytes differentiation 

Calcium is the major regulator of keratinocytes differentiation in vivo and in vitro. 

A calcium gradient within the epidermis promotes the sequential differentiation of 

keratinocytes as they traverse the different layers of the epidermis to form the 

permeability barrier of the stratum corneum. Calcium promotes differentiation by 

both outside–in and inside–out signaling. A number of signaling pathways 

involved with differentiation are regulated by calcium, including the formation of 

desmosomes, adherents junctions and tight junctions, which maintain cell–cell 

adhesion and play an important intracellular signaling role through their activation 

of various kinases and phospholipases that produce second messengers that 

regulate intracellular free calcium and PKC activity, critical for the differentiation 

process. The calcium receptor plays a central role by initiating the intracellular 

signaling events that drive differentiation in response to extracellular calcium 

(Bikle D.D. et al., 2012). Alterations of calcium gradient within the epidermis and, 

in turn, of the differentiating process, are involved in the pathophysiology of 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2828282/#A000125C41
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several dermatological diseases including psoriasis, atopic dermatitis and also 

Hailey-Hailey’s disease (Kellermayer R., 2005) (Fig.2). 

 

                        

Figure 2  Calcium gradient within the epidermis in pathophysiological conditions (Kellermayer R., 2005). 

 

As mentioned above, there are several genomic and nongenomic pathways 

through which calcium induces epidermal differentiation. An example of a rapid 

and nongenomic pathway is represented by the redistribution to the membrane 

of desmoplakin to form desmosomes, occludins and claudins to form tight 

junctions and E-cadherin with its associated catenins and kinases to form 

adherens junctions. These membrane complexes provide not only adhesion 

between cells but also a signaling complex that participates in changes in actin 

distribution and sustained increases in intracellular calcium (Hennings H. and 

Holbrook K., 1983; Niessen C.M., 2007). 

With the sustained increase in intracellular calcium, genomic pathways are 

triggered. The cells begin to express in sequential fashion K1 and K10, involucrin 

and transglutaminase-I and loricrin and filaggrin (Elsholz F. et al., 2014). A 

number of these genes (e.g., involucrin and K1) have known response elements, 

such as activator protein 1 (AP-1) sites for calcium and phorbol esters, acting at 

least in part by PKC activation.  
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 A crucial role in the calcium-mediated keratinocytes differentiation is played by 

a class GTPbinding protein-coupled receptors called CaR; CaR receptors are 

expressed in the keratinocytes of the supra-basal layers and are responsible for 

sensing extracellular calcium levels. The CaR receptors stimulation leads to the 

activation of phospholipase C (PLC). PLC hydrolyzes phosphatidylinositol 4,5-

bisphosphate (PIP2) to diacylglycerol (DAG) and inositol 1,4,5-trisphosphate 

(IP3), which activate protein kinase C (PKC) and mobilize intracellular Ca2+. In 

particular, IP3 binds to IP3R located on the intracellular Ca2+ stores, mainly the 

endoplasmic reticulum and the Golgi apparatus. As consequence, an acute and 

transient increase in intracellular calcium concentration is triggered (Berridge 

M.J., 1993).  

The role of ER and Golgi in modulating cytosolic calcium concentration and 

epidermal differentiation is illustrated by two skin disorders, Darier’s disease (DD) 

and Hailey-Hailey disease (HHD) (Foggia L. and Alain H., 2004). These diseases 

are caused by inactivating mutations in ATP2A2 and ATP2C1 genes that encode 

the sarco/endoplasmic reticulum Ca2+-ATPase 2 (SERCA2) and the SPCA1, 

respectively. Keratinocytes from the patients’ skin manifest dysregulated cell 

adhesion and differentiation due to the loss of the ability of ER and Golgi to store 

Ca2+ (Foggia L. and Alain H., 2004); because of the important role played by 

calcium in the epidermal homeostasis regulation, mutations in SERCAs and 

SPCAs mainly affect the skin despite being ubiquitous expressed. Alternatively, 

even if not yet completely clear, in keratinocytes there may be no compensatory 

mechanisms that protect other types of tissue from the partial or total absence of 

these proteins (Missiaen L. et al., 2006). 

 

1.3 Oxidative stress and DNA Damage response as keratinocytes 

differentiation regulators  

Reactive oxygen species (ROS) have historically been viewed as toxic metabolic 

by-products and causal agents in a myriad of human pathologies. Whereas 

mitochondrial ROS production has commonly been thought of solely as the result 

of inefficiencies in the electron transport chain, a role for mitochondrial ROS in 
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the propagation of cellular signaling pathways has emerged (Hamanaka R.B. and 

Chandel N.S., 2010). Mitochondrial ROS generation is required for the 

propagation of numerous cellular signaling pathways including those regulating 

tumorigenesis (Weinberg F.R et al., 2010) immune responses (Zhou R. et al., 

2011) and cellular adaptation to stresses such as hypoxia (Chandel N.S. et al., 

1988). Increasing evidence suggests that mitochondria and mROS generation 

play key roles in cellular differentiation programs. Cellular mitochondrial content 

and oxidative capacity are increased when mouse embryonic stem cells (ESCs), 

induced pluripotent stem cells (iPSCs), or mesenchymal stem cells are induced 

to differentiate (Facucho-Oliveira J.M., 2007). Furthermore, increased cellular 

ROS levels and oxidation products correlate with the differentiation of ESCs and 

iPSCs as well as mesenchymal, neural, and epithelial stem cells (Yanes O. et al., 

2010) while inhibition of ROS production prevents differentiation (Ito K. et al., 

2007). Thus, increased mitochondrial and oxidant content appears to correlate 

with stem cell differentiation while low mitochondrial mass and oxidant content 

correlates with stem cell maintenance. 

As already mentioned, the epidermis is a self-renewing stratified squamous 

epithelium and is thus regulated by stem cell populations. To maintain epidermal 

homeostasis, cells within the proliferative basal layer withdraw from the cell cycle 

and differentiate as they process outward through the suprabasal layers (Fuchs 

E., 2009). Multiple transcriptional networks are associated with differentiation 

within the epidermis including Notch, p63, C/EBP, and AP2 (interfollicular 

epidermis) and β-catenin (HF) (Blanpain C. and Fuchs E., 2009). In order to test 

the hypothesis that mitochondria play an active role in the regulation of epidermal 

homeostasis, as well as in keratinocytes differentiation, Hamanaka and 

colleagues conditionally deleted the mitochondrial transcription factor A (TFAM) 

in undifferentiated keratinocytes. TFAM is required for the replication and 

transcription of the mitochondrial genome, and cells lacking TFAM are unable to 

conduct oxidative phosphorylation or produce mROS. Authors reported that mice 

conditionally lacking TFAM (TFAM cKO) in epidermis developed an epidermal 

barrier defect contributed to their perinatal mortality. TFAM cKO mice 

keratinocytes displayed signs of impaired keratinocytes differentiation both in vivo 
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and in vitro; moreover, differentiation of wild-type keratinocytes was inhibited by 

antioxidant treatment, and differentiation marker expression in TFAM cKO cells 

could be partly restored by treatment with exogenously applied H2O2, clearly 

demonstrating that oxidative signaling promotes keratinocyte differentiation and 

that mROS act as pro-differentiation signals and are key upstream regulators of 

stem cell fate decisions (Hamanaka R.B. and Chandel N.S., 2013). 

 

1.3.1 The role of transcription factor Nrf2  

Due to its accessibility, the skin is permanently exposed to harmful environmental 

influences and is highly susceptible to the effects of different stimulants. UV 

irradiation, xenobiotics, and thermal stress disturb cell metabolism and 

consequently lead to the increase in reactive oxygen species (ROS) generation 

and to redox imbalance. Despite low levels of ROS are required for efficient 

intracellular signalling, an excessive accumulation of ROS and/or a reduction in 

the antioxidant capacity contribute to cell aging, severe cell damage, and even 

neoplastic transformation (Gegotek A., 2015). Cells have developed several 

strategies to protect themselves against these insults. A major mechanism in the 

cellular defence against oxidative stress is activation of the Nrf2-antioxidant 

response element signaling pathway, which controls the expression of genes 

whose protein products are involved in the detoxification and elimination of 

reactive oxidants and electrophilic agents through conjugative reactions and by 

enhancing cellular antioxidant capacity (Nguyen T. et al., 2009). 

The transcription factor Nrf2 (nuclear factor erythroid derived 2, like 2) belongs to 

the “cap‘n’collar” (CNC) protein family, which contains the motif called leucine 

zipper (bZip, basic Leucine Zipper). This family has three-dimensional structures 

that allow the formation of dimers with other proteins containing bZip domain. The 

family of transcription factors containing bZIP domain is also characterized by a 

basic region, which binds via hydrogen bonds to the large groove of the DNA 

(Konstantinopoulos P.A. et al., 2011).  
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Under physiological conditions, Nrf2 encoding gene is under constant 

expression, as a result of which Nrf2 molecule is permanently biosynthesized. 

However, its level in the cytoplasm is regulated by the formation of Nrf2-Keap1-

Cul3 complex (Shibata T.T. et al., 2007). Keap1 binds Nrf2 and therefore directly 

inhibits its activity, resulting in simultaneous Nrf2 ubiquitination catalyzed by Cul3. 

Binding of at least four molecules of ubiquitin to Nrf2 causes degradation of this 

molecule by the proteasome 26S. However, the oxidative condition in the cell 

leads to the oxidation of cysteine residues in Keap1 molecule, changing the 

conformation of the protein and causing dissociation of Nrf2 from complex. Free 

Nrf2 cannot be ubiquitinated and degraded. In turn, it is translocated to the 

nucleus, where it forms a complex with a small Maf protein and then is bound to 

the DNA in a characteristic sequence 5′-TGACnnnGCA-3′ labeled as antioxidant 

responsive element (ARE) and in consequence initiates the transcription of 

antioxidant genes (Gegotek A., 2015). Nrf2 cytoprotective action concerns mainly 

antioxidant enzymes such as glutathione S-transferase (GST), quinone 

reductase NAD(P)H (NQO1), UDP-glucuronosyltransferases (UGT), epoxide 

hydrolase (EPHX), γ-glutamylcysteine ligase (GCL), heme oxygenase-1 (HO-1), 

glutathione reductase (GR), thioredoxin reductase (TrxR), catalase (CAT), and 

superoxide dismutase (SOD) (McMahon M. et al., 2001). 

Thanks to its antioxidant properties, NRF2 is a good target for antioxidant drugs. 

Some skin diseases, such as atopic dermatitis and psoriasis have been 

successfully treated through NRF2 enhancers (Schafer M. and Werner S., 2015). 

 

1.3.2 DNA Damage Response 

During their lifespan, cells are inevitably challenged by extrinsic and intrinsic 

stresses that threaten the integrity of their genomes. To survive these adverse 

conditions and pass on intact genetic information to subsequent generations, 

cells have evolved a highly organized and coordinated effort to ameliorate 

genotoxic stress called the DNA damage response (DDR). This response 

underlies the organismal ability to sense and signal problems in its DNA, to arrest 
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cell-cycle progression (cell-cycle checkpoints) and activate appropriate DNA 

repair mechanisms, or to eliminate cells with unrepairable genomes. The 

importance of the DDR network for the development and well-being of humans is 

illustrated by the large variety of diseases and cancer-predisposition syndromes 

that have been linked to mutations of DDR genes (Ciccia A. and Elledge S., 

2010). 

In contrast to the signal transduction pathways that are activated by ligands of 

receptor kinases, the DDR signaling pathway is activated by aberrant DNA 

structures induced by DNA damage or DNA replication stress. The sensors of 

this pathway are the proteins that directly recognize these aberrant DNA 

structures and activate the most upstream DDR kinases. The DDR signaling 

pathway consists of a protein kinase cascade as well as mediator proteins that 

facilitate the phosphorylation events within the DDR network. The effectors of the 

DDR signaling pathway are substrates of the DDR kinases that participate in a 

wide spectrum of cellular processes important for genomic stability, such as DNA 

replication, DNA repair, and cell-cycle control (Marechal A. and Zou L., 2013). In 

mammalian cells, the ATM (ataxia-telangiectasia mutated), ATR (ATM- and 

Rad3-Related), and DNA-PKcs (DNA-dependent protein kinase) kinases are the 

most upstream DDR kinases. In response to DNA damage, hundreds of proteins 

are phosphorylated at Ser/Thr-Glu motifs and additional sites in an ATM- or ATR-

dependent manner, whereas DNA-PKcs appears to regulate a smaller number of 

targets and play a role primarily in nonhomologous end joining (NHEJ) (Matsuoka 

S. et al, 2007; Smolka M.B. et al., 2007; Bensimon A. et al., 2010). ATM and ATR 

also activate a second wave of phosphorylation through their activation of Chk1, 

Chk2, and MK2 protein kinases (Matsuoka S. et al., 1998;  Reinhardt H.C. et al. 

2007). ATM and ATR are the master transducers of DNA signals, and they 

orchestrate a large network of cellular processes to maintain genomic integrity. 

In vivo and in vitro studies also suggest that the DNA-damage specificities and 

functions of ATM and ATR are distinct. Whereas ATM is primarily activated by 

double-stranded DNA breaks (DSBs), ATR responds to a broad spectrum of DNA 

damage, including DSBs and a variety of DNA lesions that interfere with 

replication.  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3753707/#A012716C24
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3753707/#A012716C24
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3753707/#A012716C78
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3753707/#A012716C78
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3753707/#A012716C116
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3753707/#A012716C10
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3753707/#A012716C79
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3753707/#A012716C104
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3753707/#A012716C104
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Although the DDR is fundamental to preserve genome integrity in response to 

several damaging assaults, recent studies in normal precursor or stem cells 

suggest that even the cellular differentiation programs are under the influence of 

DDR. The role of DDR in terminal differentiation programs is controversial and it 

seems to be highly context dependent. As example, DDR activation blocks 

differentiation in myoblasts and melanocytes, whereas promotes it in B 

lymphocytes and neuronal cells (Sherman M.H. et al., 2011). However, in the 

epidermal context the terminal differentiation is triggered by the DDR repression. 

One of the major signal pathways involved in keratinocytes differentiation is the 

Notch signaling; genetic ablation or activation of the pathway reveals that Notch 

signaling promotes epidermal differentiation (Rangarajan A., 2001). Moreover, 

Notch receptor binds and inactivates ATM kinase and that this mechanism is 

evolutionarily conserved in Caenorhabditis elegans, Xenopus laevis and humans. 

Activation of human Notch1 leads to reduced ATM signaling; Notch1 binds 

directly to the regulatory FATC domain of ATM and inhibits ATM kinase activity 

(Vermezovic J. et al., 2015). By using a calcium-induced keratinocytes 

differentiation model, Cialfi S. and colleagues demonstrate that the inactivation 

of both ATM and DDR is Notch1 dependent and that the DDR repression is 

involved in driving keratinocytes toward differentiation (Cialfi S. et al., 2016).  

 

1.4 The Notch signaling 

A central role in the maintenance of skin homeostasis is played by the genes of 

Notch family. The Notch signalling is an evolutionarily conserved pathway from 

D. melanogaster to vertebrates (Artavanis-Tsakonas S. et al., 1999), involved in 

cell fate differentiation and in development of different multicellular organisms. 

Notch signalling regulates cell survival, proliferation, apoptosis and self-renewal 

events (Bray S., 2006). In mammals, notch genes encode four large single-pass 

type I transmembrane proteins receptors that display both redundant and unique 

functions: Notch1, Notch2, Notch3 and Notch4 (Kopan R. and Ilagan M., 2009). 

Notch proteins are constituted by an extracellular domain (NECD), involved in the 
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interaction with DSL ligands, and an intracellular domain (NICD) responsible of 

the signal transduction.  

The extracellular domain contains 36 tandem epidermal growth factor (EGF)-like 

repeats. The interaction with ligands requires some of these repeats. Moreover, 

many EGF-like repeats bind calcium ions, necessary for the structure and affinity 

of Notch in ligand binding (Kopan R. and Ilagan M., 2009). The EGF-like repeats 

are followed by three cysteine-rich Notch/Lin12 (LNR) repeats and a 

heterodimerization domain (HD). The LNR repeats together with the HD form the 

negative regulatory region (NRR), essential in preventing Notch activation in the 

absence of a ligand.  

The intracellular domain contains several RAM (RBPJ association module) 

domains, for protein-protein interaction, a seven ankyrin repeats domain 

(Ank/Cdc10) with two different nuclear localization sequences (NLS) on both 

sides, and a transactivation domain. Instead, the C-terminal domain is 

characterized by the PEST domain [proline (P), glutamic acid (E), serine(S) and 

threonine (T)-rich motif], that presents a degron, a degradation signal, to regulate 

Notch stability (Artavanis-Tsakonas S. et al., 1999; Kopan R. and Ilagan M., 

2009) (Fig.3). 
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Figure 3  Protein domain arrangement of human Notch receptors (A) and ligands (B). ANK, ankyrin 

repeats; DLL, Delta-like protein; DSL, Delta/Serrate/LAG-2 domain; EGF, epidermal growth factor; HD, 

heterodimerization domain; JAG, jagged; JSD, Jagged Serrate domain; LNR, Lin-Notch repeats; MNNL, 

Notch ligand N-terminal domain; NRR, negative regulatory region; PDZL, PDZ ligand domain [PDZ, post 

synaptic density protein (PSD95)]; PEST, proline (P), glutamic acid (E), serine (S) and threonine (T) 

degradation domain; RAM, Rbp-associated molecule domain; s, cleavage site; SP, signal peptide; TAD, 

transactivation domain; TM, transmembrane domain; vWFC, von Willebrand factor type C domain (Mašek 

J. and  Andersson E., 2017) 

 

The immature receptor undergoes different post-translational modifications, 

during maturation and trafficking to cell surfaces. Initially, Notch proteins are 

processed in the endoplasmic reticulum by O-fucosil transferase (O-Fut1) at the 

EGF-like repeats (Haines N. and Irvine K.D., 2003). O-Fut1 binds a residue of O-

fucose to Notch, promoting its clustering to the surface (Allenspach E.J. et al., 

2002). After this modification by O-Fut1, the immature precursor of Notch is 

cleaved by a furin-like convertase at a specific site (S1), during trafficking through 

the Golgi complex. Notch is converted as a heterodimeric receptor, with an 

extracellular domain (NECD), a trans-membrane domain (NTM) and an 

intracellular domain (NICD), held together by non-covalent interaction via a 
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heterodimerization domain (HD). The NECD undergoes O-linked glycosylation 

during Notch synthesis and secretion, which is crucial for proper folding of the 

Notch receptor and the interaction with its ligand DSL (Delta, Serrate, Lag-2) (Hori 

K. et al., 2013). The mature receptor is transported on the cell surface and held 

in situ by non-covalent interactions (Ntziachristos P. et al., 2014)(Fig). 

The canonical Notch pathway involves trans-interactions between the receptors, 

expressed on the signal-receiving cells, and their specific DSL ligands, located 

on the signal-sending cells (Bray S., 2006; Hori K. et al., 2013). Different ligands 

cooperate with different notch receptors to determine the cell fate. Among them 

the DSL family (Delta/serrate/lag-2) are highly evolutionarily conserved.  

The DSL ligands are type I transmembrane glycoproteins characterized by a DSL 

domain, at the N-terminal domain, involved in the binding with EGF-like repeats 

of Notch (Fiúza U. and Arias M.A., 2007). In addition, the ligands contain EGF-

like repeats in a substantially variable number between the Delta and 

Serrate/Jagged1 family. Moreover, the serrate/jagged ligands are characterized 

by cysteine-rich domain (CRD) located between the transmembrane domain and 

EGF-like repeats (Ascano J.M. et al., 2003).  

The Notch-ligand binding causes a conformational change in the receptor 

structure with the consequent exposure of two cleavage sites. In addition, 

endocytosis and membrane trafficking regulate ligand and receptor availability at 

the cell surface. Ligand endocytosis is also thought to generate mechanical force 

to promote a conformational change in the bound Notch receptor. This 

conformational change exposes site 2 (S2) in Notch for cleavage by ADAM 

metalloproteases. Indeed, the first cleavage is carried out by the family of 

metalloproteinase ADAM10/17, which recognize the site S2 placed in the 

extracellular region of Notch, determining its release (Aithal M. and Rajeswari N., 

2013). The S2 cleavage mediated by ADAM metalloproteinases stimulates the 

presenilin complex (PS)/γ-secretase cleavage, in the S3 site placed within the 

intracellular domain. These events result in the release of an intracellular domain 

of Notch (NICD), which translocates to the nucleus (Bertrand F. et al., 2012) and 

forms a multiprotein complex with CSL proteins (CBF1 in mammals, RBPJ in the 
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mouse, “suppressor of hairless” in D. melanogaster and Lag1 in C. Elegans). At 

first, NICD binds CSL proteins with the RAM domain and, subsequently, with the 

Ank domain. When Notch signalling is turned off, CSL proteins inhibit 

transcription, together with co-repressor such as SMRT, NCoR and SHARP. The 

presence of Notch is able to derepress the promotor region by displacing 

corepressors and directly binding to CSL proteins (Doug B. and Kopan R., 2006). 

Notch requires Maml proteins and other transcriptional co-activators to drive the 

transcription of target genes, such as the Hes family (Bray S., 2006; Kopan R. 

and Ilagan M., 2009).  Maml1 binds NICD and CSL only in a complexed dimer 

where the highly conserved N-terminal domain of Maml1 is fitting into a molecular 

groove formed by the Ank domain of Notch and specific residues of the CSL 

protein. In addition, Maml1 recruits additional cofactor, such as p300 and CDK8, 

to induce posttranslational modifications. Acetylation, phosphorylation and 

ubiquitination events, induced by these cofactors, mediate the binding affinity and 

stability of Notch transcriptional complex on target genes´ promoters) (Fig.4). 

                    

        Figure 4  The Core of the Notch Signaling Pathway (Kopan R. and Ilagan M., 2009). 
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1.4.1 Epidermal Notch signaling  

The epidermis is characterized by a polarized pattern of epithelial cell growth and 

differentiation. It is organized in several distinct overlying layers. Actively 

proliferating keratinocytes are limited to the innermost basal layer; within the 

proliferative compartment, at least two kinds of keratinocyte populations are 

present: multipotent “stem cells,” slow cycling but with an indefinite self-renewal 

potential and capable of generating all other types of growing and differentiating 

keratinocytes and “transient amplifying cells,” actively proliferating but capable of 

a limited number of cell divisions and already committed towards differentiation. 

The stem cell populations are not “fixed” in their properties, but are in a reversible 

transit towards surrounding transit amplifying cells that are in turn in equilibrium 

with cells that have withdrawn reversibly versus irreversibly from the cell cycle. 

The relative balance of these various populations could be controlled at any step 

of this dynamic process, and may be further determined by the surrounding 

cellular environment, i.e., the stroma and associated blood supply (Lefort K. and 

Dotto G.P., 2004).  A pivotal role in controlling the balance between proliferative 

and differentiating signals is played by the Notch signaling; the Notch signaling 

activation results in the induction of a program of gene expression that can either 

suppress or promote differentiation in cell-type and context-dependent manner 

(Artavanis-Tsakonas S. et al., 1999). In normal epidermis, Notch1, Notch2 and 

Notch3 are all expressed suprabasally, indicating that their physiological role is 

mostly associated with keratinocyte differentiation. For example, blockade of 

Notch1 predisposes murine skin to basal cell carcinoma-like tumors. This 

observation could be explained by the fact that in normal keratinocytes, Notch 

activation induces cell cycle arrest (Rangarajan A. et al., 2001). 

Consistently with the model that the Notch pathway plays an important role in 

regulating epidermal homeostasis, Notch1 deficiency in the epidermis results in 

a pleiotropic phenotype, with hair loss, hyperproliferation, deregulated expression 

of multiple differentiation markers and spontaneous basal cell 

carcinomas (Rangarajan A., et al., 2001*; Vauclair S., et al., 2005; Nicolas M. et 

al., 2003). Thus, consideration gathered from human and mouse epidermis 

indicates a simple model in which Notch signaling activation regulates epidermis 
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homeostasis by first promoting stem cell-transit amplifying cell transition and 

thereafter inducing a differentiation-associated growth arrest (Talora C. et al., 

2008). 

As already highlighted, levels of extra and intracellular calcium play a major role 

in keratinocytes growth/differentiation (Dotto G.P., 1999). Calcium dependent 

differentiation is further strengthened by the effects of calcium on Notch1 receptor 

activity (Lefort K. and Dotto G.P., 2004; Rangarajan A. et al., 2001*). High calcium 

levels induce Notch1 activation by enhancing its association with ligands and thus 

by stimulating the conformation changes needed for the receptor processing 

(Cordle J. et al., 2008). In addition, calcium influx stimulates the activity of 

proteins complex responsible for transmembrane receptors processing 

(Zoltowska K. and Berezovska O., 2018). 

The molecular mechanisms by which Notch signaling regulates cutaneous 

development and homeostasis are complex and multifaceted and involve 

interactions with a variety of other signaling pathways (Nowell C. and Radke F., 

2013). One mechanism by which canonical Notch signaling mediates its effects 

is both via the induction of CDKN1A/p21 and the repression of p63. Induction of 

p21 expression is one of the earliest cell cycle regulatory events underlying 

differentiation-associated growth arrest (Missero C. et al., 1995). In vitro studies 

on mouse epidermal keratinocytes indicate that the induction of CDKN1A/p21 by 

Notch is RBP-J dependent; the RBP-Jκ protein binds directly to the endogenous 

p21 promoter and both increased extracellular calcium and activated Notch1 

induce p21 promoter activity through an RBP-Jκ-dependent mechanism 

(Rangarajan A. et al. 2001). 

p63 belongs to the p53 family of transcription factors and exists as several 

isoforms that show distinct expression patterns (Yang A. et al. 2002). The 

ΔNp63α isoform is generally associated with epithelial stem/progenitor cells in 

stratified epithelial tissues (McKeon F., 2004) and plays an important functional 

role in the proliferation of progenitors during the process of stratification (Senoo 

M. et al. 2007). The Notch signaling represses p63 expression during 

differentiation, and overexpression of p63 in human epidermal keratinocytes 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC125257/#cde344c26
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3839599/#A017772C64
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3839599/#A017772C82
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3839599/#A017772C49
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3839599/#A017772C68
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3839599/#A017772C68
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counteracts the prodifferentiation function of Notch (Nguyen B. et al. 2006). The 

mechanism by which Notch opposes p63 expression involves the regulation of 

interferon response factors (IRFs). In human and mouse epidermal keratinocytes, 

Notch-mediated repression of p63 is concomitant with the repression of IRF3/7, 

both of which prevent p63 down-regulation when overexpressed (Nguyen A. et 

al. 2006) (Fig.5).  

 

     

Figure 5 Regulation of the balance between self-renewing and committed cell populations mediated by the 

mutual antagonism between Notch e p63 (Dotto G.P., 2009). 

 

 

 

 

 

 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3839599/#A017772C53
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3839599/#A017772C53
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3839599/#A017772C53
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2.The skin as an immune organ 

One of the main functions of the skin is to protect the host from invasion, and it 

does so by employing physical barriers, antimicrobial peptides (AMPs), and an 

intricate network of resident immune and non-immune cells and skin structures 

(Nguyen A. and Soulika A., 2019) (Fig.6). 

 

 

Figure 6 The most prevalent immune cell types that populate human epidermis are Langerhans 

cells (LCs) and CD8+ tissue-resident memory T (TRM) cells. The murine epidermis contains 

dendritic epidermal T cells (DETCs), which are absent in human epidermis. Both the mouse and 

human dermis are populated by dendritic cells (DCs), macrophages, innate lymphoid cells (ILCs), 

natural killer (NK) cells and CD8+ TRM cells. In murine dermis, γδ T cells play a prominent role in 

the production of IL-17, while in human skin αβ T cells are responsible. The functional 

coordination of these cellular mediators results in effective immune responses and a subsequent 

return to immune homeostasis (Ho A. and Kupper T., 2019). 



21 

2.1 Skin resident immune cells 

Skin-resident immune cells promote tissue function in homeostasis and act as 

sentinels by actively sampling environmental antigens. Both myeloid and 

lymphoid cell subsets are found in the skin in steady state. Some of these resident 

immune cells migrate to lymph nodes to either induce peripheral tolerance to 

tissue self-antigens or initiate robust immune responses. In the event of a 

challenge, such as infections or tissue injury, immune cells resident in the skin 

and those infiltrating from the periphery interact to create an intricate defence 

network to resolve the insult and restore the tissue to its original state (Nguyen 

A. and Soulika A., 2019). 

Skin-resident myeloid cells include: Langerhans cells, dermal dendritic cells, 

macrophages, mast cells, and eosinophils. They contribute to skin homeostasis 

by secreting growth factors needed for the survival of keratinocytes, fibroblasts, 

and endothelial cells. In inflammatory conditions, myeloid cells respond 

immediately and produce pro-inflammatory mediators that drive the activation of 

cells in the local vicinity and infiltration of the affected site by peripheral immune 

cells (Zaba L. Et al., 2009). 

The skin also harbours different types of lymphoid cells all of which are important 

in both steady state and inflammatory responses. Both human and murine skin 

contain γδ T lymphocytes and αβ T lymphocytes, along with natural killer T cells. 

γδ T cells are the dominant T cell population in murine skin, while αβ T cells are 

the dominant T cell population in human skin (Bos J. et al., 1987). αβ T cells such 

as Tregs and T-helper cells secrete cytokines in response to infection, tissue 

damage and tumors (Takashi N., 2014). While most αβ T cells undergo apoptosis 

after a pathogen has cleared, a population of αβ T cells become long-lived 

memory T cells and reside in the skin. These memory T cells are involved in 

inflammation upon viral infection by secreting cytokines (Duhen T., 2009). 

 γδ T cells play key roles in maintaining skin integrity and protecting from 

malignancy. γδ T cells monitor skin integrity by recognizing damaged cells and 

producing IGF-1. Activated skin-resident T cells improve the rate of wound 

closure in cultured human skin in an IGF-1-dependent manner (Toulon A. et al., 
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2009). In addition, human dermal γδ T cells express the NKG2D receptor, which 

stimulates cell lysis (Bauer S., 1999) and they can clones exert cytotoxic 

responses also against melanoma cell lines (Bachelez H. et al., 1992).  

 

2.2 Non-immune skin cells: Keratinocytes as sensor and central player in 

the immune defense 

Keratinocytes are the main constituents in the epidermis and they orchestrate 

immune responses if microbes and their molecules penetrate the stratum 

corneum upon mechanical or pathological barrier defects. Keratinocytes express 

several pattern recognition receptors (PRRs), which contribute to the initial 

sensing of microorganisms and intracellular signal transduction: Toll-like 

receptors (TLRs), Nod-like receptors (NLRs), RIG-I-like receptors (RLRs), and C-

type lectin receptors (CLRs) (Pasparakis M. et al., 2014). TLRs are the best 

characterized human PRRs; they recognize conserved microbial structures such 

as lipopolysaccaride (LPS), lipopeptides, peptidoglycan, flagellin or nucleic acids. 

Epidermal keratinocytes express the cell surface associated TLRs 1, 2, 4, 5 and 

6 and the endosomal TLRs 3 and 9 (Miller L. and Modlin R., 2007). The NOD 

receptors 1 and 2 are also expressed by human keratinocytes and are 

intracellular receptors that respond to bacterial peptidoglycan fragments. NOD2 

responds mainly to peptidoglycan from Gram-positive bacteria such as S. aureus. 

NOD2 activation in the presence of TLR signals is especially effective in inducing 

an inflammatory response (Roth S. et al., 2014). 

Keratinocytes are in constant interaction with local immune cells and produce 

factors crucial in homeostasis and in tissue repair. Keratinocytes communicate 

with the rest of the immune system through:  

• Antimicrobial peptides (cathelicidins and β-defensins) (Afshar M. and Gallo 

R., 2013) 

• Signalling cytokines (e.g. IL-1β) and chemokines which attract other immune 

cells to the epidermis (Uchi H. et al., 2000) 
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• Direct activation of primed T lymphocytes and NK cells through major 

histocompatibility complex I (Black et al, 2007). 

2.3 Epidermal cytokines  

The correct formation of the epidermal barrier is essential for the barrier function 

of the skin. This differentiation program relies on well-regulated cell 

communication processes. Keratinocytes and other skin resident cells produce 

cytokines that are responsible for the control of cellular communication. Cytokine 

signaling can result in multiple consequences for the barrier function of the skin. 

For example, cytokines influence keratinocytes proliferation and differentiation, 

at least in part by modulating the gene expression program in these cells. One 

consequence is the expressional control of other cytokines resulting in a complex 

network of signaling molecules that affect the physiology of keratinocytes and the 

quality of the skin barrier. Deregulated cytokine expression can thus contribute to 

dysfunctions of the epidermal barrier as it is observed in many diseases, including 

atopic dermatitis (AD) and psoriasis (Hanel K. et al., 2013) (Fig.7). 

 

     

Figure 7 Regulatory effects of the cytokines on the skin barrier formation (Hanel K. et al., 2013). 
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2.3.1 Epidermal cytokines in wound healing  

As mentioned above, the set of epidermal cytokines produced by keratinocytes 

plays a pivotal role in regulating not only the normal physiological processes of 

the skin but they also take an active part in response to external insults. An 

extremely challenging process for the skin is the wound healing. Skin wounds, 

including acute burns and chronic non-healing ulcers, are commonly observed in 

clinics. Healing of skin wounds is a complex process, consisting of infiltration of 

inflammatory cells, cellular proliferation, and tissue remodelling phases, which 

restore the integrity and functions of the skin. Epithelialization is involved in 

wound healing through re-establishing an intact keratinocyte layer (Pastar I. et 

al., 2014). Epidermal stem cells are indispensable for epithelialization and they 

are regulated by multiple proinflammatory cytokines or growth factors. Upon 

injury to the skin, human keratinocytes have been shown to express pro- and 

anti-inflammatory cytokines, along with chemokines and growth factors that 

contribute to the inflammatory response; the most important pro-inflammatory 

cytokines produced are: interleukin-1 alpha (IL1), IL-1, IL-18, IL-6, IL-8 and 

tumour necrosis factor-alpha (TNF-) (Xiao T. et al., 2020).  

IL-1 IL1 IL-18 and TNF are termed primary cytokines (Williams R. and 

Kupper T., 1996) as they are capable of inducing processes that directly result in 

rapid, local inflammation. Primary cytokines (IL-1 and TNF-) are able to induce 

the release of secondary mediators (such as IL-6 and IL-8) in an autocrine or a 

paracrine manner from other cell types to amplify and assist the inflammatory 

response. They participate in the inflammation phase of wound healing through 

activating downstream cascades (Kanji S. and Das H., 2017). They also 

contribute to the epithelialization phase by mobilizing resident stem/progenitor 

cells and promoting cell proliferation and differentiation; (Larouche J. et al., 2017).  

Among the many growth factors studied in the context of wound healing, 

transforming growth factor beta (TGF-β) is thought to have the broadest spectrum 

of effects. TGF-β plays an essential role in wound healing through its pleiotropic 

effects on cell proliferation and differentiation, extracellular matrix (ECM) 

production, and immune modulation (Penn J. et al., 2012). The three phases of 
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wound healing are known as inflammation, tissue formation (proliferation), and 

maturation (tissue remodelling), which overlap in time. TGF-β plays a critical role 

in regulating multiple cellular responses that occur in all three phases of wound 

healing. Inflammation is characterized by the recruitment of immune cells such 

as neutrophils and macrophages to the injured site in response to chemotactic 

cytokines such as TGF-β (Wang X. et al., 2006).  Once immune cells become 

activated, they are susceptible to TGF-β1-mediated suppression to reverse the 

inflammatory process. Thus, TGF-β plays a dual role in the inflammation phase 

of wound healing by exerting pro-inflammatory effects during the early stages and 

later contributing to the resolution of inflammation (Finnson K. et al., 2013a; 

Finnson K. 2013b). Aberrant TGF-β signaling has been implicated in pathological 

skin disorders, including chronic wounds and excessive scarring (Penn J. et al., 

2012). 

The high complexity of signaling necessary to coordinate cellular processes 

participating in wound healing emphasizing the importance of tight spatio-

temporal control, in which small changes in levels and timing of any 

cytokines/growth factor may have a completely different outcome. Alteration in 

the balance between pro- and anti-inflammatory cytokines is a common feature 

of chronic non-healing wounds.  

2.3.2 Cytokines in cellular senescence: senescence-associated secretory 

phenotype (SASP) 

Cellular senescence occurs in culture and in vivo as a response to excessive 

extracellular or intracellular stress. The senescence program leads to a cell-cycle 

arrest preventing the spread of damage to the next cell generation (Campisi J. 

and d’Adda di Fagagna F., 2007). These cells are found mainly in renewable 

tissues and in tissues that undergo extended inflammation. Several stresses can 

trigger cellular senescence: telomere uncapping (termed replicative 

senescence), mitochondrial deterioration, oxidative stress, severe or irreparable 

DNA damage (genotoxic stress), and the expression of certain oncogenes 

(oncogene-induced senescence) (Ben-Porath I. And Weinberg A., 2004). For 

these reasons, senescence acts as an intrinsic tumor-suppressive mechanism 
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preventing the propagation of damaged cells. Nevertheless, contrary to common 

thought, senescent cells are not just arrested in the cell cycle but they are 

metabolically active and undergo widespread changes in the protein expression 

and secretion contributing to both tumor suppression and tumor promotion (Faget 

D. et al., 2019). Indeed, senescent cells impact on tissue microenvironment and 

on the cell behaviour even in an extrinsic manner by secreting numerous 

inflammatory, extracellular-modifying and growth factors, collectively referred to 

as senescence-associated secretory phenotype (SASP). Moreover, has been 

shown that SASP takes part even in the wound healing by limiting fibrosis and 

promoting the wound repair through the secretion of growth factors and through 

the recruitment of immune cells (Demaria M. et al., 2014). The senescent-

associated secretory phenotype includes many families of soluble and insoluble 

factors that can affect surrounding cells by activating several cell-surface 

receptors and consequently many signal transduction pathways (Coppé J. et al., 

2010). SASP factors can be generally divided in three major categories:  

• Signaling factors (interleukins, chemokines and growth factors); 

• Secreted protease; 

• Secreted insoluble proteins/extracellular matrix (ECM) components; 

Hence, the SASP factors secretion provide a powerful mechanism through which 

senescent cells can modify the tissue microenvironment and the cells behaviour. 

Depending on the biological context SASP factors could have beneficial 

outcomes (e.g., embryonic development, tumor suppression, wound healing and 

tissue regeneration) or detrimental ones (e.g., tissue degeneration, chronic 

inflammation, tumor promotion) (Watanabe S. et al., 2017). 
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3. Hailey-Hailey Disease (HHD) 

Hailey-Hailey disease (HHD, OMIM 16960), also known as familial benign 

chronic pemphigus, is a rare autosomal dominant genodermatosis with complete 

penetrance and with an incidence estimated to be 1:50,000-1:40,000 (Engin B. 

et al, 2015; Burge SM., 1992; Kellermayer R., 2005). Described for the first time 

in 1939 by the two brothers Hug and Howard Hailey (Hailey H. and Hailey H., 

1939), HHD usually appears in the third or fourth decade, although it can occur 

at any ages (Dobson-Stone C. et al, 2002). Clinically, HHD is characterized by 

chronic course with remission and recurrence pattern, which may be constant in 

some patients. The exacerbated skin lesions primarily occur in the sites of friction 

and intertriginous areas. Heat, sweating, UVB exposure and friction often 

exacerbates the disease and most patients have worse symptoms during 

summer (Kellermayer R., 2008) (Fig.8 a). 

Histologically, HHD is characterized by loss of cohesion between keratinocytes 

(acantholysis) with epidermal clefting or vesiculation. Widespread partial loss of 

the intercellular bridges between keratinocytes gives the epidermis the 

appearance of a ‘dilapidated brick wall’ (Fig.8 b-c). Ultrastructural studies of 

acantholytic cells in HHD reveal perinuclear aggregates of keratin intermediate 

filaments that have retracted from desmosomal plaques (Wilgram G., Caulfield J. 

and Lever W., 1962). Moreover, even if rare, squamous/basal cell carcinomas 

and melanomas arising in the skin lesions have been described (Chun S. et al., 

1988; Cockayne S.E. et al., 2000; Holst V. et al., 2000; Mohr M. et al., 2011). 
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Figure 8: a, Clinical presentation of a patient with HHD with erythema and blisters in axilla. b, Histological 

section of affected skin showing separation of suprabasal cells (acantholysis) (×50). c, Higher magnification 

showing acantholytic cells in the suprabasal layer (×100). (Hu Z et al, 2000) 

 

3.1 The ATP2C1 gene and protein 

The genetics and pathophysiology of HHD have been linked to mutations in the 

ATP2C1 gene.  

The human ATP2C1 gene is located on chromosome 3q21 and consists of 28 

exons (Sudbrak R. et al., 2000; Hu Z. et al., 2000). Alternative splicing at the 3′-

end of the human ATP2C1 pre-mRNA produces four distinct ATP2C1 variants 

(corresponding to SPCA1a-d proteins). The ATP2C1 transcript provides 

instructions for making a protein known as hSPCA1. This protein is an adenosine 

triphosohate (ATP)-powered Ca2+/Mn2+ pump which uses energy from ATP 

molecules to pump ions across cell membrane thus regulating the Golgi luminal 

and cytosolic ionic homeostasis. hSPCA1 consists of five stalk helices in the 

cytoplasm, ten hydrophobic transmembrana segments and three cytosolic 

domains (the actuator domain (A), phosphorylation domain (P), nucleotide-

binding domain (N)) mostly localized in the Golgi apparatus (Micaroni M. et al., 

2016) (Fig.9). 

a b 

c 
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The alternative splicing is not present in other species where we have a single 

SPCA1. 

 

                    

Figure 9  ATP2C1 protein structure. Actuator domain (A), phosphorylation domain (P), nucleotide binding 

domain (N) and five stalk helices (S) in the cytoplasm and ten transmembrane helices (M). (Adapted from 

Micaroni M. et al., 2016). 

  

This pump is ubiquitously expressed in human tissues but at higher levels in 

keratinocytes (Hu Z. et al., 2000).  

The relative contribution of hSPCA1 to the total Ca2+ uptake in the Golgi depends 

on the cell type and it can range from 15% to 50%. However, it has been reported 

that in keratinocytes the Ca2+ uptake in the Golgi apparatus depends for 67% on 

hSPCA1 pump activity (Missiaen L. et al., 2007; Callewaert G. et al., 2003) 

This finding, in addition to the prominent role played by calcium in the regulation 

of keratinocytes proliferation/differentiation, may explain, at least in part, why only 

the skin is affected in HHD, although the exact reason is not yet completely 

understood.  

 

3.2 Mutations of ATP2C1 gene 

To date, at least 177 mutations have been identified on ATP2C1 gene with no 

apparent clustering (Micaroni M. et al., 2016).The number and types are as 

follow: 51 missense mutations (28.8%), 44 small deletions mutations (24.9%), 36 
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splicing mutations (20.3%), 25 nonsense mutations (14.1%), 12 duplication 

mutations (6.8%),  four complex  rearrangements (2.3%), three gross deletions 

(1.7%) and two small indel mutations (1.1%).The 37.2% of ATP2C1 mutations 

localize to exons 12, 13, 21, 23, 24, 25. The amino acid sequences encoded from 

exon 12 and 23 are crucial for Ca2+ binding, from exon 13 for phosphorylation 

and from exon 21 for Mn2+ binding (Deng H. and Heng X., 2017). Regardless of 

the type, more than 50% of all ATP2C1 mutations generate premature 

termination codons (PTCs) leading to mRNA degradation through the nonsense-

mediated mRNA decay pathway or to the synthesis of truncated protein with no 

complete functionality or correct organellar localization. The high proportions of 

PTCs support the possibility that haploinsufficiency of ATP2C1 is the major 

mechanism underlying the dominant inheritance of HHD (Micaroni M. et al., 

2016).  

3.3 The ATP2C1 gene dysfunction and its mechanism in HHD 

As previously reported, the proper maintenance of calcium gradient within the 

epidermis is crucial to regulate proliferation and differentiation processes and 

consequently the skin barrier function. The Ca2+ gradient in the upper epidermis 

of HHD is markedly decreased compared to normal skin; this aspect correlate 

well with the histological main feature of HHD skin that is the acantholysis (Behne 

M. et al., 2003). Due to hSPCA1 dysfunction, the inefficient increase of external 

Ca2+ may result in an impairment of both desmosome formation and Ca2+-

sensing receptors activation. The latter are responsible for triggering cell-to-cell 

adhesion, keratinocytes differentiation and reconstituting the calcium gradient 

(Brini M. and Carafoli E., 2009). The loss of function hSPCA is also responsible 

for a slower Ca2+ uptake in the Golgi and, at the same time, for a cytosolic 

calcium concentration increase. Low calcium levels in Golgi may alter crucial 

post-translational modifications of desmosomes, mainly the glycosylation. On the 

other hand, the elevation of intracellular calcium levels leads keratinocytes to not 

respond well to increasing extracellular calcium concentrations. Indeed, HHD 

keratinocytes display a reduced production of involucrin which makes up the 

cornified envelope and that is expressed in response to increased extracellular 

Ca2+ concentrations (Hu Z. et al., 2000; Aberg K. et al., 2007). Moreover, high 
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cytoplasmic Ca2+ levels could overload mitochondria compromising their 

functionality and leading to redox imbalance (Van Baelen K. et al. 2004). 

However, the predominant involvement of skin folds in the cutaneous lesions’ 

manifestation suggests that genetic alterations in ATP2C1 gene are necessary 

but not sufficient to lead to the disease onset; other intrinsic and extrinsic factors 

may also influence the disease manifestation e.g., genetic background, the loss 

of other Ca2+ regulatory mechanisms, friction, sweating, infections, UV 

exposure.  

3.4 Molecular and immunological features of HHD 

Although HHD has been described for the first time in 1939, to date little is still 

known about the molecular and immunological mechanisms underlying the 

disorder. As reported, beyond the mutations in ATP2C1 gene and the consequent 

deregulation in calcium homeostasis, other factors, referred as “second hits”, are 

needed to trigger the disease onset. The understandings of this aspects are 

crucial to improve the management of HHD. In the last years, our research activity 

has been extremely focused on the study of HHD contributing to increase the 

knowledge about its pathogenesis in particular on molecular level.  

One of the first important findings is represented by the evidence that oxidative 

stress plays a key role in the HHD pathogenesis.  Indeed, by employing primary 

human keratinocytes derived from either normal-appearing skin or cutaneous 

lesions of patients, Cialfi et al. demonstrated a massive ROS accumulation in the 

lesion skin derived keratinocytes; this latter aspect was also correlated to a 

decreased expression levels of Nrf2 and in turn of the detoxifying ability of the 

cells. Moreover, keratinocytes lesional skin derived displayed a low rate of 

proliferation leading to a failure of the normal differentiation program (Cialfi S. et 

al., 2010). In agreement with this observation, the expression of regulatory factors 

(e.g., Notch1 and its target p63) associated with keratinocytes differentiation and 

proliferation were extremely altered.  

Further investigations, based on RNA-sequencing analysis, pointed out a 

substantial number of genes differentially expressed in lesioned skin compare to 
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the normal appearing one. A first group of genes differentially expressed was 

represented by genes involved in the inflammatory response and in the wound 

healing process. In particular, the mRNA levels of the proinflammatory cytokines 

IL-6, IL-1, IL-32-34 and TGFB2 were up-regulated (Cialfi S. et al., 2016). 

Conversely, IL-33, IL-24 levels are decreased in keratinocytes derived from HHD 

lesions; IL-33 may play pivotal roles in the maintenance of cutaneous homeostasis 

and the acceleration of normal wound healing (Yin H. et al., 2013). In skin wounds, 

interleukin 6 (IL-6), the IL-1 family and transforming growth factor (TGF-β) are 

crucial cytokines that regulate the re-epithelialization process (Pastar I. et al., 

2014; Larouche J. et al., 2017; Finnson K. et al., 2013a-b). Hence, since the 

success of wound healing process depends on growth factors, cytokines and 

chemokines (Hanel K. et al., 2013; Xiao T. et al., 2020), alterations in their 

expression could explain, at least in part, why HHD skin lesions do not heal and 

show recurrent infections. A better understanding of the influence of deregulated 

cytokines on ATP2C1-defective keratinocytes proliferation, differentiation and 

wound repair mechanisms may help to design treatment strategies to improve 

wound healing and microbial infection regression in HHD patients. 

Therefore, these data indicate that HHD keratinocytes are defective in managing 

both oxidative-stress response and wound signal that ultimately could contribute 

to the poor healing of HHD lesions.  

The transcriptome analysis carried out by Cialfi S. et al. had also revealed a 

strong down-modulation of DDR genes in HHD skin lesions. It has been proposed 

that ATP2C1 loss of function leads to an increased production of ROS and to an 

upregulation of the Notch1 signaling. Notch1 signaling is responsible for the 

subsequent ATM downregulation and, thus, for the DDR repression. Increased 

ROS levels and ATM loss would produce DNA damage up to a threshold that 

keratinocytes cannot repair, which would then promote terminal differentiation; a 

premature differentiation and the consequent exhaustion of the transit amplifying 

component of the skin, could result in a compromised capacity of the skin to 

regenerate itself (Cialfi S. et al., 2016). Moreover, generation of DNA damage as 

well as the alteration in tissue microenvironment, are important steps in the 
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process of carcinogenesis. HHD rarely degenerates in skin cancer although 

squamous cell carcinoma and basal cell carcinoma arising in lesions of HHD have 

been described in the literature (Chun S. et al., 1988; Cockayne S.E. et al., 2000; 

Holst V. et al., 2000; Mohr M. et al., 2011). 

 

3.5 Diagnosis and treatment  

HHD can be easily mistaken with other skin conditions such as psoriasis, 

eczema, contact dermatitis, fungal infections and with a similar genodermatosis, 

called Darier disease. Thus, a skin biopsy and genetic test on ATP2C1 mutations 

are necessary to make a proper diagnosis. 

To date, there is no long-term treatments known to be effective in HHD patients. 

The traditional treatments are aimed at symptomatic relief. Since bacterial, fungal 

and viral superinfections commonly exacerbate HHD skin lesions making them 

persistent, topical and systemic antibiotics, antifungal and antiviral agents are 

used. In addition, in order to diminish inflammation and the pricking/itchy 

sensations, topical and systemic corticosteroid are administrated to patients.  

However, prolonged treatment course of steroids is limited due to their side 

effects, most commonly skin atrophy. This last aspect must be carefully 

considered, because in HHD-patients, lesion development is associated with the 

simple friction of the skin. Additionally, patients develop lesions refractory to 

corticosteroids. As lesions became recalcitrant to Standard of Care (SOC) 

treatment, several possible treatments have been proposed including: Botulinum 

toxin injection, to reduce sweat production and the skin maceration, 

photodynamic therapy (Arora H. et al., 2016), diseased skin dermabrasion 

(Hamm H., 1994), as well as topical immunomodulators administration to reduce 

pro-inflammatory cytokines production (Tchernev G. and Cardoso J.C., 2011).  

As described, our research group found that the increase of oxidative stress plays 

a central role in pathogenesis of HHD (Manca S. et al., 2011; Cialfi S. et al., 

2010). In this regard, Biolcati G. et al. found that Nle4-D-Phe7-a-melanocyte-

stimulating hormone (afamelanotide), an a-MSH analogue with antioxidant 

proprieties, has a therapeutic efficacy in patients with treatment-resistant HHD. 

Afamelanotide is able to partially restore Nrf2 expression and the defective 
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proliferative capability of lesion- derived keratinocytes ex vivo. Moreover, a 

clinical trial performed on this compound administered by injection once a month 

showed improvements in 30 days after first injection and complete clearance of 

HHD lesions after 60 days, independently of the lesion location (Biolcati G. et al., 

2014). 

However, since the evidence for the above indicated treatments of HHD is limited 

to case reports, case series, and expert opinion, the development of causal 

treatment strategies (i.e., molecular therapy-based) is highly desirable and could 

be reached through intensified efforts to elucidate the various molecular 

mechanisms underlying the disorder. 

 

3.6 Animal model in HHD study  

Research on molecular pathways, treatments or management strategies for rare 

diseases can be challenging primarily due to the limited number of individuals 

who will be eligible to participate in any given study. In addition, ethical and 

psychological aspects must be carefully considered when doing molecular and/or 

clinical research on patients with rare disease. Obviously, this is also true for the 

HHD.  

Working ex vivo by using keratinocytes derived from normal and lesioned skin of 

HHD patients is not always possible. Punch biopsies in HHD skin can trigger the 

manifestation of new skin lesions or exacerbate the existing ones dramatically 

worsening the clinical and psychological conditions of patients. Another issue 

making the molecular research on HHD even more difficult is the inability to use 

mouse models because of the poor recapitulation of the main human pathological 

features. In fact, while null mutant Spca1−/− embryos do not survive to the 

gestation due to defects in neural tube closure, heterozygous mice for ATP2C1 

do not develop the typical vesicular lesions of human patients and show an 

increase susceptibility to squamous cell tumors, a phenotype rarely observed in 

humans with HHD (Okunade G. et al., 2007).  

In the last 10-20 years the yeast, in particular S. cerevisiae, has become 

increasingly used in biomedical research as an effective and simple model 
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system to understand the molecular players associated to a given pathology. 

Indeed, about 30% of the genes known to be involved in human diseases have a 

yeast orthologs (Foury F., 1997).  

This is still true in the study of Hailey-Hailey disease. Both the budding yeasts S. 

cerevisiae and Kluyveromyces lactis (K. lactis) express the orthologue gene of 

ATP2C1, called PMR1 (plasma membrane ATPase related) (Uccelletti D. et al., 

1999; Rudolph H.K. et al., 1989). Indeed, the expression of the human ATP2C1 

in yeast fully rescues the yeast pmr1 ipersensitivity to Ca2+ chelators and Mn2+ 

toxicity (Ton V. et al, 2002). Cells deprived of Pmr1p display pleiotropic 

phenotypes, some of them resembling those reported in HHD keratinocytes, 

including alterations in Ca2+ homeostasis, mitochondrial dysfunctions and 

increased production of reactive oxygen species (Hu Z. et al. 2000; Uccelletti D. 

et al., 2005). This latter aspect is associated with the decreased action of some 

detoxifying systems both in yeast cells and in the lesional-derived keratinocytes 

of HHD patients (Ficociello G. et al., 2016).  
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II. AIMS OF THE WORK 

 

While a strong relationship exists between mutations in ATP2C1 gene and 

Hailey-Hailey disease development, the precise mechanism through which 

mutations induce skin lesions is unknown and, to date, there is no treatment 

known to be effective and side effects free. In the last years, our research activity 

has highlighted how the disease is closely connected with defects in managing 

oxidative-stress response, re-epithelialization process as well as DNA damage 

response contributing to the poor healing of HHD lesions (Cialfi S et al., 2010; 

Manca S. et al., 2011; Biolcati G. et al., 2013; Ficociello G. et al., 2016; Cialfi S. 

et al., 2016).  

During the PhD course, my research activity has, therefore, focused on the 

following aims.   

1: Identification of compounds with a potential therapeutic effect in Hailey 

Hailey disease. 

The lack of effective and safe long-term treatment and the recent discoveries 

about some of the molecular mechanisms underlying the disease, has prompted 

us to search for compounds that, acting on such altered mechanisms, may be 

used for the development of safer and more specific/effective therapy. All the data 

obtained were included in two different papers (Zonfrilli A. et al., 2018; Cialfi S. 

et al., 2019) inserted in the following “RESULTS” section of this PhD thesis 

(Results: 1.1 e 1.2). 

2: Gaining insight into the role of Notch1 signaling in the response to 

genotoxic stress  

Generation of DNA damage as well as the alteration in tissue microenvironment, 

are important steps in the process of carcinogenesis. HHD rarely degenerates in 

skin cancer although squamous cell carcinoma and basal cell carcinoma arising 

in lesions of HHD have been described in the literature (Chun S. et al., 1988; 

Cockayne S.E. et al., 2000; Holst V. et al., 2000; Mohr M. et al., 2011). 
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As previously reported, ATP2C1 defective keratinocytes are characterized by a 

persistent repression of DNA Damage response genes caused by ATM down-

modulation that in turn is Notch1 dependent (Cialfi S. et al., 2016).  

Basing on the evidence that ATM and consequently the DDR response are major 

targets of oxidative stress-induced Noch1 activation, during my PhD dissertation 

I investigated how Notch1 is mechanistically implicated in the response to 

genotoxic stress and thus in the DDR function. All the data obtained were 

included in a recent published paper (Zonfrilli A. et al., 2019) inserted in the 

following “RESULTS” section of this PhD thesis (Results:2). 
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III. RESULTS 

 

1.1 Yeast-Based Screen to Identify Natural Compounds with a Potential 

Therapeutic Effect in Hailey-Hailey Disease (Zonfrilli A. et al., 2018).  

1.2 Hypotonic, Acidic Oxidizing Solution Containing Hypochlorous Acid 

(HClO) as a Potential Treatment of Hailey-Hailey Disease (Cialfi S. et al., 

2019). 

 

Given the impossibility to use mouse model, we set up a yeast-based screening 

assay in order to identify natural compounds able to rescue or ameliorate 

phenotypes of K. lactis pmr1∆ cells. Due to the great relevance of the oxidative 

stress in HHD-derived keratinocytes, we first of all evaluated if the drugs were 

able to recover the oxidative-stress alterations of yeast mutant. From the first 

screening, we selected six compounds that were utilized for further analysis. 

Specifically, we analyzed if the six positive hits were able to alleviate other main 

defects of pmr1∆ cells, like the calcium homeostasis alteration, the cell wall 

defects and the mitochondrial dysfunction. All those compounds active in yeast 

were then tested on our in vitro model of HHD. We provided the evidence of the 

selected compounds efficacy also on human ATP2C1-defective keratinocytes. In 

particular, the selected compounds improved keratinocytes proliferation rate, 

restored the Nrf2 expression and, in turn, the cellular antioxidant response. 

Furthermore, one compound, hypochlorous acid, was also able to affect the 

deregulated cytokines expression by differentially modulate TGFB1 and TGFB2 

levels. 

Our results validate the use of the yeast K. lactis to screen drugs with potential 

therapeutic effect in HHD disease treatment bypassing, at least in part, the 

difficulties related to the absence of mouse model. 
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2. PLK1 Targets NOTCH1 during DNA Damage and Mitotic Progression 

(Zonfrilli A. et al., 2019). 

 

Induction of DDR and of cell cycle arrest in response to DNA damage represents 

a protective mechanism against harmful mutations. In this work, we revealed the 

existence of an interplay between the proteins Polo-like kinase 1 (PLK1) and 

Notch1 and, furthermore, we described how this interaction is involved in the 

regulation of the G2 phase of the cell cycle. Interestingly, we found that the 

interaction between Notch1 and PLK1 is functionally important also during the 

DNA damage response, as we found that whereas PLK1 activity is inhibited, 

Notch1 expression is maintained when cells in G2 are challenged with DNA 

damaging agents. In particular, we found that Notch1 signaling protects 

immortalized HaCaT cells from DNA damage-induced apoptosis and 

furthermore, we demonstrated that epithelia cancer cells, growth-arrested after 

DNA damage, use the induction of Notch1 signaling to develop a secretory 

phenotype and thus to promote an inflammatory cytokines secretion. Indeed, 

when we treat SCCO22 cells with DNA damaging drugs, e.g., doxorubicin, we 

detected an increase of IL-6 and IL-8 that is Notch1 dependent. 

In summary, in order to get a better understanding of how Notch1 is involved in 

the DDR, we identified a novel mechanism through which Notch1 takes part in 

the genotoxic stress response.  
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IV. CONCLUSIONS 

 

Hailey-Hailey disease (HHD) is a rare autosomal dominant skin disorder 

manifesting in the 3rd to 4th decades of life. The genetics and pathophysiology of 

this skin disorder have been linked to mutations in the ATP2C1 gene. The gene, 

located on the long arm of chromosome 3, encodes the human secretory pathway 

Ca2+/Mn2+ ATPase, hSPCA. The loss of ATP2C1 in keratinocytes leads to the 

loss of cell-to-cell adhesion (acantholysis) among the cells of the suprabasal 

layers (Sudbrak R. et al., 2000; Hu Z. et al., 2000; Wilgram G., Caulfield J. and 

Lever W., 1962). Moreover, even if rare, squamous/basal cell carcinomas and 

melanomas arising in the skin lesions have been described (Chun S. et al., 1988; 

Cockayne S.E. et al., 2000; Holst V. et al., 2000; Mohr M. et al., 2011). 

There is no treatment known to be effective in reducing the cutaneous 

manifestations of HHD. The Standard of Care (SOC) treatment consists in either 

topical or oral administration of corticosteroids often used in combination with 

topical/systemic antimicrobial agents. However, prolonged treatment course of 

steroids is limited due to their side effects, most commonly skin atrophy. This last 

aspect must be carefully considered because in HHD-patients lesion 

development is associated with the simply friction of the skin and we found that 

HHD-keratinocytes are characterized by wound defect. Additionally, patients 

develop lesions refractory to corticosteroids. 

In this line, the discovery of new therapies aimed to target the pathogenic 

mechanism underlying the disease is undoubtedly an important goal, in order to 

provide better and more efficient treatment conditions for HHD patients.  

Unfortunately, researching on rare diseases such as Hailey-Hailey disease can 

be challenging primarily due to the limited number of individuals selected to 

participate in any given study and also due to ethical and psychological issues 

that must be carefully considered. In addition, mouse models poorly recapitulate 

the main human pathological features of HHD (Okunade G. et al., 2007). 

In our works, we have explored the use of the yeast K. lactis as a tool to identify 

specific compounds that target specific cellular phenotypes and obtain more 

insight into mechanisms of disease pathology by probing the mechanisms 
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involved in their action. Oxidative stress represents a hallmark of both 

Kluyveromyces lactis lacking PMR1 and keratinocytes derived from the lesioned 

areas of HHD patients and it could be associated with the decreased action of 

the transcription factor NRF2 involved in the regulation of several detoxifying 

factors. In addition to oxidative stress, HHD-derived keratinocytes are 

characterized by deregulated cytokines production and decreased repair 

properties.  

In this context, we investigated the potential effects of compounds selected by a 

yeast-based screening assay, in an in vitro model of HHD. We found that treatment 

of ATP2C1-defective keratinocytes with the selected compounds, Kaempferol 

and hypochlorous acid, contributed to up-regulation of Nrf2 improving the cellular 

antioxidant response and the keratinocytes proliferation rate. Furthermore, we 

provided evidences of hypochlorous acid efficacy also on the pattern of cytokines 

produced. Notably, it was able to affect the deregulated cytokines expression by 

differentially modulate TGFB1 and TGFB2 levels. 

Our results indicate that molecules able to counteract oxidative stress and to 

restore appropriate cytokines production and healing properties could be a 

viable therapeutic approach for HHD. 

 

Malignant transformation is a multi-step process during which genomic instability 

and changes in the in the tissue microenvironment drive normal cells to a 

cancerous phenotype. Although HHD is a rare disorder and our knowledge is 

often related to few case reports, patients with squamous/basal cell carcinomas 

arising in the skin lesions have been described. HHD derived keratinocytes are 

characterized by an impaired DNA damage response which in turn is responsible 

for accumulation of mutations. Notch1 signaling plays a pivotal role in ATM and 

DDR repression in HHD keratinocytes. In order to get a better understanding of 

how Notch1 is involved in the DDR, we identified a novel mechanism through 

which Notch1 takes part in the genotoxic stress response. We further 

demonstrate that DNA damaged arrested cells employ the Notch1 signaling to 

protect them from damage-induced apoptosis and to release pro-inflammatory 

cytokines.  
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In summary, even though some aspects need to be more investigated, in the last 

years, our research activity has been extremely focused on the study of HHD 

contributing to increase the knowledge about its pathogenesis in particular on 

molecular level. Using several model systems, such as epithelial cells, primary 

human keratinocytes and yeast model, I have explored how loss of ATP2C1 

function causes increased oxidative-stress, deregulation of Notch1 signaling and 

how alteration of Notch1 plays a crucial role in DNA damage response. Thus, our 

results indicate that an ATP2C1/NOTCH1 axis might be critical for keratinocytes 

function and cutaneous homeostasis, suggesting a plausible model for the 

pathological features of Hailey-Hailey disease. 
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V. APPENDIX I 

 

1. DNA Damage Stress: Cui Prodest? (Verma N., Franchitto M., Zonfrili A., 

et al., 2019).
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