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1. Abstract

Darier Disease (DD) (OMIM #124200) is a rare autosomal dominant genodermatosis affecting
around 1 in 50,000 people. From a histopathological point of view, DD is characterized by loss
of intercellular adhesion (acantholysis), premature and abnormal keratinization (dyskeratosis)
and presence of rounded keratinocytes (corps ronds). Skin lesions typically appear in patients
between the age of 6 and 20 years, predominantly in body areas more exposed to UV
irradiation, heat and friction. DD is primarily attributed to missense, non-sense, deletion,
insertion and altered splicing mutations within the ATP2A2 gene (12923-24.1) encoding the
Sarco/Endoplasmic Reticulum Calcium ATPase type 2 (SERCA2), a ubiquitously expressed
cellular pump responsible for the translocation of Ca?* from the cytosol to the Endoplasmic
Reticulum. Altered SERCA2 function impairs the intracellular calcium homeostasis leading to
ER stress response and cell apoptosis. The perturbation of calcium levels could be responsible
for desmosomes assembly alteration, consequently impairing cell-to-cell adhesion. However,
the molecular mechanism by which SERCA2 mutations cause disease abnormalities is not well
clarified.

Considering the SERCA2 role in the modulation of the NOTCH1 pathway in several disease
models, our hypothesis posits that SERCA2 loss-of-function variants could inactivate NOTCH1
activity and its signaling. The project's aims include the definition of the role of SERCA2
mutations on the NOTCH1 and other molecular pathways and the transcriptional effects of
SERCAZ2 inhibition.

By combining in vitro and in vivo assays we identified novel signaling pathways deregulations.
In particular, upregulated ones included immunological, inflammatory, and cell responses to
external stimuli, while genes associated with metabolic functions such as fatty acid
metabolism, ribosomal structural components, and mitochondrial activity resulted to be
downregulated. Additionally, NOTCH1 signaling target proteins were found to be dysregulated,
according to our starting hypothesis.

Our findings provide important insights into the molecular mechanisms underlying Darier

disease, which may offer potential targets for therapeutic interventions.



1.1 Abstract (italiano)

La malattia di Darier (OMIM #124200) e una rara genodermatosi autosomica dominante che
colpisce circa 1 persona su 50.000. Da un punto di vista istopatologico, la DD e caratterizzata
da perdita di adesione intercellulare (acantolisi), cheratinizzazione prematura e anomala
(discheratosi) e presenza di cheratinociti tondeggianti (corps ronds). Le lesioni cutanee
compaiono tipicamente in pazienti di eta compresa tra i 6 e i 20 anni, prevalentemente nelle
aree corporee piu esposte ai raggi UV, al calore e allo sfregamento. La DD & principalmente
attribuita a mutazioni missenso, non-senso, di delezione, di inserzione e di splicing alterato
all'interno del gene ATP2A2 (12g23-24.1) che codifica per la Sarco/ATPasi del calcio del reticolo
endoplasmatico di tipo 2 (SERCA2), una pompa cellulare ubiquitariamente espressa
responsabile della traslocazione degli ioni Ca%* dal citosol al lume del reticolo endoplasmatico.
L'alterata funzione della proteina SERCA2 compromette I'omeostasi intracellulare del calcio
portando all’attivazione della risposta allo stress ER e all'apoptosi cellulare. La perturbazione
dei livelli di calcio potrebbe essere responsabile dell'alterazione dell'assemblaggio dei
desmosomi, compromettendo di conseguenza I'adesione cellula-cellula. Tuttavia, il
meccanismo molecolare con cui le mutazioni di SERCA2 causano anomalie della malattia non
e ben chiarito. Considerando il ruolo di SERCA2 nella modulazione della via di segnalazione di
NOTCH1 in diversi modelli di malattia, la nostra ipotesi postula che le varianti con perdita di
funzione di SERCA2 potrebbero compromettere la maturazione NOTCH1 e di conseguenza la
trascrizione dei suoi geni target. Gli obiettivi del progetto includono la definizione del ruolo
delle mutazioni di SERCA2 sulla via di segnalazione di NOTCH1 e di altre vie molecolari e gli
effetti trascrizionali dell'inibizione di SERCA2.

Combinando saggi in vitro ed in vivo abbiamo identificato la deregolazione di diverse vie di
segnalazione. In particolare, quelle sovra regolate includono processi immunologici,
inflammatori e risposte cellulari a stimoli esterni, mentre i geni associati alle funzioni
metaboliche come il metabolismo degli acidi grassi, le componenti strutturali ribosomiali e
I'attivita mitocondriale risultano sotto regolati. Inoltre, e stato riscontrato che la segnalazione
NOTCH1 e deregolata. | nostri risultati forniscono importanti informazioni sui meccanismi
molecolari alla base della malattia di Darier, che possono offrire potenziali bersagli per

interventi terapeutici.



2. Introduction

2.1 Role and structure of skin

Being the largest organ in the body, the skin acts as a vital defense against various
environmental threats such as toxins, viruses, UV radiation, trauma, and high temperatures. In
asimilar manner, it acts as a barrier from the inside of the body to prevent excessive electrolyte
and water loss. In addition, the skin senses and responds to both internal and external stimuli.
(P. M. Elias, 2005; Proksch et al., 2008; Nestle et al., 2009; Di Meglio et al., 2011; Simpson et
al., 2011).

For these reasons, preserving the integrity and control of skin function is critical to human
survival.

Anatomically, the human skin comprises three distinct layers: hypodermis, dermis, and

epidermis, which in turn includes various layers and cell types (Figure 1).
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Figure 1. Human skin layers (Dyring-Andersen et al., 2020)

2.1.1 Hypodermis

The hypodermis, also known as subcutaneous stratum or subcutis, is the skin’s deepest layer,
predominantly composed of adipose tissue. This layer is highly vascularized and provides skin
thermal insulation and shock absorption. Adipocytes and fibroblasts are the main cell types
found in this layer, along with immune-related cells such as macrophages and monocytes

(Desruisseaux et al., 2007; Driskell et al., 2014). It also functions as an endocrine organ since



it secretes different types of hormones involved in inflammation, hair growth, and glucose

homeostasis (Kershaw & Flier, 2004).

2.1.2 Dermis

The dermis, situated above the subcutis and below the epidermis, is the skin's middle layer. It
includes two sublayers: the papillary dermis (superficial) and the reticular dermis, which is
deeper, thicker, and denser. Collagen and elastin, two extracellular matrix (ECM) proteins
released by fibroblasts and responsible for the skin's elasticity and strength, are abundant in
this layer. Neural mechanoreceptors and thermoreceptors, which allow for the sensory
transmission of touch and temperature, respectively, are found in the dermis. It also includes
hair follicles, blood vessels, sweat and sebaceous glands. From a cellular perspective, the main
constituents of this layer of skin include fibroblasts, mast cells, macrophages, and stem cells,

among other cell types (Prost-Squarcioni et al., 2008; Pasparakis et al., 2014).

2.1.3 Epidermis

The epidermis, the outermost skin layer, represents an effective barrier against external
threats (Wertz, 2013). Over 90% of its cells are keratinocytes, whose name derives from
keratin, representing its main protein and conferring stability to the epidermis, nails, and hair
(Steinert, 1993). Other cell types found in the epidermis include melanocytes, Langerhans cells
and T lymphocytes, involved in the immune response, and Merkel cells, related to touch
perception.

From deep to superficial, the structure of this stratified squamous epithelium contains the
following layers:

- The Stratum basale (or stratum germinativum) is the deepest one where cells actively divide.
It consists of a single layer of cube-shaped stem cells, attached to the basal membrane,
generating transit-amplifying cells that divide and differentiate (Rousselle et al., 2019). Here
are also found melanocytes, responsible for producing melanosomes containing melanin, the

pigment that gives skin its color (Cichorek et al., 2013). The expression of keratins (KRT) 5 and



14, which anchor cells to the basal membrane below, is a characteristic of basal layer
keratinocytes (Barbieri et al., 2014; Srivastava et al., 2018).

- The Stratum spinosum is made up of 8-10 cell layers. Because of their spiky appearance, the
cells of this layer are called “prickle cells”, which differentiate, express keratins 1 and 10, and
are implicated in immunological responses.

- The Stratum granulosum is the skin layer where the keratinocytes assume a flattened aspect.
Cells express late-differentiation markers including loricrin, involucrin, and filaggrin. The latter
is contained in keratohyalin granules which confer the typical aspect to granular keratinocytes.
- The Stratum lucidum (only in thick skin, like hands and feet palms) is a clear layer consisting
of densely packed keratinocytes that are flattened, filled with keratin, and containing a lipid-
rich protein, the eleidin.

- The Stratum corneum is the outermost layer of the epidermis and is made up of dead
keratinocytes, or corneocytes, which are continually shed in the desquamation process and
replaced by new cells. The epidermal differentiation culminates in the generation of the
cornified envelope, which replaces the plasma membrane in this specific type of keratinocytes.
Its structure, which acts as a barrier against external influences and stops the body from losing
water, is made up of crosslinked, protein-embedded keratin wrapped in a lipid envelope mainly
composed of ceramides and cholesterol (Fuchs & Byrne, 1994; Kalinin et al., 2002; J. Segre,
2003; Candi et al., 2005; Blanpain & Fuchs, 2009; Di Meglio et al., 2011; P. M. Elias, 2012; lwai
et al., 2012; Gonzales & Fuchs, 2017) (Figure 2).

Each epidermal layer with its specific proteins plays a crucial role in preserving skin integrity,
protection, and functionality (Goleva et al., 2019) and the stratification process of the
epidermis is highly regulated. Basal keratinocytes are involved in epidermal homeostasis
maintenance since they have an active proliferative activity. These mitotic keratinocytes
differentiate towards the epidermis surface to form the spinous, granular, and corneum strata,
which together constitute the suprabasal layers and generate an impermeable body surface
(Gonzales & Fuchs, 2017).

Skin homeostasis depends on the preservation of cellular organization and composition
throughout cell turnover. Two models have been evaluated to explain stem cells maintenance
in the skin. In the classic model, every cell division leads to the generation of two daughter

cells with different fates: one remains in the stem cell niche, while the other commits to



differentiation and is called “transit-amplifying progenitor cell” (Watt et al., 2006). In the
second model, one of the daughter cells differentiates, without any other divisions, while the
other continues to proliferate (Clayton et al., 2007). Keratinocytes that reach the outermost
epidermal layer are shed from the skin surface following apoptosis. In contrast, the basal
keratinocytes remain tightly attached to the below basal membrane, thereby preserving the
stability of the epidermis by continually replenishing the suprabasal cells that are undergoing
terminal differentiation (Plikus et al., 2012).

During the transition from the basal towards the skin surface, each epidermal layer is defined
by distinctive morphological features and the expression of specific proteins, indicating its
differentiation stage (Fuchs, 1990; Candi et al., 2005; Bikle et al., 2012). Basal keratinocytes
are characterized by KRT5 and KRT14, while the early differentiation markers KRT1 and KRT10
are predominant in the spinous layer, which contains also precursors of the cornified envelope,
including involucrin (IVL) and transglutaminase-1 (TGM1). Granular layer keratinocytes express
late differentiation markers such as the cornified envelope protein loricrin (LOR) and filaggrin
(FLG). The cross-linking of TGM1 with IVL, LOR, and other structural proteins leads to the
cornified envelope formation (Goleva et al., 2019) (Figure 3).

Moreover, the basal membrane is rich in extracellular matrix (ECM), with laminin being its key
component and basal keratinocytes interact with the underlying membrane through integrins
a6B4 and a3pB1 (L. Yap et al., 2019). Following the differentiation of basal keratinocytes, there
is a reduction in their integrins and laminin levels, while the expression of specific keratins
increases. Keratin intermediate filaments (IFs) are key structural components in the epidermis,
linking to hemidesmosomes and connecting desmosomes to establish intercellular junctions.
The KRT1/KRT10 intermediate filament network in spinous cells is more stable than the
KRT5/KRT14 one in the basal layer (Singh, 2022). The transition of keratinocytes from the basal
layer to the stratum corneum in the human epidermis typically takes 40 to 56 days (Liu et al.,
2019).

Several evolutionarily conserved pathways, such as NOTCH, c-Myc, Wnt/B-catenin and p63,
have been demonstrated to play key roles in the embryonic skin development, the
maintenance of epidermal stem cells, as well as their differentiation and lineage commitment

(Fuchs et al., 2004; Senoo et al., 2007; Watt, Frye, et al., 2008) and emerging evidence suggests



interactions between them. The perturbation of this organized architecture has been observed

in the case of different human genetic skin disorders and cancers.
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Figure 2. Basic epidermal structure. Cells from the proliferative basal layer transit towards the
cornified envelope (stratum corneum). Physical characteristics are indicated in the legend, whereas
each layer-specific genes and proteins are listed on the right side (Moreci & Lechler, 2020).
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Figure 3. Epidermal differentiation pattern. The epidermal differentiation process is tightly regulated.
When basal cells detach from the basement membrane and migrate in the spinous layer, they exit the
cell cycle and express KRT1/KRT10 instead of KRT5/KRT14 typical of the basal layer. Subsequently, they
switch from KRT1/KRT10 to granular layer differentiation markers FLG, LOR, and TGM1. The basal layer
is characterized by the Wnt/B-catenin pathway, whereas in the spinous cells, the NOTCH pathway is
active (Goleva et al., 2019).

2.2 Skin cell-to-cell adhesion

The adhesion between keratinocytes is essential for the skin to function effectively as a human
body protective barrier. Indeed, basal keratinocytes’ intercellular junctions have a polarized

organization and are involved in spindle orientation during skin stratification (C. Niessen,

10



2010). In the epidermis, cell-to-cell adhesive complexes include desmosomes, adherens

junctions, and tight junctions.

2.2.1 Desmosomes

Desmosomes form complexes providing strong mechanical intercellular adhesion between
keratinocytes. These complexes are generated by transmembrane glycoproteins belonging to
the Ca?*-dependent cell adhesion protein family called cadherins. Desmogleins (DSG) and
desmocollins (DSC), two cadherins that attach to each other extracellularly, are specifically the
implicated ones. The keratin intermediate filament cytoskeleton is intracellularly linked to the
DSG and DSC complexes by an intricate protein network that includes plakoglobin,
desmoplakin, and plakophilin. This arrangement provides significant adhesive strength
(Getsios et al., 2004; Green & Simpson, 2007; Schmidt & Koch, 2007; Garrod & Chidgey, 2008;
Franke, 2009) (Figure 4).

Desmosome

Figure 4. Desmosome structure. Intracellularly, desmosomes link to the keratin intermediate filaments
network and are connected with neighboring cells by the cadherins DSG and DSC (Simpson et al., 2011).

2.2.2 Adherens junctions

Adherens junctions consist of proteins belonging to the cadherin family, particularly E-
cadherin, which establish connections in the intercellular space. E-cadherin ablation causes
hyperproliferation, altered differentiation, and defects in barrier formation (Tinkle et al.,
2004). They are intracellularly interconnected to the actin microfilament cytoskeleton through
a protein complex comprising a-catenin, B-catenin, p120, and plakoglobin (also known as y-

catenin in adherens junctions). These junctions are essential for maintaining the mechanical

11



stability and barrier integrity of the epidermis, and they may also be involved in controlling
inflammatory responses that occur within the epidermis (Perez-Moreno et al., 2003; C. M.

Niessen, 2007; C. M. Niessen & Gottardi, 2008; Franke, 2009) (Figure 5).

Adherens junction

Figure 5. Adherens junction structure. Adherens junctions are involved in the assembly and
organization of cortical actin cytoskeleton in the epidermis. They are constituted by E-cadherin and P-
cadherin, an extracellular homology domain with a conformation regulated by calcium and a
cytoplasmic tail which recruits p120 catenin, beta-catenin and alpha-catenin (Simpson et al., 2011).

2.2.3 Tight junctions

Tight junctions are known also as “zonula occludens” and are primarily found in stratum
granulosum keratinocytes. They form junctions that effectively seal the intercellular space,
generating a crucial barrier against the passive diffusion of water, molecules, and ions, while
also providing adhesive functions. Unlike desmosomes and adherens junctions, the proteins
in the intercellular space of tight junctions are not members of the cadherin family. Instead,
they are made up of claudins and occludins, which intracellularly link to the actin cytoskeleton

(Yuki et al., 2007; C. M. Niessen, 2007; Franke, 2009; Anderson & Van ltallie, 2009) (Figure 6).
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Figure 6. Tight junction structure. Tight junctions are typical of the granulosum layer and are involved
in a barrier formation below the stratum corneum. They are made up of claudins, occludins, and
junction adhesion molecules. These junctions scaffold is mediated by zona occludens proteins Z01,
702, and Z03, which also links them with the actin cytoskeleton (Simpson et al., 2011).

12



2.3 Role of calcium in the skin

Calcium ions are necessary for the maintenance of skin health and function because of their
effects on keratinocyte differentiation, the establishment of the skin barrier, and wound
healing (Lee & Lee, 2018; Subramaniam et al., 2021; Nopriyati et al., 2022). The Endoplasmic
Reticulum (ER), the main intracellular Ca?* storage compartment, maintains calcium
homeostasis via several channels and pump activities. In order to support a variety of
biological functions, such as cell survival, signaling, and protein folding, ER stores and releases
calcium ions. In epidermal keratinocytes, ER calcium levels are tightly regulated to support cell
development, barrier formation, and skin homeostasis maintenance.

In these cells, the binding of extracellular calcium to the plasma membrane G-protein coupled
Ca?* receptor (CaR) induces the phospholipase C (PLC) activation. This enzyme catalyzes the
hydrolysis of phosphatidylinositol bisphosphate (PIP2) in inositol 1,4,5-trisphosphate (IP3) and
diacylglycerol (DAG). The second messenger IP3 binds to its receptors localized to the ER and
Golgi membranes leading to the Ca?* release from these intracellular compartments into the
cytoplasm. The decrease of intracellular calcium stores results in the influx of extracellular Ca?*
across plasma membrane channels with a store-operated calcium entry function (SOCE). The
consequent rise of intracellular calcium levels activates calmodulin, a main Ca%*-binding
protein, triggering the cytosolic calmodulin-dependent phosphatase calcineurin, which in turn
dephosphorylates NFAT, a calcium-dependent transcription factor. NFAT translocates into the
nucleus and induces downstream target genes. After the increase of cytosolic calcium,
different transporters remove it from this compartment to restore basal levels. In particular,
the plasma membrane Ca?*-ATPase (PMCA) and Na*/Ca?* exchangers (NCX) transport Ca?* from
the cytosol to the extracellular medium (Savignac et al., 2011) (Figure 7).

ER calcium levels are essential for the proper functioning of calcium-dependent proteins and
enzymes involved in maintaining the skin barrier and responding to external stimuli (Nopriyati
et al., 2022). These mechanisms are sustained by epidermal calcium gradient, endoplasmic
reticulum calcium homeostasis, and Ca?* influx through different channels (S. E. Lee & Lee,
2018). When disruption of the skin barrier homeostasis occurs, it leads to significant changes
in Ca%* levels as an immediate response, which subsequently return to normal as barrier

homeostasis is restored (Menon et al., 1992; Mauro et al., 1998). Calcium gradient is involved
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in barrier recovery following its perturbation by stimulating lipid release and promoting
keratinocytes migration during wound healing (Tu & Bikle, 2013; Tu et al., 2019).

Prior research has shown that skin injury-induced calcium waves are essential for fostering
intercellular coordination and communication in the epidermis. These waves dramatically
increase the skin's ability to react to inflammation and injury (Donati et al., 2022).
Furthermore, STIM and ORAI protein-based systems of store-operated calcium entry (SOCE)
are essential to optimal skin physiology. Melanogenesis (synthesis of melanin), keratinocyte
differentiation, and sweat gland secretion are all influenced by these pathways (Manning et
al., 2022).

Understanding the multifaceted role of calcium in skin biology is essential for developing

strategies that effectively promote skin health and enhance wound healing processes.
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Figure 7. Calcium signaling in keratinocytes. 1) Ca2+ binding to CaR; 2, IP3 synthesis; 3) IP3 binding to
IP3-R and Ca*" stock release; 4) Ca** entry by SOCE; 5) Ca* is transported by Calmodulin; 6) Calcineurin
activation; 7) NFAT dephosphorylation; 8) Ca*-dependent gene transcription; 9) Clearance systems
(Savignac et al., 2011).

2.3.1 Calcium and cell adhesion

As mentioned before, keratinocytes adhere to each other through different types of structures
(desmosomes, adherens, and tight junctions), determining the skin’s integrity and function.
Also in this case, calcium plays a pivotal role in the formation of adhesion complexes, for
example by stimulating E-cadherins dimerization and clustering, leading to the interaction of
cadherins cytoplasmic tail to the actin network of the cytoskeleton, essential for the

stabilization and formation of adherens junctions (A. S. Yap et al., 1997). Calcium is also
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necessary for the stimulation of the DSG and DSC cadherins to assemble desmosomes
(Kowalczyk et al., 1999). On the contrary, it has been observed that a reduced level of
extracellular Ca?* in keratinocyte cell cultures impedes the formation of cell-to-cell adhesion
molecules and maintains this inhibition over time. The impact of calcium on the desmosomes
and adherens junctions development is intricately linked to the epidermal Ca?* gradient and
the keratinocytes terminal differentiation (Jamora & Fuchs, 2002; Garrod & Chidgey, 2008).
Indeed, in Darier and Hailey-Hailey diseases, two skin conditions characterized by suprabasal
cells loss of adhesion, altered regulation of calcium, and increased transepidermal water loss

have been observed (Lavrijsen et al., 1993).

2.3.2 Calcium regulation of keratinocytes differentiation

Calcium is a major modulator of keratinocytes differentiation (Elsholz et al., 2014) by regulating
their commitment in the basal and spinous layers and the terminal differentiation process in
the granular one (Bikle et al., 2012). Indeed, the skin maintains a distinct extracellular gradient
of Ca?*, starting with low levels in the basal layers, gradually increasing to a peak in the stratum
granulosum, and then rapidly decreasing in the outermost stratum corneum (Menon & Elias,
1991; P. Elias et al., 2002). Calcium is involved in the transcription regulation of keratinocytes
differentiation-specific genes. For example, transcription factor AP-1 (activator protein-1)
controls the expression of several differentiation markers expressed in keratinocytes, including
loricrin, involucrin, profilaggrin, and keratins (Eckert et al., 1997). The promoter region of the
involucrin gene contains an AP-1 responsive element site, which is crucial for the calcium-
mediated response in regulating the synthesis of differentiation-specific proteins (Ng et al.,
2000).

Calcium levels required for stage-specific expression of proteins involved in differentiation vary
across different epidermal layers. For instance, the extracellular calcium concentration
necessary for the expression of profilaggrin, a late differentiation marker, is higher than that
needed for keratin 1 and keratin 10, in the spinous layer (Yuspa et al., 1989). These
observations denote the importance of the epidermal calcium gradient for proper epidermal
differentiation and barrier formation. Additionally, calcium plays a significant role in

posttranslational modification processes, including the conversion of profilaggrin into filaggrin.
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Profilaggrin contains an N-terminal domain with Ca%*-binding motifs and when calcium binds
to its head domain, it induces conformational changes that reveal essential cleavage sites, thus
initiating the modification mechanism (Presland et al., 1995). Moreover, calcium is also
involved in the terminal differentiation stage, regulating the cornified envelope formation.
Indeed, transglutaminases 1, 3, and 5 determine the crosslinking between late differentiation
proteins such as loricrin, involucrin, filaggrin, keratin, and small proline-rich proteins (SPRRs)
in a calcium-dependent manner (Hitomi, 2005). Additionally, the calcium-sensitive protein
kinase C (PKC) plays an important role in keratinocytes differentiation, determining the cell
transition from the stratum spinosum to the stratum granulosum, by decreasing the
expression of keratin 1 and 10 genes while promoting the ones associated with late-stage
differentiation (Denning, 2004). Calcium gradient perturbation within the epidermis and the
consequent alterations of the differentiation process are involved in dermatological diseases
pathogenesis, including atopic dermatitis, psoriasis, Hailey-Hailey, and Darier diseases (S. E.
Lee & Lee, 2018). Indeed, in Darier Disease patients’ keratinocytes dysregulated differentiation
and cell adhesion are observed due to SERCA2 alterations and the consequent ER inability to

store calcium (Foggia & Hovnanian, 2004).

2.4 Darier Disease

Darier Disease (DD) (OMIM: # 124200), also known as keratosis follicularis, is a rare autosomal
dominant inherited skin disease characterized by hyperkeratotic papules appearing in folds
and seborrheic body areas, including trunk, scalp, neck, and face, and by nail abnormalities.
The estimated prevalence of the disease is around 1 in 50,000, and individuals with DD
typically develop cutaneous lesions between the ages of 6 and 20 (S. M. Burge & Wilkinson,
1992; Hovnanian, 2019).

From the histological point of view, DD skin lesions exhibit loss of cohesion between suprabasal
epidermal cells (acantholysis), abnormal and premature keratinization (dyskeratosis) and
thickened epidermis (acanthosis) (Brini & Carafoli, 2009). Acantholytic lesions are mainly
caused by the loss or the altered function of desmosomes, responsible for intercellular
adhesion of keratinocytes (Burge & Garrod, 1991; Dhitavat et al., 2003; Li et al., 2017).

Dyskeratosis is caused by keratinocytes apoptosis, which determines the formation of “corps
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ronds”, characterized by a dark color with contracted and fragmented nuclei surrounded by a
clear cytoplasm, and “grains”, smaller than “corps ronds” and typically located in the stratum
corneum. Their cytoplasm appears eosinophilic due to the presence of keratin clumps. These
two histopathological signs are distinctive features of the DD diagnosis (Pels & Goodman,

1939) (Figure 8).

Cutaneous lesions often appear during puberty and have a chronic relapsing course.
Symptoms include pain, malodor, and itch, and are exacerbated by sunlight, ultraviolet
irradiation, heat, sweating, infections, and friction (Munro, 1992; S. Burge, 1994). Moreover,
DD patients often suffer from itch (mild to moderate) and manifest malodor due to lesional
skin infections with bacteria, yeast, and fungi. For these reasons affected subjects have a

reduced quality of life depending on disease severity (S. M. Burge & Wilkinson, 1992; S. Burge,

1994; Ringpfeil et al., 2001; Dodiuk-Gad et al., 2013; Yeshurun et al., 2021).

Figure 8. Darier Disease typical lesions. A) DD skin biopsy with an epidermal suprabasal cleft containing
acantholytic cells. Hyperkeratosis and “corps ronds” are also shown (Savignac et al., 2011). B) Keratotic
papules in the forehead. C) V-shaped nails (Deepika, 2020).

2.4.1 ATP2A2 gene dysfunction and SERCA2 protein alteration

Darier Disease is inherited in an autosomal dominant fashion (Berg & Bassett, 1993) and has
been linked to ATP2A2 gene variants in chromosome region 12¢g23-g24.1 (Sakuntabhai, Ruiz-
Perez, et al., 1999). Currently, a total of 454 ATP2A2 variants have been reported of which 311
are unique [Leiden Open Variation Database; https://databases.lovd.nl/shared/genes/ATP2A2,

accessed 2024-08-04]. The majority of ATP2A2 variants are missense/nonsense, deletions,
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splicing mutations, and insertions and have been found in all exons without a mutational
hotspot (Ringpfeil et al., 2001; Nellen et al., 2017).

ATP2A2 encodes four isoforms (a-d) of the sarco-endoplasmic reticulum (ER) Ca?* ATPase
protein 2 (SERCA2), a calcium pump located on the ER membrane transporting Ca%* ions from
the cytosol to the ER lumen (Hovnanian, 2007; Brini & Carafoli, 2009; Gorski et al., 2017). The
main isoforms generated from ATP2A2 gene transcript through alternative splicing are
SERCA2a and SERCA2Db, consisting of 21 and 20 exons, respectively (MacLennan et al., 1985;
Lytton & MacLennan, 1988). SERCA2b is expressed ubiquitously, however, it is predominant in
the human epidermis (Tavadia et al., 2004). Perturbation of SERCA2 Ca?* transport determines
the depletion of epidermal keratinocytes ER Ca?* stores which could be responsible for
desmosomal instability (Leinonen et al., 2005; Foggia et al., 2006; Miiller et al., 2006). The skin
of Darier disease patients is defective in desmosomes, involved in cell-to-cell adhesion, and
components of these structures have been observed to accumulate in the cytoplasm of the
acantholytic cells (S. M. Burge & Garrod, 1991). Additionally, also Stuart and colleagues
observed that the perturbation of intracellular calcium stores alters the biogenesis of
desmosomes and tight junctions (Stuart et al., 1996) (Figure 9).

ATP2A2 haploinsufficiency has been postulated to explain DD development (Prasad et al.,
2005), however, the employment of SERCA-specific inhibitors, siRNA, and site-directed
mutagenesis in several in vitro studies on epidermal and other cell types revealed that this
mechanism may not sufficiently explain DD features (Ahn et al., 2003; Wang et al., 2011; Li et
al., 2017). Previous studies on SERCA2 variants in epidermal cell lines found protein mutants
to be insoluble or partially soluble due to their misfolded state. Insoluble SERCA2 mutants are
not degraded by proteasomes and form aggregates in aggresomes causing ER stress, cells
rounding up, and apoptosis (Y. Wang et al., 2011). Co-immunoprecipitation assays showed the
interaction between SERCA2 mutants with WT monomers leading to the formation of
dysfunctional dimers and the inhibition of Ca?* uptake rate by the wild-type protein (Ahn et
al., 2003).

Considering the late onset and the previous suggestions about the insufficiency of ATP2A2*-
to be the exclusive cause of the disease, other pathways could play a role in the pathogenesis
of DD. In particular, this study is focused on the involvement of the NOTCH1 signaling pathway,

since SERCAZ2 is one of its modulators as emerged in previous observations (Roti et al., 2013).
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Figure 9. Consequences of SERCA2 mutations in Darier keratinocytes. 1) SERCA2 alterations
determine disruption of Ca** transport by the pump and 2) lead to a reduction of ER calcium stores. 3)
Compensatory mechanisms in calcium signaling include the up-regulation of SPCA1 and TRPC1
expression. 4) The decrease of ER Ca?* stores results in an ER stress response with the increase of
chaperone protein expression. 5) Persistent ER stress in DD keratinocytes determines apoptosis with
the decreased expression of Bcl-2 and Bcl-xL. 6) Altered desmoplakin trafficking is associated with
intercellular adhesion. 7) DD keratinocytes differentiation is also perturbed, with enhanced and
premature involucrin expression (Savignac et al., 2011).

2.4.2 SERCA structure and function

SERCA proteins are P-type ion-motive ATPases which actively transport two Ca?* ions from the
cytosol to the ER lumen by employing an ATP molecule (Toyoshima, 2008; Bublitz et al., 2010).
The SERCA pumps family is evolutionarily conserved and is encoded by three genes: ATP2A1,
ATP2A2, and ATP2A3. Tissue-specific alternative splicing mechanisms determine the
generation of 12 isoforms (Bobe et al., 2005), consisting of single polypeptide chains of around
1000 amino acids and 110 kDa in weight (MacLennan et al., 1985; Dally et al., 2006; Toyoshima,
2008). SERCA2 protein is located on the ER membrane and is made up of 10 transmembrane
helices (M1-M10), a cytosolic stalk domain (S1-S5), and three cytosolic domains: actuator (A),
nucleotide adenosine triphosphate (ATP)-binding (N) and phosphorylation (P). The Ca%
channel is formed by the M2, M5, M6, and M8 domains, while the Ca?* transportation across
the ER membrane is mediated by M4-M6 (Guerini, 1998; Zhang et al., 1998; Toyoshima et al.,
2000; Mgller et al., 2005; Toyoshima, 2008) (Figure 10 A). Through the hydrolysis of adenosine
triphosphate, SERCA2 actively mediates the transport of two Ca?* ions from the cytosol into
the ER lumen, thereby sustaining a higher concentration of Ca?*in this compartment compared

to the cytosol (Lytton et al., 1992). This enzymatic reaction (E) is characterized by the
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alternation of phases with high and low affinity to Ca?*, 2Ca%*E; and E;, respectively, which are
linked to high and low energy phosphorylated states, 2Ca?*E;~P and Ex™P, respectively:
E;>2Ca?*E1>2Ca%*E1™ P 52Ca*E,~P >E2™~ PSE; (Albers, 1967).

At the Ca?* low-affinity state (E2), SERCA Ca?* binding sites are exposed to the ER lumen (Olesen
et al., 2007), while ATP is located in the N domain, distant from the Asp351 residue of the P
domain (Jensen et al., 2006). The exchange of 2/3 H* induces a conformational change in the
M1-M4 helices, facilitating the rotation of the A domain and the binding of cytosolic Ca?*
(2Ca?*E1). Subsequently, the N domain moves closer to the Asp351 residue, leading to the
energy-phosphorylated state 2Ca%*E1~P (Sgrensen et al., 2004; Mgller, Nissen, et al., 2005) in
which the Ca?* binding sites are exposed to the cytosol. The transition to a lower energy state
(2Ca*Ex~P) determines the rotation of the N and A domain leading to the interaction of the
M1-M2 and M3-M4 helices with the M5-M10 complex causing the exposure of Ca?* binding
sites to the ER lumen and protons are transported in the cytosol (Toyoshima, 2007, 2009).
Following SERCA2 dephosphorylation and the release of ADP, free phosphate and Ca?*, the
catalytic cycle is closed (E2~ P->E2) (Gorski et al., 2017) (Figure 10 B).
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Figure 10. A) Architecture of the sarcoplasmic reticulum Ca?*-ATPase. N terminus in blue and C
terminus in red. A, N and P are the three cytoplasmic domains. Transmembrane helices (M1-M10) and
those in domains A and P are numbered. The model in the right panel is rotated by 50° around M5.
D351 is the residue of phosphorylation. Ca?is represented by two purple spheres in the
transmembrane binding sites. PLN and TG are the binding sites for phospholamban and thapsigargin
(TG), respectively (Toyoshima et al., 2000). B) SERCA2 protein Catalytic cycle (Pagliaro et al., 2021).
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Compared to the cytosol, in the ER calcium is stored at a 1000-10,000-fold higher
concentration (Meldolesi & Pozzan, 1998; Michalak et al., 2009), defining the ER as the largest
deposit of calcium in the cell (Coe & Michalak, 2009). Considering that calcium intracellular
stores are the main constituent of the Ca* gradient in the epidermis (Cornelissen et al., 2007;
Celli et al., 2010; Adams et al., 2012) and that SERCAZ2 is the principal Ca%* pump in the ER, this
protein regulates not only the intracellular calcium but also the epidermal Ca?* gradient and
keratinocytes differentiation (L. Li et al., 1995b; Savignac et al., 2011; Celli et al., 2016).
Reduced Ca%*-ATPase function affects the trafficking of proteins with signal and/or adhesive

properties towards the plasma membrane (Periz & Fortini, 1999).

2.4.3 SERCA isoforms

Alternative splicing mechanisms determine the generation of twelve tissue-specific SERCA
isoforms: SERCAla-b, SERCA2a-d, and SERCA3a-f, with similar size and weight but distinct
tissue expression; also their Ca%* binding affinity may differ (Brandl et al., 1987; Britzolaki et

al., 2018, 2020).

2.4.3.1 SERCA1

ATP2A1 gene encodes for SERCA1 protein, distinguished in two isoforms. SERCA1la is mainly
expressed in adults, while SERCA1b during the neonatal period. SERCA1l is temporally

expressed and has been identified in primarily fast-twitch skeletal muscle (Brandl et al., 1987).

2.4.3.2 SERCA2

SERCA2 is encoded by the ATP2A2 gene and has four isoforms. Mutations in this gene have
been associated with the onset of DD (Sakuntabhai, Ruiz-Perez, et al., 1999). SERCA2a (997 aa)
is predominantly expressed in slow-twitch and cardiac muscle and in different brain cells at
low levels (Lytton & MaclLennan, 1988; Wuytack et al., 1989; Baba-Aissa et al., 1996).

SERCA2b (1042 aa) is ubiquitously expressed and exhibits the highest affinity for Ca?*

compared to other SERCA isoforms (Verboomen et al., 1995).
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It is the main isoform present in the skin and is critical for cellular calcium homeostasis (Burk
et al., 1989; Vandecaetsbeek et al., 2009; Chemaly et al., 2018). The SERCA2b extended C-
terminus localizes to the ER membrane and determines the formation of an eleventh
transmembrane helix (M11) (Verboomen et al., 1992, 1994), which seems to be involved in
the determination of the highest affinity for calcium of SERCA2b compared to the SERCA2a
isoform (Lytton et al., 1992; Verboomen et al., 1992; Vandecaetsbeek et al., 2009) (Figure 11).
SERCAZ2c is expressed in mesenchymal, hematopoietic, and epithelial cells and at low levels in
the brain (Gélébart et al., 2003; Dally et al., 2006, 2010) and has the lowest Ca?* affinity
compared to the other SERCA2 isoforms (Dally et al., 2006).

Figure 11. Electron density maps of SERCA2b (Inoue et al., 2019).

2.4.3.3 SERCA3

The ATP2A3 gene encodes for SERCA3 protein which exists in six isoforms. SERCA3a and b are
expressed in different tissues including the heart, brain, immune cells, lung, pancreas, liver,
and placenta (Kovacs et al.,, 2001; Martin et al.,, 2002). SERCA3c has been identified in
immortalized T-lymphocytes and platelets (Kovacs et al., 2001). SERCA3d is expressed in the
same tissues as isoforms a and b, but also in skeletal muscle, while SERCA3e is confined to the
lung and pancreas (Martin et al., 2002). SERCA3f seems to be broadly expressed in human

tissues and cells (Bobe et al., 2004).
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2.4.4 Darier Disease treatments

Another challenging aspect of DD is the lack of curative treatments, aside from the prevention
of triggers and symptoms management (Takagi et al., 2016). Current medications include
steroids, retinoids, analogs of vitamin D, surgical excision, and photodynamic therapy (Cooper
& Burge, 2003), and could be distinguished into three categories: systemic, topical, and
procedural therapies. Systemic treatments include oral retinoids (Vieira et al., 2020), acitretin
(van Dooren-Greebe et al., 1989; Blanchet-Bardon et al., 1991; X.-B. Zhang et al., 2008;
Zavattaro et al., 2014), isotretinoin (Dicken et al., 1982; Bhat et al., 2010), alitretinoin (Letulé
etal., 2013; Anuset et al., 2014), vitamin A analogs (Burgoon et al., 1963; Stiittgen et al., 1977,
Thomas et al., 1982; Sondhi et al., 2020), systemic immunomodulators (Shahidullah et al.,
1994; Legrand et al., 2020), and antibiotics (Sfecci et al., 2015; Pettit et al., 2018). However,
using some of these therapies causes side effects and the relapse of the condition after their
discontinuation or the decreased frequency of assumption, leading to the necessity of
continuous treatment (Farb et al., 1980; Thomas et al., 1982; Dicken et al., 1982; Archer et al.,
1989; Orihuela et al., 1995; Letulé et al., 2013; Anuset et al., 2014; Zavattaro et al., 2014).
Among topical treatments, tretinoin (Fulton et al., 1968; Steijlen et al., 1991; Dogan et al.,
2011;), isotretinoin (S. M. Burge & Buxton, 1995; McKenna et al., 1999), synthetic vitamin D
analogs (Abe et al., 2011), calcineurin inhibitors (Pérez-Carmona et al., 2011), and non-
steroidal anti-inflammatories (Palacios-Alvarez et al., 2017) have been reported. Vitamin D
plays an important role in the differentiation process and inhibits the proliferation of
epidermal keratinocytes (Kragballe et al., 1995), whereas calcineurin inhibitors, thanks to their
ability to reduce T-cell proliferation, diminish inflammation (Pérez-Carmona et al., 2011).
However, also for these treatments, patients experienced side effects and variability in
efficiency (Steijlen et al., 1991; S. M. Burge & Buxton, 1995; Abe et al., 2011; Millan-Parrilla et
al., 2014). Surgical excision and dermabrasion (Dellon et al., 1977; Wheeland & Gilmore, 1985;
Ji et al.,, 2018), lasers (O’Brien et al., 2020), radiation (Rodriguez et al., 2018), and
photodynamic therapies (Exadaktylou et al., 2003) are the procedural treatments currently
available.

Recently, calcipotriol/betamethasone dipropionate, a two-compound topical unguent, has

been reported to be a promising therapeutic strategy for DD. The treatment has been applied
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for three months to a patient with a missense ATP2A2 variant, leading to the reduction of the
erythema and scales on the scalp, to the flattening of the papules on the neck and groin,
leaving behind mild residual pigmentation. However, also in this case, the employment of the
ointment is limited to short-term or intermittent usage since it could cause skin irritation
(Kragballe et al., 1995; Hagino et al., 2022).

In conclusion, even though some of the above-mentioned oral, topical, and interventional
treatments could be more effective compared to others, further studies on the efficacy and

safety of DD therapies are required.

2.5 ER-stored calcium regulation

Calcium stored in the ER plays a crucial role in post-translational protein processing and
folding, as well as their trafficking towards the plasma membrane or their secretion (Berridge
et al., 2003). The calcium concentration between ER and cytosol is tightly regulated by Ca?*
channels, transporters, pumps, and calcium-binding proteins, and to ensure normal cellular
functions, a balance between the calcium release and uptake into the ER is crucial (Krebs et
al., 2015; Bahar et al., 2016; Carreras-Sureda et al., 2018).

As discussed before, maintaining a calcium gradient within the epidermis is fundamental for
proper barrier homeostasis and epidermal differentiation.

The depletion of ER calcium causes the accumulation of misfolded proteins and the
consequent ER stress response activation (Yoshida, 2007). For example, the reduction of ER
calcium could lead to the generation of perinuclear E-cadherin aggregates, altering cell
junction formation (Celli et al., 2012). Moreover, as reported in previous studies, the
inactivation of ER Ca?* ATPase determines the inhibition of early differentiation proteins
expression (L. Li et al., 1995a, 1995b). The reduction of ER calcium levels has been observed in
functional studies by employing Thapsigargin, a selective inhibitor of SERCA2 causing the
formation of insoluble oligomers (Celli et al., 2011; Y. Wang et al., 2011), with a consequent
alteration of E-cadherin and desmoplakin processing and localization, thus cell-to-cell
adhesion perturbation and defects in the differentiation protein involucrin synthesis (Hakuno

et al., 2000; Celli et al., 2012). Considering the importance of calcium in regulating epidermal
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homeostasis, the skin is mainly affected in the presence of ATP2A2 gene alterations, even
though SERCA2 proteins are ubiquitously expressed. This could be due to the absence of
compensatory mechanisms by SERCA3 in counteracting SERCA2b dysfunction in keratinocytes
compared to other tissues. Additionally, the exacerbation of the condition in the presence of
external stimuli could be determined by the insufficient activity of the remaining WT SERCA2

in counteracting the stresses they trigger (Savignac et al., 2011).

2.5.1 ER stress and unfolded protein response (UPR)

As above mentioned, the ER is fundamental for protein synthesis, maturation, folding,
trafficking, secretion, and localization and the alteration of its homeostasis leads to protein
misfolding or unfolding and ER stress. Different external and/or internal stimuli or excessive
proteins production, which leads to their accumulation, are determinants of cellular stresses
(Hampton, 2000; Yoshida, 2007). Several processes are induced by UPR to restore normal ER
functions, including the modulation of translation, the intensification of the degradation rate
of misfolded/unfolded protein via the ubiquitin-proteasome mechanism induced by ER and
the increase of ER chaperones, and folding enzymes to improve the efficiency of protein
processing (Hampton, 2000; Yoshida, 2007; Almanza et al., 2019) (Figure 12).
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Figure 12. Overview of Unfolded Protein Response (UPR). BiP, binding immunoglobulin protein; IRE1,
inositol-requiring enzyme; PERK, RNA-dependent protein kinase-like ER-resident kinase; ATF6,
activating transcription factor 6; XBP1, X-box binding protein 1; elF2a, eukaryotic initiation factora;
CHOP, CCAAT-enhancer-binding protein homologous protein; ERAD, ER-associated protein degradation
(Xie et al., 2024).

Three ER transmembrane sensor proteins are involved in the UPR regulation, including the

inositol-requiring enzyme 1 alpha (IRE1a), the activating transcription factor 6 (ATF6), and the
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double-stranded RNA-dependent protein kinase (PER)-like ER kinase (PERK). When bound by
the ER-resident chaperone glucose-regulated protein 78/binding immunoglobulin protein
(GRP78/BiP), the UPR is inactivated, and this occurs in the absence of stress conditions. In the
presence of misfolded and/or unfolded proteins in the ER lumen, there is a dissociation of the
GRP78/BiP from the above-mentioned ER sensor proteins and this leads to the UPR activation
(Hampton, 2000; Yoshida, 2007; Almanza et al., 2019) .

When GRP78/BiP dissociates from IRE1aq, it binds to unfolded/misfolded proteins and by its
kinase activity determines the dimerization and auto-phosphorylation of IRE1a (Almanza et
al., 2019; Yoshida et al., 2001). This process increases the nuclease activity of IRE1la which
determines the catalyzation of the excision of 26 nucleotides intron from the X-box binding
protein 1 (XBP1) mRNA leading to the formation of a spliced isoform (XBP1s) (Yoshida et al.,
2001). XBP1s is involved in the transcription of several target genes related to lipid
metabolism, inflammatory  and immune  responses, cellular  differentiation,
structural/functional development of ER, and processes involved in ER-mediated protein
degradation to reestablish homeostasis. On the contrary, the unspliced XBP1 protein (XBP1u),
lacking a transactivation domain, is not able to induce gene expression (Travers et al., 2000;
Iwakoshi et al., 2003; Sriburi et al., 2004; So, 2018; Covino et al., 2018). The phosphorylation-
induced IREla leads to the enrolment of the tumor necrosis factor receptor-associated 2
factor (TRAF2), with the consequent formation of the IRE1a-TRAF2 complex (Urano et al.,
2000), which activates both JNK and NF-kB, which in turn modulate cell death (Urano et al.,
2000; Kaneko et al., 2003).

Similarly, PERK activation occurs with its dimerization and auto-phosphorylation after the
detachment of GRP78/BiP (Walter & Ron, 2011; Almanza et al., 2019). By its kinase activity,
the activated PERK recruits and phosphorylates the eukaryotic translation initiation factor 2
alpha (elF2a), a subunit of the elF2 complex involved in the regulation of protein translation
initiation through the promotion of the initiator tRNA binding to the ribosomal subunit 40S. In
turn, elF2a inhibits elF2B, the eukaryotic translation initiation factor 2B, causing the reduction
of protein synthesis and folding load in ER-stressed cells. The phosphorylated elF2a also leads
to the translation of the activating transcription factor 4 (ATF4), which in turn regulates the
expression of genes involved in the protection mechanisms of cells against ER stress, including

autophagy, protein homeostasis, and amino acid metabolism. In the presence of continuous
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ER stress, the overactivation of PERK leads to pro-death mechanisms mediated by the
upregulation of CAAT/enhancer-binding protein (C/EBP) homologous protein (CHOP), which
induces cell death by increasing oxidative stress and ATP depletion (Walter & Ron, 2011;
Rozpedek et al., 2016).

ATF6 is expressed in the ER, whereas during ER stress it is transferred to the Golgi apparatus
where undergoes a Golgi proteases-mediated cleavage and becomes functional. The activated
fragment of ATF6 is translocated into the nucleus, where it triggers the expression of genes

related to the restoration of ER homeostasis (Yoshida et al., 2001; Almanza et al., 2019).

A physiological level of unfolded protein response (UPR) induced by ER stress is needed for
maintaining normal functions of cells, such as the epidermal keratinocytes differentiation
(Sugiura et al., 2009; Celli et al., 2010, 2011;). During this process, the spliced forms of XBP1,
CHOP and GRP78/BiP expression are enhanced. However, the sustained UPR activation leads
to cell deleterious effects, could induce apoptosis (Sugiura et al., 2009), and is involved in the
pathogenesis of different skin diseases including Darier Disease (Sakuntabhai, Ruiz-Perez, et
al., 1999).

Indeed, as previously mentioned, Wang and colleagues observed the formation of insoluble
aggregates of undegraded SERCA2 protein mutants around nuclei, resulting in increased ER
stress and apoptosis. Additionally, mutant-induced ER stress also leads to the aggregation of
WT SERCA2. On the contrary, SERCA2 KO causes cell apoptosis induction insensitivity, which
could explain dyskeratosis in DD patients. Noteworthy, since SERCA2 is also expressed in
neurons and considering the neuropsychiatric symptoms experienced by some DD patients, it
is possible that SERCA2 mutants aggregation and accumulation could be responsible for their

manifestation (Y. Wang et al., 2011).

2.6 Mitochondria’s role in skin and link with other cellular organelles

Mitochondria are the main energy source of cells by generating adenosine triphosphate (ATP)
through cellular respiration. In addition to energy production, these organelles play essential
roles in the regulation of cellular metabolism and homeostasis including cell viability,

proliferation, calcium homeostasis, reactive oxygen species production (ROS), immune
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signaling, and programmed cell death (Vasileiou et al., 2019; S.-E. Lee et al., 2022; Shen et al.,
2022). These processes rely on the interaction of mitochondria with the nucleus by a feedback
mechanism. In the presence of stress, mitochondria transmit the signal to the nucleus,
inducing the activation of stress response pathways (Picard & Shirihai, 2022).

Furthermore, mitochondria are the primary producers of reactive oxygen species (mtROS) and
redox signaling (Balaban et al., 2005) important for survival mechanisms and cytokine
production of immune cells involved in infection prevention and prolonged inflammation
(Allaoui et al., 2009; Segal et al., 2012; van der Vliet & Janssen-Heininger, 2014; Hoffmann &
Griffiths, 2018). mtROS plays an important role also in wound healing, by promoting E-cadherin
trafficking, junction, and cytoskeleton polarization. After wound generation, there is the
release of calcium signals which induces an increased mtROS production and leads to redox

signaling-mediated cytoskeleton remodeling (Hunter et al., 2018) (Figure 13).
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Figure 13. Mitochondrial redox signaling in wound healing (Hunt et al., 2023).

One of the main skin characteristics is its high-rate turnover, a process requiring a large
amount of energy, mainly supplied by the mitochondrial electron transport chain (Sreedhar
et al., 2020). This energy is also needed for other cutaneous processes, such as cell signaling,
hair growth, and wound healing, for epidermal homeostasis and the preservation of the

microbiological defense function (Stout & Birch-Machin, 2019).

Basal keratinocytes mainly use glycolysis for energy production. As they differentiate and
move towards the upper layers of the epidermis, mitochondrial oxidative phosphorylation,

and ATP production through the TCA cycle and electron transport chain increase (Hamanaka
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& Chandel, 2013). Since mitochondria are the primary sources of ROS, oxidative stress is most
pronounced in the deepest layer of the epidermis, especially in the stem cells of the basal
layer, where keratinocytes heavily depend on mitochondrial function (Vidali et al., 2023).
Moreover, keratinocytes proliferation and differentiation from the basal to the suprabasal
layer and the migration towards the outer stratum requires mitochondrial ROS generation,
which exerts a regulatory role through different downstream transcriptional factors, including
C/EBP, NOTCH, and B-catenin (Hamanaka & Chandel, 2013). Additionally, mitochondria play a
crucial role also in skin photo-aging since exposure to UV leads to mtDNA damage, altering
the flow of electrons and hampering energy production, and to skin cells pathogenic oxidative
stress. Skin cancer cells also present altered mitochondria, characterized by deletions in
mtDNA and excessive ROS production (Sreedhar et al., 2020). Many dermatologic diseases
have defective mitochondrial structure and function. For example, in psoriasis mitochondria
upregulate ROS production, and increase downstream inflammatory cytokines, and dendritic

cell activation (Alalaiwe et al., 2021; Mizuguchi et al., 2021).

During epidermal keratinocytes differentiation mitochondria show a fragmented phenotype
according to the reduced energetic requirements of these cells, depolarization and
acidification mediated by the upregulation of the mitochondrion-tethered autophagy receptor
BCL2/adenovirus E1B 19 kDa protein-interacting protein 3-like (BNIP3L/NIX) (Mellem et al.,
2017; lpponjima et al., 2020) supporting the mitochondria degradation required in this
process. Indeed, BNIP3- (Moriyama et al., 2014, 2017) and NIX-mediated (Simpson et al., 2021)
mitophagy as well as autophagy is required for the epidermal keratinocytes differentiation
(Aymard et al., 2011; Yoshihara et al., 2015; Akinduro et al., 2016). NIX depletion impairs
epidermal maturation and interferes with mitochondrial clearance, while its overexpression
accelerates keratinocyte differentiation and results in premature mitochondrial fragmentation
(Simpson et al., 2021). In the stratum granulosum cells, there is an increased quantity of
mitochondria which are structured in a more compact network compared to stratum spinosum
and the mitochondria connectivity is reduced in keratinocytes from older subjects compared
to younger ones (Mellem et al., 2017). UV stress is responsible for mtDNA damage in
keratinocytes and fibroblasts (Pang et al., 1994; Birch-Machin et al., 1998). Noteworthy, sun

exposure is one of the external stimuli determining the exacerbation of DD. UVs induce the
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fragmentation of the mitochondrial network and deletions in mtDNA leading to the disruption
of electron flow. This results in cellular dysfunction and premature senescence (Stout & Birch-
Machin, 2019). Oblong and colleagues reported that mitochondrial damages occur mainly in
dermal fibroblasts, leading to the reduction of oxidative phosphorylation genes expression and
mitochondrial complexes subunits. These alterations could be attributed to decreased

mitophagy which might be restored by nicotinamide treatment (Oblong et al., 2020).

ER and mitochondria interact with each other and these organelles’ contact has been well
described (ER-mito) (Elbaz & Schuldiner, 2011; Friedman & Voeltz, 2011; Rowland & Voeltz,
2012; Marchi et al., 2018) (Figure 14). The ER-mito communication involves different factors,
including the transfer of ions and lipids, calcium signaling, intracellular trafficking, and
mitochondrial membrane dynamics (Phillips & Voeltz, 2016), thus each organelle plays its own
role and cooperates with other ones. The contacts between ER and mitochondria have also
been associated with ER-stress-mediated cell death and the UPR. Actually, different ER co-
factors and chaperons are enriched at mitochondria-associated membranes (MAM)
(Paillusson et al., 2016). In the presence of ER stress, stress signals can be transferred to the
mitochondria via the contact sites (Aboufares El Alaoui et al., 2023).

It has been observed that the depletion of ER Ca?* stores is followed by the accumulation of
these ions in the mitochondrial matrix via the uniporter system (Marchi et al., 2018). The
calcium regulation impairment can lead to a Ca?* overload in the matrix and trigger the
opening of a high-conductance pore, known as the "mitochondrial permeability transition
pore" (mPTP) (Baumgartner et al., 2009; Bonora et al., 2015). Mitochondrial Ca?* overload is a
critical triggering signal of the intrinsic apoptosis pathways (Danese et al., 2017) with
alterations in the organelle functions such as reduction of ATP production and increase in ROS
generation (Rimessi et al., 2016). Considering that the endoplasmic reticulum and
mitochondria interact, reactive oxygen species might be transferred between the two
organelles and could have effects on DD. Indeed, SERCA inhibition mediated by thapsigargin
determines the release of a considerable amount of Ca?* from ER and its intracellular increase,

causing cell death (Marchi et al., 2018).
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Figure 14. Ca** handling at the ER-mitochondria interface: focus on the ER Ca** homeostasis (Marchi et

al., 2018).

Recently, selenoprotein N (SEPN1), an ER redox-sensitive protein, has been observed to play a
role in SERCA activity modulation and calcium homeostasis. The active form of SEPN1 interacts
with SERCA at the ER-Mito contact sites and regulates ER Ca?* levels. Additionally, during ER
stress, it reduces oxidative damage and activates the UPR. The increase of the ER oxidoreductin
1 (ERO1) activity and ROS amount after UPR induction leads to SERCA inactivation. In this
context, SEPN1 reduces oxidized molecules generated by ROS activity and restores SERCA2

function (Marino et al., 2015).

2.7 The NOTCH signaling

The Notch signaling pathway is an evolutionary conserved molecular network, that depending
on the tissue and cellular context and on the crosstalk with other pathways, is involved in
several processes including cell proliferation, migration, differentiation, and apoptosis
(Artavanis-Tsakonas et al., 1999; Lai, 2004; Bray, 2006). Mammalian NOTCH genes encode
single-pass, heterodimeric type | transmembrane receptors: NOTCH1, NOTCH2, NOTCH3, and
NOTCH4 (Kopan & llagan, 2009).

NOTCH proteins are made up of an extracellular domain (NECD) which is involved in the
interaction with ligands, and an intracellular domain (NICD) responsible for the signal

transduction and a connector between them.
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The extracellular domain contains several epidermal growth factor (EGF)-like repeats, some of
which are required for the interaction with ligands. Therefore, many of them bind Ca?* ions
needed for NOTCH structure and affinity in ligand binding (Kopan & llagan, 2009). The presence
of three cysteine-rich Lin/Notch repeats (LNR) and the heterodimerization domain (HD) form
the negative regulatory region (NRR) which prevents the signaling activation in the absence of
ligands (Massi & Panelos, 2012). In particular, the NECD domain of NOTCH1 and NOTCH2 in
humans contains 36 EGF-like tandem repeats and 3 LNR, whereas NOTCH3 and NOTCH4 NECD
comprise 34 and 29 repeats, respectively (Sanchez-Irizarry et al., 2004).

The intracellular region of NOTCH is involved in the signal transfer to the nucleus and contains
a membrane-proximal RBPJ-associated molecule (RAM) domain, seven ankyrin repeats (ANK),
a nuclear localization sequence (NLS) which links RAM to ANKs, a transactivation domain
(TAD), and a proline-glutamate-serine-threonine-rich (PEST) sequence which acts as a

degradation signal to regulate NOTCH stability (Kopan & llagan, 2009) (Figure 15).
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Figure 15. The human Notch repertoire. 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; vVWFC, von Willebrand factor type C domain (Masek & Andersson, 2017).

The NOTCH receptor maturation and trafficking towards the cell surface includes several
extracellular domain’s post-translational modifications. In the beginning, NOTCH proteins are

processed in the endoplasmic reticulum by the O-glucosyltransferase 1 protein (POGLUT1) or
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the O-fucosyltransferase 1 protein (POFUT1), which adds an O-glucose or an O-fucose,
respectively, at the level of the EGF-like repeats, promoting the receptor clustering to the
surface, thus the interaction with its ligands (Rebay et al., 1991; Wang et al., 2001; Okajima &
Irvine, 2002; Haines & Irvine, 2003; Luo & Haltiwanger, 2005; Takeuchi et al., 2012).
Subsequently, the NOTCH precursor is cleaved within the NRR by a furin-like convertase at the
S1 site during the transfer through the Golgi apparatus. At this point, the heterodimerization
domain (HD) converts NOTCH into a heterodimeric receptor containing the extracellular
domain (NECD), the trans-membrane domain (NTM), and the intracellular domain (NICD)
(Blaumueller et al., 1997). The resulting mature receptor is transported to the cell membrane
where non-covalent interactions hold it and receive an inhibitory (cis) or an activation (trans)
signal after the interaction with its ligand (Ntziachristos et al., 2014).

The canonical NOTCH signaling activation involves the interaction between the receptor
expressed on signal-receiving cells and the specific ligands located on neighboring signal-
sending cells (Bray, 2006; Hori et al., 2013). Ligands are type | transmembrane glycoproteins,
including three delta-like (DII1, 3 and 4) and two jagged (Jagl and Jag2) (Lai, 2004).

The binding determines a conformational change in the NOTCH receptor rendering it
predisposed to two consecutive proteolytic cleavages. The first one (S2) is mediated by the
zinc-dependent disintegrin and metalloprotease ADAM10 (in the canonical pathway) and
occurs within the protein extracellular domain, between Alal710 and Val1711 residues (Brou
et al., 2000; Mumm et al., 2000). The second cleavage (S3) is an intramembrane one between
the Gly1743 and Vall744 mediated by the presenilin y-secretase activity. This enzymatic
cleavage determines the release of the NOTCH intracellular domain (NICD) and its
translocation from the plasma membrane to the nucleus, where it forms a multiprotein
transactivation complex with the DNA-binding protein RBP-Jk (known also as CSL proteins)
(Schroeter et al., 1998). NICD binds RBP-Jk first with the RAM domain, then with the Ank one,
and derepresses CSL proteins by displacing corepressors SMRT (silencing mediator of retinoid
and thyroid receptors), NCoR (nuclear repressor corepressor), and CIR (CFB-1-interacting
repressor) which bind CSL proteins when the NOTCH signaling is turned off. This binding
converts the RBP-Jk repressor to a transcription activator (Nam et al., 2006).

In order to initiate the transcription of its target genes, including Hes and Hey families

members, NOTCH requires the recruitment of Mastermind-like (MAML) protein (Wu et al.,
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2000) and other co-activators (Bray, 2006; Kopan & llagan, 2009). MAML binds NICD and CSL
through its conserved N-terminal domain, which fits in a molecular groove generated by the
NOTCH Ank domain and specific residues of CSL protein. In turn, MAML recruits co-factors,
including the histone acetyl-transferase p300/CBP, which determine posttranslational
modifications such as acetylation. These processes mediate the binding affinity and stability of
the NOTCH transcriptional machinery on the target genes promoter (Kopan & llagan, 2009;
Gerhardt et al., 2014) (Figure 16).
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Figure 16. The Core Notch Signaling Pathway is mediated by regulated proteolysis (Kopan & llagan,
2009).

2.7.1 Ca** ATPase protein and NOTCH

As discussed before, calcium plays a pivotal role in the NOTCH receptor maturation process
and trafficking. Indeed, several EGF repeats and the three Lin12/Notch repeats in the NOTCH
extracellular domain require Ca?* for correct folding (Rand et al., 1997; Aster et al., 1999;
Hambleton et al., 2004; Gordon et al., 2007). For this reason, alteration in genes encoding
Calcium ATPase proteins might affect these mechanisms. Periz and Fortini transfected the
Drosophila S2 cell line with a Notch expression construct and treated them with two SERCA
inhibitors, Thapsigargin and Cyclopiazonic acid, to verify how the reduced Ca?* ATPase activity
affects NOTCH processing. By employing these inhibitors, they observed a reduction in the

NOTCH cell surface immunoreactivity, suggesting that they do not significantly alter the
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intracellular NOTCH levels but predominantly reduce the amount of receptor that reaches the
cell membrane due to its accumulation in ER/Golgi compartment. Additionally, it has been
observed a Ca?*-ATPase inhibitors dose-dependent reduction of the ~120 kDa NOTCH
proteolytic fragment production but not of the unprocessed ~300 kDa full-length NOTCH
precursor (Periz & Fortini, 1999; Roti et al., 2013). Previous studies on NOTCH1-associated T-
ALL revealed SERCA2 inhibition as a potential therapeutical approach since it determines the
downregulation of the receptor target genes and induces a GO/G1 arrest and a cell size
reduction. In particular, SERCA2 inhibition determines the disruption of mutated NOTCH1
trafficking with the retainment of unprocessed and misfolded receptors in the ER/Golgi
compartment resulting in the reduced expression of NOTCH1 target genes including HES1 and
MYC (Roti et al., 2013; Roti & Stegmaier, 2014). Prior observations regarding the role of Ca-
P60A deficiency, a Drosophila SERCA homolog, in Notch maturation defect support Roti and
colleagues’ results (Periz & Fortini, 1999). This evidence suggests that NOTCH signaling could

be dysfunctional in several genetic disorders associated with SERCA2 mutations, including DD.

Based on previous studies showing the co-localization of SERCA2b and presenilin in the ER (K.
N. Green et al., 2008) and the ability of presenilin to recover the full-length NOTCH1 precursor
before the cleavage of NOTCH1 in the Golgi apparatus (Ray et al., 1999), Roti and colleagues
put forward the hypothesis of a complex consisting of NOTCH1, SERCA, and presenilin (Roti et
al., 2013).

2.7.2 NOTCH signaling in epidermis

In normal human skin, NOTCH receptors and ligands are widely expressed with a specific
localization on keratinocytes membranes throughout the epidermis. NOTCH1 is primarily
found in the lower and mid-epidermal layers, while NOTCH2, 3, and 4 are expressed
predominantly in suprabasal ones. The ligand Jagged1 is mainly expressed in the suprabasal
cells membrane, whereas Jagged2 and DLL1 are located in the basal layer (Gratton et al., 2020)

(Figure 17).
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Figure 17. Distribution of NOTCH ligands and receptors in human skin (Gratton et al., 2020).

In the epidermis Notch plays a tumor-suppressive role, as evidenced by studies on its ablation,
which have shown hyperproliferation of the epidermal basal layers (Rangarajan et al., 2001;
Nicolas et al., 2003). Mutations determining NOTCH loss-of-function are commonly identified
in epithelial tumors, such as skin squamous cell carcinoma (SCC) (Pickering et al., 2014; South
et al., 2014), esophageal (Song et al., 2014), head and neck carcinoma (Agrawal et al., 2011;
Stransky et al., 2011). Moreover, Blanpain and colleagues observed that NOTCH1 signaling
perturbation causes defects in epidermal barrier function and hyperproliferation, which could
be a basal layer compensation mechanism with the consequent thickening of the epidermis.
It has also been demonstrated that NOTCH acts at the basal-suprabasal boundary to define
spinous layers and inhibit basal epidermal genes through a canonical RBP-J-dependent
mechanism. Furthermore, they found that NICD/RBP-J promotes spinous cell differentiation
via an HES1-dependent pathway while inhibiting basal cell differentiation through an HES1-

independent mechanism (Blanpain et al., 2006).

Considering the structural conformation and the function of the skin, epidermal stratification
is a crucial process for its development. NOTCH signaling pathway plays a pivotal role in the
early stage of epidermal development, balancing proliferative and differentiating signals. It
has been demonstrated that the NOTCH signaling loss during epidermal development
determines the missing of the spinous and granular layers caused by the hyperproliferation of
the basal epidermis. This observation indicates the requirement of the NOTCH signaling for
the commitment of basal keratinocytes to differentiation in the spinous layer during the
initiation of epidermal development (Rangarajan et al., 2001; Nicolas et al., 2003; Blanpain et
al., 2006; Moriyama et al., 2008). The activation of the NOTCH pathway determines the

induction of genes involved in both the suppression and the promotion of differentiation
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depending on cell type and context (Artavanis-Tsakonas et al., 1999). During the commitment
to terminal differentiation, cells exit the cell cycle, and the expression of basal integrins,
extracellular matrix proteins (ECM), p63 and keratins 5 and 14 is suppressed (Fuchs &
Raghavan, 2002). When cells move from basal towards the spinous layer, they express the
“early differentiation markers” keratins 1/10 and transcriptional factors which participate in
the terminal differentiation process (Dai & Segre, 2004). As cells enter the granular layer, “late
differentiation markers” filaggrin, proteins of the cornified envelope including loricrin, and
different hydrophobic molecules are expressed (J. A. Segre, 2006). At the end of the transit in
the stratum corneum, cells become metabolically inactive and lose cytoplasmic organelles and
lipid bilayers. These cells are terminally differentiated and shed from the skin surface, being

substituted by transiting inner cells.

Moreover, as mentioned before, extracellular and intracellular calcium level regulation is
involved in keratinocytes growth and differentiation (Dotto, 1999). Calcium-dependent
differentiation is further enhanced by the influence of thision on the NOTCH1 receptor activity
(Lefort & Dotto, 2004). NOTCH synthesis, maturation, trafficking, and consequently its
function depends on the intracellular Ca?* levels. The NOTCH precursor is a large polypeptide
whose maturation requires extensive processing during the transition through the ER/Golgi
before reaching the cell surface. The function of this organelle system depends on the Ca?*-
ATPase activity. Indeed, EGF and LIN-12/Notch repeats of the receptor extracellular region are
involved in calcium binding (Rand et al., 1997; Aster et al., 1999), supporting the Ca?
requirement for the binding of the receptor extracellular region to Delta and Serrate ligands
with high-affinity (Fehon et al.,, 1990). Indeed, elevated calcium levels induce NOTCH1
activation by promoting its interaction with ligands and thereby facilitating the
conformational changes required for receptor activation (Cordle et al., 2008). Additionally, the
furin family of serine proteases located in the Golgi requires calcium for its autoactivation and
processing of substrate proteins, including NOTCH (Seidah & Chrétien, 1997; Logeat et al.,
1998). Even though the specific pathways involved in the epidermal differentiation process
are not completely described, NOTCH could be a potential candidate, considering its role in
determining cell fate and acting in both cell differentiation and morphogenesis in a context-

dependent manner (Figure 18).
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Figure 18. Overview of the NOTCH signaling pathway in keratinocytes (Dantonio et al., 2018).

To summarize, NOTCH1 plays a triple role in the spinous layer during epidermal development,
including the induction of basal cells commitment, the promotion of the following
differentiation into granular cells mediated by a HES1-independent mechanism, and the HES1-

dependent prevention of the spinous cells’ premature differentiation (Moriyama et al., 2008).

2.8 NOTCH target genes

2.8.1 HES1

HES1 (hairy/enhancer of split) is the main NOTCH1 signaling pathway target, expressed in the
epidermal spinous layer. The HES1 protein belongs to the bHLH transcriptional factor family,
characterized by a distinctive structural bHLH domain composed of a basic region and two
alpha helices connected by a loop structure necessary for dimerization. The HES1 protein
contains three structures: the N-terminal basic Helix-Loop-Helix (bHLH), the central Orange
domain, and the C-terminal WRPW tetrapeptide (Kageyama et al., 2007) (Figure 19).
Structure and function of Hes factors
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Figure 19. Structure and function of HES factors (Kageyama et al., 2007).

The Helix-Loop-Helix domain is involved in the binding to DNA and the formation of bHLH

protein dimers, necessary for their regulatory activity. The majority of bHLH factors bind to
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the E-box consensus sequence (CANNTG) located in the promoter region of their target genes.
On the contrary, the HES1 protein shows a major binding affinity for two consensus sequences
known as the class C DNA binding site (CACG C/A G) or N box (CACNAG) (Akazawa et al., 1992;
Sasai et al., 1992; Ohsako et al., 1994). The Orange domain consists of two amphipathic helices
(helix 3 and helix 4) responsible for the regulation of bHLH proteins with which HES1 dimerizes
(Knust et al., 1992; Dawson et al., 1995; Taelman et al., 2004). The C-terminal WRPW
tetrapeptide (Trp-Arg-Pro-Trp) represents a transcriptional repressor domain and a

polyubiquitylation signal (S. A. Kang et al., 2005).

Three different mechanisms through which the transcriptional repressor activity of HES1 is
exerted have been proposed.

The first one (DNA-binding-dependent) is characterized by an active repression through which
HES1 directly binds to its target genes promoter region (Kageyama & Nakanishi, 1997;
Kageyama et al., 2000). It is mediated by the C-terminal WRPW tetrapeptide which recognizes
the class C DNA binding site or N box sequence and recruits the co-repressor Transducin-like
Enhancer of Split (TLE) (Groucho in Drosophila) (Paroush et al., 1994; Fisher et al., 1996;
Grbavec & Stifani, 1996). When HES1 forms heterodimers with the members of the HES-
related repressor protein (HERP) family, the repression is more efficient compared to the
homodimer-mediated one (Iso et al., 2001) (Figure 20).

Active repression

Groucho Groucho
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Figure 20. Structure and function of HES factors. Active repression (Kageyama et al., 2007).

The second mechanism consists of a passive transcriptional repression, in which HES1 forms
nonfunctional heterodimers with other bHLH family members, including E47 preventing their
binding to the consensus sequence E box (Sasai et al., 1992; Hirata et al., 2000; Iso et al., 2003)

(Figure 21).
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The third mechanism is involved in the self-inhibition of HES1 expression mediated by the
Orange/helix3-helix4 in the presence of a bHLH domain. Castella and colleagues proposed that
Orange recruits a corepressor and/or stabilizes or regulates the active repression mediated by

WRPW (Castella et al., 2000).

HES1 plays a pivotal role in maintaining the spinous cell layer’s typical phenotype and
preventing premature terminal differentiation in granular cells. NOTCH1 and HES1 cooperate
to finely regulate the expression gene pattern and the timing of the cellular differentiation. In
the first steps of epithelial stratification, NOTCH1 mediates the repression of genes involved
in the transition to epidermal granular cells via an HES1-dependent manner to prevent spinous
cells from prematurely progressing toward late differentiation. HES1 determines the
differentiation timing and regulates its own expression by a negative feedback mechanism.
When the right intracellular HES1 protein level has been reached, HES1 acts as its own
transcriptional repressor. Moriyama and colleagues observed that Hes1 KO in E15.5 mice
epidermis leads to the premature differentiation of spinous layer cells into granular cells and
to the reduction of proliferative potential of both cell types with the decrease of p63 mRNA

(Moriyama et al., 2008).

2.8.2 HEY1

HEY1 (HES-related family bHLH transcription factor with YRPW motif 1) is another NOTCH1
signaling target belonging to the HERP (HES-related repressor protein) family.

Like HES1, HEY1 can bind to its target genes promoter region as a homodimer to repress their
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expression by recruiting the N-CoR/mSin3A/HDAC complex via the bHLH domain. When HEY1
and HES1 are co-expressed in the skin, they create heterodimers that bind to the promoter
area more strongly than when they form homodimers. Because the heterodimer can recruit a
wider variety of transcriptional co-repressors, such as TLE and the N-CoR/mSin3A/HDAC

complex, it guarantees enhanced efficacy in gene suppression (Iso et al., 2003) (Figure 22).
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Figure 22. Model for HES and HERP cooperation in Notch signaling.

2.8.3 c-MYC

c-MYC is a transcriptional regulator belonging to the basic helix-loop helix leucine zipper
(bHLH-LZ) transcription factors family, also including Max and Mad subfamilies (Chin et al.,
1996; Ryan & Birnie, 1996; E. V. Schmidt, 1999) involved in the modulation of different cellular
processes. It is a NOTCH1 receptor transcriptional target and plays a role in adult skin
homeostasis by balancing epidermal proliferation and differentiation through cell cycle
regulation. c-MYC level is fundamental for skin regeneration and wound healing and to
maintain cutaneous integrity. It is mainly expressed in the basal layer (Osterland et al., 1990;
Nestle et al., 2009) promoting stem cell proliferation and allowing them to become transient
amplifying cells committed for terminal differentiation when highly expressed (Watt, Frye, et

al., 2008).

c-MYC protein consists of an N-terminal transcriptional activator domain and a bHLHZ domain,
involved in the formation of heterodimers with other factors, in particular Max (Sakamuro &
Prendergast, 1999). c-MYC can act both as a gene transcriptional repressor and activator,

based on the co-factor with which it interacts. When it binds to the MAX co-factor, c-MYC is a
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transcriptional activator and the MAX-cMYC heterodimer interacts with the E-box sequence
of target genes activating their transcription (Honeycutt & Roop, 2004). On the contrary, the
interaction with the co-factor MIZ1 determines the transcriptional inactivation by recruiting
co-repressors, including the DNA CpG methyltransferase DNMT3a, to the gene promoter
region (Brenner et al., 2005). In the absence of c-MYC, the zinc-finger protein MIZ1 is a
transcriptional activator bound to the initiator element sequence (INR) of the target genes
promoter region and interacts with the co-activator p300. c-MYC interacts with MIZ1 by
displacing p300 and recruiting the co-repressor DNMT3a (Staller et al., 2001). Together with
MIZ1, c-MYC promotes cell cycle progression by regulating the repression of genes codifying
for the inhibitors of cyclin/CDK complexes, including p21 and p27, which in turn are activated
by p53 during the commitment towards cell cycle arrest. MIZ1-MYC heterodimer inhibits the
expression of genes codifying cellular adhesion, actin cytoskeleton, and extracellular matrix
adhesion proteins, including integrins, leading to loss of polarity and premature differentiation
of epidermal basal cells (Gebhardt et al., 2006). Epidermal proliferating keratinocytes are in
direct contact with the underlying basal membrane, and their detachment from it reduces
proliferation while promoting the differentiation process. c-MYC may play a dual role by
promoting the proliferation of basal cells, preventing them from prematurely undergoing
terminal differentiation, on the other hand, once a sufficient level of proliferation has been
reached, it can inhibit the expression of integrins responsible for cell adhesion, allowing the

cells to detach from the basal membrane and become transient amplifying cells (Watt, 2002).

c-MYC-MAX complex is involved in the cell proliferation genes activation by inducing the
transition from the G1 to the S phase of the cell cycle. It has been observed that the increase
of c-MYC gene expression and the formation of heterodimers with MAX correlates with the
increase of genes codifying for cyclins, cyclin-dependent kinases, and E2F transcription factors
(Bretones et al., 2015). Previous studies indicated that cyclin D2 and the cyclin-dependent
kinase CDK4 are c-MYC targets (Bouchard et al., 1999; Coller et al., 2000; Hermeking et al.,
2000). The Cyclin D2/CDK4 complex binds the p27 factor to avoid the inhibition of the E/CDK2
cyclins complex, which in turn is activated by cyclin-activating kinase (CAK). CDK2 and CDK4

mediate the hyperphosphorylation of the cell cycle negative regulator Retinoblastoma protein
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(RB) leading to the release of the E2F transcriptional factor. E2F activates genes involved in

the progression toward the S phase of the cell cycle (Honeycutt & Roop, 2004) (Figure 23).
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Figure 23. Promotion of the cell cycle by c-Myc.

c-MYC expression deregulation leads to a premature transition from the cell cycle G1 to the S
phase, increasing the risk of epidermal tumor formation. This early transition could cause cells
to bypass the checkpoint regulated by p53 and RB, reducing the effectiveness of the DNA
repair mechanism and increasing the risk of mutation accumulation, leading to a condition of
genomic instability (Honeycutt & Roop, 2004). On the contrary, NOTCH1 signaling stimulates
the p21 and p27 expression, resulting in the inhibition of the cell cycle progression and the
commitment to cell differentiation (Rangarajan et al., 2001). This opposite role could be
determined by cell confluency. When cells reach a certain level of confluence, they begin to
establish more cell-to-cell contacts, which facilitates the interaction between the NOTCH
receptor and its ligands located on the membranes of adjacent cells. The increase in NOTCH
expression is associated with the transcriptional up-regulation of p21 and p27, which in turn

suppress c-MYC (Kolly et al., 2005).
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Figure 24. Involvement of high extracellular calcium, c-Myc, and Notch1 in proliferation, cell cycle exit,
onset, and achievement of terminal differentiation in murine and canine keratinocyte cultures (Kolly
et al.).

2.9 NOTCH1 crosstalk with other pathways

Notch signaling controls skin growth and homeostasis through complex molecular
mechanisms involving interactions with other signaling pathways. For instance, both the
suppression of p63 and the activation of CDKN1A/p21 are ways that conventional NOTCH
signaling works. The induction of p21 expression is among the earliest cell cycle regulatory
processes that determine differentiation-associated growth arrest. Studies conducted in vitro
on mouse epidermal keratinocytes show that the induction of CDKN1A/p21 by NOTCH is
dependent on RBP-J; the RBP-Jk protein binds to the endogenous p21 promoter, whose
activity is enhanced by both increased extracellular calcium and activated NOTCH1 via an RBP-
Jk-dependent mechanism (Rangarajan et al., 2001) (Figure 25).
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Figure 25. Molecular mechanisms of Notch-mediated epidermal homeostasis. Notch signaling in
epidermal keratinocytes is promoted by p53 and antagonized by AP-1, which in turn represses p53
expression and is inhibited by Notch. Notch signaling promotes cell-cycle arrest of progenitor basal
cells by repressing p63 and by inducing the expression CDKN1a/p21, a cell-cycle inhibitor.
Differentiation is promoted by the induction of factors including IRF6 and the Hes/Hey family of
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transcriptional repressors. Notch also promotes Retinoic Acid signaling by inducing the expression of
retinol-binding proteins such as CRABP2, FABP5, and CRBP-1. The activation of this pathway promotes
the differentiation of the epidermal epithelium (Nowell & Radtke, 2013).

2.9.1 NOTCH and retinoic acid

Retinoic acid (vitamin A) plays a pivotal role in the regulation of terminal differentiation
programs in epithelial suprabasal layers. Low retinoic acid levels determine the formation of
keratinized epithelia, such as the epidermis, whereas high levels result in nonkeratinized
layers, such as cornea (Watt, Estrach, et al., 2008). NOTCH1 pathway is involved in retinoic
acid metabolism by controlling cellular retinol-binding proteins CRBP1, CRABP2, FABP5
expression, which in turn regulates retinol metabolism (Vauclair et al., 2007). As reported in
the Darier Disease treatments paragraph, vitamin A analogs are some of the therapies

employed in the treatment of this cutaneous condition.

2.9.2 NOTCH and NF-kB

The Nuclear factor kB (NF-kB) family is composed of inducible transcription factors that play
arole in the regulation of different genes involved in several mechanisms, including immune
and inflammatory responses (Oeckinghaus & Ghosh, 2009). Additionally, NF-xB and
peroxisome-proliferator-activated receptors (PPAR)y take part in keratinocytes differentiation
and maturation. In particular, NF-kB and PPAR activation are involved in the early and late
stages of differentiation, respectively (Rivier et al., 1998; Kaufman & Fuchs, 2000). A crosstalk
between NOTCH, NF-xB and PPARy pathways in keratinocytes differentiation has been
proposed, in which Jaggedl-mediated NOTCH signaling activation leads to complete

maturation of these cells via NF-kB and PPARy (Nickoloff et al., 2002).

One of the main factors of the NF-kB pathway is the IKK complex, which in turn comprises the
IxB kinase 1 (IKK1), playing a crucial role in epidermal development (Q. Li et al., 1999; Takeda
et al., 1999). Nonetheless, the modulation of keratinocyte proliferation and differentiation by
IKK1 is independent of its kinase and NF-kB activities (Hu et al., 2001). IKK1 is also involved in

the regulation of NOTCH signaling. Indeed, Xin and colleagues observed a decrease in Hesl,
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Hey1, and p21 genes expression in Ikk1”7 mice due to reduced transcription of NOTCH1 and 2
receptors. They also suggested crosstalk between IKK1 and p63 in the regulation of epidermal
differentiation in which p63 induces IKK1 expression at the early stages of the process and in
turn IKK1 suppresses p63 expression, through NOTCH pathway activation, to promote

differentiation (Xin et al., 2011) (Figure 26).
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Figure 26. Schematic of molecular mechanisms in control of epidermal differentiation by IKK1.
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3. Aims of the study

Although a strong relationship has been established between mutations in the ATP2A2 gene
and the development of Darier disease, the exact mechanism by which these mutations lead
to skin lesions remains unclear. Furthermore, no treatment has yet been identified that is both
effective and free of side effects. Considering the previous evidence of SERCA2 role in NOTCH1
signaling modulation and the involvement of NOTCH in skin homeostasis, we hypothesized the
negative impact of ATP2A2 gene variants on this receptor pathway leading to the exacerbation
of Darier disease.

During the PhD course, my research activity has been focused on the following aims:

Gaining insight into the role of Notch1 signaling in Darier disease pathogenesis

Based on the evidence that NOTCH1 plays a pivotal role in skin homeostasis and that SERCA2
is involved in the modulation of its maturation, during my PhD course we investigated how
ATP2A2 gene mutations could affect this receptor signaling, both by in vitro and ex vivo assays.
By studying these interactions, we aimed to uncover how alterations in this signaling cascade
might disrupt the balance of skin biology. Additionally, our work sought to evaluate the
broader implications of NOTCH1 signaling dysregulation, particularly its potential contribution
to the exacerbation and progression of DD, thereby providing new insights into the underlying
molecular mechanisms. To reach this objective, we generated ATP2A2 mutant plasmids
through site-directed mutagenesis and employed them to transiently transfect HaCat cell line,
thus overexpressing patients’ gene alterations. Transfected cells were employed for in vitro
analysis, including immunofluorescence, Luciferase assay and real-time PCR. Additionally, skin
sections and primary keratinocytes were evaluated to gain insight into the NOTCH1 pathway

targets level directly on patients-derived samples.

Defining a Darier disease signature

Another aim of my project was to comprehensively define a disease signature that could
provide deeper insights into the biological mechanisms underlying this dermatological
condition. This involved identifying the molecular pathways contributing to the onset and

exacerbation of the disease, going beyond the already established gene alteration to uncover
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additional factors and interactions that may play a critical role in its progression. In order to
achieve this aim, we performed RNA-sequencing analysis comparing 7 patients’ and 5 controls’
samples by investigating differentially expressed genes and dysregulated molecular pathways,
with a particular focus on the NOTCH1 signaling involvement. Results deriving from the
analysis allowed us to identify pathways upregulated in Darier disease, mainly related to
immunological and inflammatory response, and downregulated ones associated with

metabolic mechanisms.

Identification of potential therapeutic approaches for Darier disease.

Considering the lack of effective and safe long-term treatments for Darier Disease, one of our
study aims was to provide further insight into the molecular mechanisms underlying the
disease, in order to contribute to the search and development of safer and more
specific/effective therapies. On the basis of RNA-sequencing analyses, therapies could be
developed to restore metabolic mechanisms, in particular lipidic and mitochondrial processes,
which were found to be downregulated in patients compared to controls, or to intervene more
effectively to reduce inflammation and the immune response, which were found to be

upregulated.
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4. Materials and Methods

4.1 DD patients and control subjects recruitment

For this study, patients with both sporadic and familial Darier Disease (DD) were recruited. The
inclusion criteria encompassed patients aged 18 years or older with a confirmed or suspected
diagnosis of DD, as well as control subjects without any genetic dermatologic diseases who
had undergone surgical removal of a naevus. Non-lesional regions of the excised biopsy
samples were collected at the Dermatology Unit of the University-Hospital of Parma.

The diagnosis of DD was established based on clinical features, histological examination,
and/or familial history of the disease, at the Dermatology Units of the University-Hospital of
Parma and Policlinico St.Orsola-Malpighi of Bologna. Patients’ clinical data included affected
skin areas and symptoms, type of medication, and other co-morbidities, when available.

This study was conducted according to the Declaration of Helsinki principles and was approved
by the Area Vasta Emilia Nord (AVEN) Ethical Committee of the University-Hospital of Parma.
All participants provided written informed consent for skin biopsy procedures, genetic testing

(patients), data protection, and publication of their case details.

4.2 ATP2A2 variants identification

Genomic DNA was extracted from 400 pL of peripheral blood samples collected in EDTA vials
from DD patients using MagCore® (Applied Biosystems) following the 101 MagCore® Genomic
DNA Whole Blood Kit manufacturer’s protocol.

All ATP2A2b gene 20 exons were amplified by polymerase chain reaction (PCR) using the
AmpliTag Gold® DNA Polymerase (Applied Biosystems). Primer pairs annealing to the intronic
regions flanking each exon were designed. The PCR reaction was carried out in a total volume
of 35 uL, with around 30 ng of template DNA, under standard conditions. The protocol
included an initial denaturation step at 95 °C for 10 minutes, followed by 35 amplification
cycles, each consisting of a denaturation phase at 95 °C for 40 seconds, an annealing step at
the primer-specific temperature for 45 seconds, and an elongation at 72 °C for 1 minute/kb.
The final elongation step was carried out at 72 °C for 7 minutes. Intronic primer sets and

related annealing temperatures are listed in Table 1 (Almeida et al., 2019). PCR products were
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screened using 2% Agarose gel electrophoresis and purified by AMPure XP magnetic beads
(Beckman-Coulter). Sanger sequencing was performed using the Big Dye Terminator Cycle
Sequencing v3.1 kit (Applied Biosystems) and the 3500 DX Genetic Analyzers (Applied
Biosystems). Results were analyzed using the SeqScape™ software and the reference Human
GRCh38/hg38 ATP2A2 sequence (GenBank accession number NM_170665). We classified the
identified variants according to the American College of Medical Genetics and Genomics
(ACMG) criteria on the Franklyn Genoox website. The pathogenicity and effect of missense
variants were assessed using in silico prediction tools, including AlphaMissense, MetaDome,
and DDMut. Additionally, to evaluate variants’ structural effects on SERCA2 protein, we
employed the ColabFold v.1.5.5-AlphaFold2 tool, whose results were visualized using the

ChimeraX 1.7 software.

ATP2A2 PRIMER SEQUENCE (5’-3’) Amplicon size Annealing
Exon (bp) Temperature (°C)

1 F- GCAAGAGGAGGAGGGGAGA 307 58
R- CCATCTTCCCTGGCTCTCCC

243 F- CCTCCCTCTTGACACATTGCT 354 58
R- GACACAGCTTGCAACTCCA

4 F- CATGTTGGGCAGGTTGGTCT 480 58
R- CCATTGCACTCCAGCCTG

5 F- TGTCCTTGTGTCTGTTGCCT 490 58
R- TGACAGGAAGGGAGGTGCTA

6 F- CTCATTTCAGCCGCCTTT 202 58
R- AAGGGACAGTGAGGCAAGAG

7 F- GGTGGGCATGAATGAGAGGT 249 58
R- AGTGATGGTTGGCAGTGAAA
F- CAGCGTCGGTATTTAAGTTGGG 573

8 R- ACAAAGAACCACGACACGGA >8

9 F- TGTTTGCCTTTGTCCTAAGCT 225 58
R- TGCCACACCAGATCCTTTAAA

10 F- GGGGCGGGAGGAATCAATAG 234 58
R- CTTTCATTCCACCCACCCCA

11 F- GACAGATTGTGCTTTTGTGGA 309 58
R- GAGAGTAGGACAGTGCAGACA

12+13 F- TTGCCACCCAGTAGTATCCA 516 58
R- TGCAGGGTGTGGACAAAGAA

14 F- GGCAACAAGAGCGAAACT 478 58
R- GAGGCTACTATGTGCTTGTG
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15 F- TTTGCCAAGAGACCTACGG 483 55
R- TTTCTGTCTTGCCCACTCCC

16 F- TTTTCTGGAGGAGGGCG 426 55
R- AGGGCATCTCTGTCTTTTGC

17+18 F- CCGGTTACCATCACTGTCCC 690 55
R- TGACTACACACAATTCCCCGG

19420 F- TACTGCCACTGTGACACGTG 449 58
R- GAAATCCCATCGGTGCATGC

Table 1. ATP2A2 gene primer sets

4.3 Site-directed mutagenesis

All plasmids used in the following experimental procedures were kindly provided by the
Laboratory of Translational Hematology and Chemogenomics (THEC) led by Professor Giovanni
Roti.

Site-directed mutagenesis, using the QuickChange Lightning kit (Agilent) was performed to
introduce patient variants ¢.1060G>C, c.943A>T, ¢.1655dupG, c.1042A>T, c.2587A>G,
€.269A>T, ¢.712G>T, ¢.1460T>C, and ¢.1996C>T into a plasmid containing the ATP2A2 coding
sequence followed by the CopGFP (Green fluorescent protein 2 from the copepod Pontellina
plumata). Mutated primers were designed using the QuickChange Primer Design web tool
according to the protocol guidelines and are listed in Table 2. All constructs were purified
employing the HiSpeed® Plasmid Purification kit (QlAgen), according to the manufacturer’s
instructions, and verified by Sanger sequencing with the Big Dye Terminator Cycle Sequencing
v. 3.1 kit and the 3500 DX Genetic Analyzer (Applied Biosystems).

Patient #18 cDNA was further evaluated to determine how the carried variant (c.1543-10A>G)
alters the ATP2A2 coding sequence using a specific overlapping primer set (5'-
ACAATGAGGCAAAGGGTGTGT-3" forward and 5’-CCATAGCAATGCCAATCTCGG-3’ reverse).
Similarly, we evaluated the .bam file derived from RNA-sequencing of Patient #12 through the
IGV_2.16 tool. PCR reaction was performed in a total volume of 35 plL using AmpliTaq Gold®
DNA Polymerase (Applied Biosystems) and the following conditions: an initial denaturation
step at 95 °C for 10 minutes, followed by 35 amplification cycles at 95 °C for 45 seconds,
annealing temperature according to primer sequence (57 °C) for 30 seconds, and 72 °C for 50
seconds, and a final elongation step at 72° C for 7 minutes. The Patient #12 variant (c.545-

3T>G) determines the loss of 23 nucleotides from the 5' end of the exon 7, while the Patient
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#18 one (c.1543-10A>G) leads to the retention of 9 nucleotides from the 3' end of intron 12-
13. According to these findings, we designed primers to introduce the identified sequence

changes into the ATP2A2-CopGFP plasmid.

PATIENT VARIANT PRIMER SEQUENCE (5’-3’)
ID

F- ATCTGCTCAGACAAGACTCGTACACTTACAACAAACC
#L#5#6 | ATP2A2:c.1060G>C R- GGTTTGTTGTAAGTGTACGAGTCTTGTCTGAGCAGAT

F- GGTCTGCCTGCAGTCTTCACCACCTGCCTGG
R- CCAGGCAGGTGGTGAAGACTGCAGGCAGACC

F- GTCATTCGAGAGTGGGGGTAGTGGCAGCGACACACTG

#2 #3 ATP2A2:c.943A>T

# ATP2A2:c.1655dupG | b -\ GTGTGTCGCTGCCACTACCCCCACTCTCGAATGAC

n s SISSTORTOSMOGGOOYGCTE

1 ATRAZCISEIAG | e TARACTACCETCAGE

no i ShSGTISCeTOe T
Ll

v s s SUTTOOSOGTGO

w ammomer T SeomoTseomusosomoon

414 ATPaAPC1460ToC F- GGAATTCACTCTAGAGTCTTCACGTGACAGAAAGTCAATGTCG

R- CGACATTGACTTTCTGTCACGTGAAGACTCTAGAGTGAATTCC

F- CCCCTCCGCCCAGTGAGACGCCTGCCTG
R- CAGGCAGGCGTCTCACTGGGCGGAGGGG

ATP2A2:c.1542_1543 F- GCAAGATGTTTGTGAAGCATTTCCAGGGTGCTCCTGAAGGTGT
insCATTTCCAG R- ACACCTTCAGGAGCACCCTGGAAATGCTTCACAAACATCTTGC

F- TGTACAAAAAAGTTGGCGTGGAGAACGCGCACACC
R- GGTGTGCGCGTTCTCCACGCCAACTTTTTTGTACA

Table 2. Primer sets containing patients’-specific variants for site-directed mutagenesis

#16 #17 | ATP2A2:¢c.1996C>T

#18

#19 ATP2A2:c.1A>G
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4.4 In vitro cell culture assays

4.4.1 ATP2A2 variants overexpression

To evaluate the effect of SERCA2 alterations on the NOTCH1 signaling activation we recreated
patient variants in vitro, by transfecting human immortalized keratinocytes (HaCat, AddexBio)
and human embryo kidney (HEK293T) cells with plasmids containing the ATP2A2-CopGFP
coding sequence, either in its wild-type or mutated forms, obtained through site-directed
mutagenesis, and/or pIx317-EGFP plasmid.

HaCat cell line was cultured in DMEM 1X (Cat#11960, Gibco) supplemented with 10% fetal
bovine serum (FBS), 1% P/S (10,000 units of penicillin and 10 mg/mL of streptomycin, Merck),
1% L-glutamine 200 mM and 2% sodium pyruvate 100 mM (Gibco).

For Western Blot assays, we employed the HEK293T cell line, which is easier to transfect
compared to HaCat cells, ensuring a higher cell yield. HEK293T cells were cultured in DMEM
1X (Gibco) supplemented with 10% FBS, 1% P/S, and 1% L-glutamine 200 mM.

Cells were transiently transfected using Lipofectamine LTX with Plus Reagent (Invitrogen)
according to the manufacturer’s protocol for different culture support sizes, as reported in
Table 3. Briefly, we prepared a solution containing the plasmid of interest (ATP2A2 WT-CopGFP,
mutant ATP2A2-CopGFP, plx317-EGFP), Plus reagent (1:1 volume to plasmid amount) and
OptiMEM®| (Gibco) to a final volume of 150 pul (6-well) or 25 pl (96-well). After a 10-minute
incubation at room temperature (RT), the mixture was added to a solution of Opti-MEM®| 1X
and Lipofectamine with a final volume of 150 pl (6-well) or 25 pl (96-well). The solution was
gently mixed and incubated for 30 minutes at RT. Subsequently, the culture medium was
removed from the plates; we added twice the volume of antibiotic-free culture medium and

the transfection mix. The CopGFP signal was assessed 24 and 48 hours after transfection.

COMPONENT 96-well (mix final volume 50 pl) | 6-well (mix final volume
300 pl)
|
Plasmid DNA/well 100 ng 2000 ng
PLUS™ reagent/well 0.1 pl 2 ul
Lipofectamine® LTX Reagent/well | 0.5 pl 12.5 pl

Table 3. Transfection mixture preparation
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4.4.2 Real-time PCR

A total of 500*103 HaCat cells/condition were seeded 24 hours before transfection in 6-well
Petri dishes. Once 80% confluency was reached, cells were transfected with ATP2A2 WT-
CopGFP or mutant ATP2A2-CopGFP plasmid, using Lipofectamine LTX and Plus Reagent as
previously described.

Total RNA was extracted 24 and 48 hours after transfection using the NucleoSpin RNA kit
(Macherey-Nagel) according to the manufacturer’s protocol and quantified by Nanodrop
spectrophotometer and the QuantiFluor RNA System High Standard kit with a Quantus™
Fluorometer (Promega). Up to 2000 ng of RNA were employed for reverse transcription using
the High-Capacity cDNA Reverse Transcription kit (Applied Biosystems) according to the
manufacturer’s instructions. The resulting cDNA was diluted to a final concentration of 10
ng/ul. Real-time PCR was performed in a 10 pl final volume solution containing TagMan®
Universal PCR MasterMix 2x (Invitrogen), TagMan® Gene Expression Assay 20x (HESI
Hs00172878_m1, c-MCY Hs00153408_m1, ThermoFisher), and 3 pl of the diluted cDNA
template using the QuantStudio 7 Flex instrument (Applied Biosystems) with the following
amplification settings: 10 minutes at 95 °C and 40 cycles of 15 seconds at 95 °C and 1 minute
at 60 °C. Human housekeeping gene GAPDH (Hs.PT.39a.22214836, Integrated DNA
Technologies) was used as a normalization control, and relative quantification of gene

expression was calculated according to the 224" method.

4.4.3 Western blot

A total of 1.6*%10° HEK293T cells/condition were transfected 24 hours after being seeded with
Lipofectamine LTX and Plus Reagent. Cells were lysed 24- and 48-hours post-transfection on
ice for 30 minutes with a nondenaturing Cell Lysis Buffer (10X) (Cat#9803, Cell Signaling
Technology) diluted to 1X in ddH.0 and supplemented with Protease/Phosphatase Inhibitor
Cocktail (100X) diluted to 1X (Cat#5872 Cell Signaling Technology). Lysis was facilitated with
10-second sonication cycles. Protein concentration was quantified by the Bradford method

using Protein Assay Dye Reagent Kit (Bio-Rad) and the Victor X4 plate reader (Perkin Elmer).
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A total of 30 pug of cell protein extracts were denatured for 7 minutes at 95 °C and 300 rpm,
resolved on a 7% NuPage Tris-Acetate Gel (ThermoFisher), and transferred onto a
Nitrocellulose membrane (Cat#88018, ThermoFisher) for 1 hour at 4 °C. Membranes were
blocked for 1 hour at RT with 5% (w/v) non-fat dry milk (for SERCA2, NOTCH1 and B-Actin) and
5% (w/v) Bovine Serum Albumin (for HES1 and c-MYC) in PBS-Tween20. Primary antibody
incubation was performed overnight at 4 °C, followed by three washes of 20 minutes in PBS-
Tween20 and the specific secondary antibody (Li-Cor) hybridization for 1 hour at RT (Table 4).
Signal detection was performed using ChemiDoc System (Bio-Rad) and protein bands

quantification by Imagelabs software after protein expression normalization to 3-Actin.

ANTIBODIES SOURCE IDENTIFIER
Rabbit monoclonal anti-NOTCH1 Cell Signaling Technology | Cat#3608
(1:1000)

Rabbit anti-cMYC (1:1000) Cell Signaling Technology | Cat#9402
Rabbit monoclonal anti-SERCA2 (1:1000) | Cell Signaling Technology | Cat#9580
Mouse monoclonal anti- B-Actin Cell Signaling Technology | Cat#3700
(1:1000)

Rabbit monoclonal anti-HES1 (1:1000) Abcam Cat#ab108937
IRDye 680LT Goat anti-Mouse IgG Li-Cor Cat#92668020
IRDye 800CW Goat anti-Rabbit IgG Li-Cor Cat#92632211

Table 4. Western blot antibodies

4.4.4 Luciferase gene reporter assay

A total of 15*10° HaCaT cells/condition were seeded into 96-well ViewPlates (Cat# 6005181,
Perkin Elmer) and co-transfected the next day (at 70-80% confluence) with a 4xCSL-Firefly
Luciferase, a pRL-TK Renilla-Luciferase, an NICD and ATP2A2-CopGFP (WT and mutated)
expression plasmids using Lipofectamine LTX and Plus Reagent (Invitrogen). The 4xCSL
luciferase construct contains four tandem repeats of the high-affinity CSL binding sites (5'-
CGTGGGAA-3’), which act as a NOTCH1-ICD inducible promoter essential for the activation of
gene transcription. The coding sequence of the Firefly luciferase was inserted downstream of
the CSL region as a reporter gene for expression. All conditions were tested in triplicate on the
same plate, and experiments were repeated at least three times. The pLX317-EGFP plasmid

was used as a transfection control and to ensure an equal amount of DNA for each well (135
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ng). 70 ng of 4xCSL-Firefly Luciferase and 5 ng of pRL-TK Renilla plasmids (1:14) were used
along with 20 ng of each NICD and ATP2A2 expression plasmids. The assay was performed 48
hours after transfection using a DualGlo-Luciferase Reporter Assay System (Cat#E2920,
Promega) and the Victor X4 plate reader (Perkin Elmer). Results were evaluated as the ratio of

Firefly to Renilla Luciferase signal and of patients’ condition compared to the wild-type one.

4.4.5 Immunofluorescence

A total of 500*10° cells/condition were seeded 24 hours before transfection on poly-D-lysine-
coated coverslips placed in 6-well Petri dishes. Once 80% confluence was reached, cells were
co-transfected using Lipofectamine LTX and Plus Reagent (Invitrogen) with ATP2A2-WT or
ATP2A2-mutant (1.5 pg) and pIx317-EGFP (0.5 pug) plasmids, diluted in Opti-MEM®I 1X and
incubated as previously described. Immunofluorescence assays were performed 48 hours after
transfection.

Briefly, after three washes in Dulbecco's Phosphate-Buffered Saline 1X (DPBS 1X, Gibco)
supplemented with 1% FBS, cells were fixed for O5minutes at 4°C with
Fixation/Permeabilization Concentrate reagent (Cat#00512343, Invitrogen) diluted 1:4 in
Bioscience™ Fixation Diluent (Cat#00522356, Invitrogen). Cells were then washed three times
with DPBS 1X supplemented with 1% FBS and permeabilized for 30 minutes at 4°C in TF
Perm/Wash Buffer 5x (Cat#519008102, BD Pharmingen) diluted to 1x in HO. Primary
antibodies targeting NOTCH1, HES1, and HEY1 were diluted in the Permeabilization solution
and added to each well for 30 minutes at 4 °C. Secondary antibodies were also diluted in the
Permeabilization solution and subsequently incubated for 30 minutes at 4 °C. The employed
antibodies are listed in Table 5. Cell nuclei were stained with DAPI 1X diluted in DPBS 1X (Gibco)
for 2 minutes at RT. Coverslips were mounted with ProLongTM Gold Antifade Reagent
(ThermoFisher) on SuperfrostTM Plus Adhesion Microscope Slides (Epredia) and observed
through the Leica Stellaris 5 confocal microscope with a magnification of 63x. Fluorescent
signals, expressed as Row Integrated Density (RID) relative to the cell nuclear area, were
measured using Imagel Fiji and normalized to the Mean Background Intensity to calculate the

Corrected Total Cell Fluorescence (CTCF) value.
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ANTIBODIES SOURCE IDENTIFIER

Mouse monoclonal anti-NOTCH1 (1:50) Santa Cruz Cat#sc373891
Biotechnology

Rabbit monoclonal anti-HES1 (1:100) Abcam Cat#ab108937
Rabbit polyclonal anti-HEY1 (1:100) Abcam Cat#ab154077
Goat Anti-rabbit IgG H+L AlexaFluor 568 ThermoFisher Cat#A11036
(1:400)

Goat Anti-mouse IgG H+L AlexaFluor 488 ThermoFisher Cat#A11029
(1:400)

Table 5. Immunofluorescence antibodies

4.5 Skin biopsy processing

4.5.1 Primary cell cultures establishment

Primary keratinocytes and fibroblasts were isolated from DD patients’” 3 mm skin punch
biopsies and control samples derived from peripheral healthy areas of nevus excision. The skin
samples were collected and washed three times in Hank’s Balanced Solution without calcium
and magnesium (HBSS; Gibco) at RT in sterile conditions. After being separated using sterile
scalpels, the epidermis and dermis were minced and separately digested by collagenase from
Clostridium histolyticum (Cat#C6885, Merck) with a concentration of 1 mg/ml at 37°C for 30
minutes. During the incubation, samples were vortexed every 10 minutes. The digestion was
stopped by adding 5-6 ml of DMEM Embryomax (Cat#SLM-120B, Merck) supplemented with
10% FBS and 1% P/S. After centrifugation at 760 rcf for 5 minutes, pellets were resuspended
in 1.5 ml of Amniopan (Cat#P04-70100; Pan Biotech) cell culture medium, transferred in 6 cm
Petri dish, and grown at 37°C with 5% CO; in a humidified atmosphere. Following
keratinocytes adhesion to the petri dish, the Amniopan was replaced with EpiLife™ Medium
containing 60 uM calcium (Cat#MEPIS00CA; Gibco) supplemented with 1% P/S. On the

contrary, fibroblasts were maintained in Amniopan cell culture medium.

4.5.2 Ex vivo real-time PCR

Total RNA was extracted from primary keratinocytes established from both patients and

controls biopsies, Hacat, and ALL-SIL cell lines using the RNeasy Micro kit (QlAgen) and
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guantified through NanoDrop and QuantiFluor RNA System High Standard kit with the
Quantus™ Fluorometer (Promega). ALL-SIL is a T-cell acute lymphoblastic leukemia cell line
and was employed as a control due to its enhanced NOTCH signaling activity. RNA samples
were reverse transcribed using the High-Capacity cDNA Reverse Transcription kit (Applied
Biosystems) according to the manufacturer’s protocol. Real-time PCR was performed using a
10 pl final volume solution containing Luna® Universal Probe gPCR Master Mix (New England
Biolabs), TagMan® Gene Expression Assay 20x (HES1 Hs00172878 ml1, c-MCY
Hs00153408_m1, ThermoFisher), and 3 pl of the diluted cDNA template (10 ng/ul) on the
QuantStudio 7 Flex instrument (Applied Biosystems) with the following amplification settings:
1 minute at 95 °C, followed by 40 cycles of 15 seconds at 95 °C and 1 minute at 60 °C. Human
housekeeping gene RPL13A (Hs04194366_ g1, ThermoFisher) was used for normalization, and

relative quantification of gene expression was calculated according to the 224" method.

4.5.3 Ex vivo immunofluorescence

Cultured keratinocytes established from both patients’ and controls’ skin biopsies were stained
by immunofluorescence to characterize them and evaluate NOTCH1 signaling activation and
ER stress. Cells were washed three times with Phosphate-Buffered Saline 1X (PBS 1X, Gibco)
and fixed at RT for 10 minutes with 4% paraformaldehyde in PBS 1X. Permeabilization was
performed using 0.4% Triton-X-100 in PBS 1X at RT for 10 minutes, and after three washes in
PBS 1X, cells were blocked for 1 hour at RT employing 5% Bovine Serum Albumin (BSA), 5%
FBS and 0.1% Triton-X-100 in PBS1X. Primary antibodies for Cytokeratin, Vimentin, SERCA2,
NOTCH1, HES1, and XBP1 were incubated for 1 hour at RT, followed by AlexaFluor secondary
antibodies hybridization for 1 hour at RT. Cells were then counterstained with DAPI 1X for 2
minutes at RT. Slides were mounted with ProLongTM Gold Antifade Reagent (ThermoFisher)
and observed through the EVOS™ MS5000 fluorescence microscope. Raw Integrated
fluorescent target signals relative to the cell nuclear area were measured using the ImageJ Fiji
software and normalized to the Mean Background Intensity to calculate the Corrected Total

Cell Fluorescence (CTCF) value. Antibodies are reported in Table 6.
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ANTIBODIES SOURCE IDENTIFIER

Mouse monoclonal anti-Cytokeratin Agilent Dako Cat#GAO053
Rabbit monoclonal anti-Vimentin (2 ug/ml) Abcam Cat#ab92547
Rabbit monoclonal anti-SERCA2 (1:500) Cell Signaling Technology | Cat# 9580
Mouse monoclonal anti-NOTCH1 (1:50) Santa Cruz Cat#sc373891
Rabbit monoclonal anti-HES1 (1:100) Abcam Cat# ab108937
Rabbit polyclonal anti-XBP1 (1:250) Abcam Cat# ab37152
Goat Anti-rabbit IgG H+L AlexaFluor 568 ThermoFisher Cat#A11036
(1:400)

Goat Anti-mouse IgG H+L AlexaFluor 488 ThermoFisher Cat#A11029
(1:400)

Table 6. Ex vivo immunofluorescence antibodies

4.5.4 RNA-sequencing

Skin samples from 7 patients and 5 controls were also employed for RNA-sequencing analysis.
Biopsies were transported and incubated in 500 pul of RNALater (Cat#R0901, Merck) on ice for
1 hour and processed to extract RNA with the Nucleospin RNA kit (Cat#740955, Macherey-
Nagel), according to the manufacturer’s protocol. Briefly, after three washes in PBS 1X, samples
were minced with two scalpels by adding 600 ul of Lysis Buffer RA1 supplemented with B-
Mercaptoethanol in an untreated 10 cm Petri dish. RNA was eluted in 40 pl of RNAse-free
water and quantified using a NanoDrop spectrophotometer and the QuantiFluor® RNA System
High Standard kit with Quantus™ Fluorometer (Cat#E3310, Promega). In the presence of gDNA
contamination evaluated by PCR with intronic primers, RNA samples were subjected to the
Nucleospin RNA kit Clean-up protocol (Macherey-Nagel). RNA integrity number (RIN) was
assessed using a High Sensitivity RNA ScreenTape kit and Agilent 4200 TapeStation (Agilent
Technologies). Purified RNA samples were stored at -80°C until use.

DNA-free RNA samples with a 260/280 ratio of 1.8-2.2, RIN>6 and a concentration> 50 ng/ul
were sent to Azenta Life Sciences to generate an RNA-sequencing library using the NEBNext
Ultra Il RNA Library Prep Kit for lllumina & NEBNext Poly(A) mRNA Magnetic Isolation Module
according to the manufacturer’s instructions. Paired-end sequencing (2x150 bp) was
performed using Illumina technologies on the NovaSeq platform.

FastQ files quality was assessed by employing the FastQC software and subjected to trimming

and UMI (Unique Molecular Identifiers) deduplication to remove adapter sequences
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introduced during the library preparation. Paired-end reads from patients’ and controls’
samples were then aligned to the human reference genome (GRCh38/hg38) using the
annotation file gencode.v45.chr_patch_hapl_scaff.annotation.gtf (Gencode) by employing the
RNA-STAR software available on the Galaxy Europe Bioinformatic website. The counting of
reads mapping to exons of each annotated gene for individual samples was assessed using the
featureCounts tool. Subsequently, a Differential Gene Expression (DGE) analysis between
patients and controls was performed using the DESeq2 software, also available on the Galaxy
website. Differentially expressed gene counts were used for principal component analysis
(PCA) to cluster the two group samples. Normalized counts were also filtered for p-value < 0.05
(adjusted for multiple testing with the Benjamini-Hochberg procedure) and abs(log2(FC)>1),
implying FC > 2 or FC < 0.5, to extract the most differentially expressed genes, which were then
visualized using volcano plot and heatmaps.

Normalized counts obtained from DESeq2 were employed to conduct Gene Set Enrichment
Analysis (GSEA) using C5 Gene Ontology gene sets for molecular functions, cellular
components, and biological processes (v2023.2.Hs.symbols) on GSEA 4.3.3 software. The
analysis was performed using the default parameters, with the minimum gene set size set to
15 and the maximum gene set size to 500 and 1000 permutations. Considering that the control
group consisted of fewer than seven samples, the permutation type was set to “gene set”
instead of “phenotype”. An Enrichment Map was generated using the Cytoscape software from
the GSEA analysis results, filtered for a p-value cutoff of 0.001, and an FDR cutoff of 0.01 (for
upregulated gene sets) or 0.1 (for downregulated gene sets) and visualized as a gene
association network. GSEA outcomes were also employed for leading-edge analysis, selecting
gene sets belonging to mitochondrial, ribosomal, and fatty acid/lipid metabolism, which
resulted to be downregulated in patients (negative NES and FDR g-value < 0.1). A Gene
Ontology chord plot was generated to represent the most significant DD patients’
downregulated genes belonging to categories related to mitochondrial signaling and oxidative
phosphorylation, selected based on log2(FC) < 0 and adjusted p-value < 0.05.

GSEA leading edge analyses were also performed using
GOBP_Regulation_of_Notch_Signaling_Pathway_signal and 110 gene sets including a wide
range of pathways related to both innate and adaptive immune responses. Gene ontology and

Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses were performed to evaluate gene
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function and biological pathways using the GOseq and Pathview software overlaying log2(FC)
values on KEGG pathways. Additionally, we uploaded the DGE list with an adjusted p-value
<0.05 on g:Profiler webtool to identify statistically significant biological processes, pathways,
and molecular functions associated with these genes. The tool compared these genes to
different databases, including Gene Ontology, KEGG, and Reactome, among others, to
highlight overexpressed biological categories, applying the Benjamini-Hochberg FDR method
for multiple testing correction and setting a threshold of 0.05.

The STRING database was employed to evaluate protein-protein interaction. The differential
gene list was entered into the STRING database to construct the genes network (confidence

0.8 and FDR <0.01).

4.5.5 Immunohistochemistry

For immunohistochemistry assays, 4 um formalin-fixed paraffin-embedded (FFPE) serial
sections of 4 patients and 7 control subjects skin biopsies were employed. Sections were
deparaffinized for 20 minutes at 60 °C and rehydrated in decreasing alcohol scale. Epitope
retrieval was performed by water bath for 40 minutes at 95°C in Ultra Cell Conditioning
Solution pH8.2 (Cat#950-224, Ventana) for HES1 staining and 1 hour for c-MYC. Subsequently,
endogenous peroxidase was blocked with 3% H;0, for 10 minutes at RT. Sections were
incubated with rabbit anti-human c-MYC (37°C 40 minutes; Cat#395R-18, Cell Marque TM) and
rabbit anti-human HES1 (1:150, 4°C, ON; Cat#ab108937, Abcam). For target reveal, IHC
Detection Kit-Micropolymer (Cat#ab236466, Abcam) was employed according to the
manufacturer’s protocol. Hematoxylin was used to counterstain the sections, which were
mounted with coverslips. Images acquired at 10x magnification were analyzed using the
QuPath software by counting cells with high, medium, and low target signal intensity

normalized on the total cell number of four fields of equal size.
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4.5.6 RNAscope assay

FFPE skin sections from patients and controls were also employed for a Fluorescent In Situ
Hybridization assay to validate gene expression and map cell populations.

HES1 and HEY1 mRNA were visualized using the RNAscope® Multiplex Fluorescent Reagent Kit
v.2 (Cat#323100, Advanced Cell Diagnostics) according to the manufacturer’s protocol. Targets
were visualized employing TSA Vivid 650 and 570 fluorophores, respectively, and Opal Polaris
780 for the C3-UBC control probe. Keratin 15 immunofluorescence assay was performed
following RNA-FISH staining according to the manufacturer’s instructions, by incubating the
sections overnight at 4°C with the chicken anti-human KRT15 antibody (1:150; Cat#833901,
BioLegend) in 0.05% PBS-Tween supplemented with 4% Goat serum gently provided by Prof.
Kasper Lab of the Karolinska Institutet, Sweden. Secondary antibody staining was performed
using AlexaFluor 488 diluted 1:400 in 0.05% PBS-Tween supplemented with 4% Goat serum.
Sections were counterstained with DAPI solution provided in the RNAscope kit. Images were
acquired on a Nikon CrEST X-Light V3 Spinning disk confocal microscope with a 63x
magnification and the NIS Elements software. Subsequently, images from both patients’ and
controls’ sections were processed (maximum intensity projection, brightness adjustment)
using ImagelJ Fiji and QuPath software. Nuclei were identified and expanded to approximate
cytoplasm and targets dots were quantified within these cells, by distinguishing the basal layer

from the others based on KRT15 staining.

4.6 Statistical analysis

Data and statistical analysis were performed using GraphPad Prism 9 and R Studio. Normal
distribution of data was tested by applying the Kolmogorov-Smirnov test available on
GraphPad Prism 9. Statistical evaluation was performed using an unpaired Student’s t-test or
the Mann-Whitney test. All numerical data are presented as standard error (SE). Differences
were considered statistically significant when p-values fell below 5% (P < 0.05). For RNA
sequencing analysis, multiple test corrections were performed with the Benjamini-Hochberg

procedure with a p-value below 0.05 considered significant.
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5. Results

5.1 Patients phenotype, ATP2A2 variants identification and in silico characterization

Nineteen clinically diagnosed DD patients were recruited for this study and nine of them have
a family history of the disease. Even though showing skin symptoms compatible with DD, in
one of the patients no variant was identified in the ATP2A2 gene. However, genotype-negative
patients have been previously reported in the literature (Sakuntabhai, Burge, et al., 1999;
Bchetnia et al., 2009; Nellen et al., 2017). The absence of detected ATP2A2 variants does not
necessarily indicate that there is no mutation in the gene. Some variants might be located in
unscreened regions of ATP2A2, such as promoter, intronic, or 3’ untranslated regions, which
could impact the expression or function of the SERCA2 protein. However, we excluded this

patient data from assays results.

Fifteen different ATPA2 variants were identified in this study, 10 (66.7%) of which not
previously reported. The spectrum of variants included seven missense (46.7%), four
nonsense (26.7%), a frameshift (6.7%), and three non coding (20%) mutations. All the variants,
their predicted effect according to ACMG classification, and patients’ phenotypes are
summarized in Table 7, Figure 27 A and 27 B. The majority of patients presented keratotic
papules throughout the body, with six of them also showing nail abnormalities. Symptoms
primarily associated with cutaneous lesions included itching and malodor. Some of the
patients in this study are treated with oral retinoids (acitretin or isotretinoin) or topical
treatments, while others do not receive any therapy. As reported in previous studies, DD
patients often suffer from extracutaneous conditions, such as neurological disorders. In
particular, among our patients cohort, three individuals were reported suffering from

psychiatric, mood disorders, or cognitive impairments.
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Family

1D Sex Age' of history of Variant Affected skin General skin Other conditions
testing i areas symptoms
disease
¢.1060G>C . .
1 M 20 Yes (p.Gly354Arg) Entire body No odour, no itch na
2 M 66 Yes (pngiégze) Entire body, nails Odour, Itch na
c.943A>T Entire body, nails
3 F 34 Yes (p.lle315Phe) (mild) Odour, Itch na
Inframammary
4 F 52 No c.-161G>A area, face, na na
décolleté, nails
¢.1060G>C . . . . .
5 F 55 Yes (p.Gly354Arg) Entire body, nails No odour, noitch Heart valve disfunction
¢.1060G>C . ) .
6 F 64 Yes (p.Gly354Arg) Entire body, nails No odour, no itch na
¢.1655dupG
7 F 43 No (p.Ser553%) na na na
c.1042A>T
F 2 N
8 3 ° (p.lle348Phe) na na na
9 F c.2587A>G
na na (p.Arg863Gly) na na na
C.269A>T . 5 e .
10 F 45 No (p.Glugoval) Entire body Odour, itch Cognitive impairment
c.1675C>T . 5
11 F 37 Yes (p.Arg559%) Entire body Odour, itch None
12 M 27 No ¢.545-3T>G Entire body Itch Previous osteosarcoma
c.712G>T .
13 M 65 No (p.Glu238*) Entire body Itch na
Entire body,
¢.1460T>C ) B
14 F 37 No (p.Phe487ser) expecially laps and Odour, Itch Psychiatric disorders
trunk
15 F 69 Yes c.2315_2318delTCTG Entire body Itch None
¢.1996C>T .
16 F 63 Yes (p.Arg666%) Entire body Odour, Itch None
c.1996C>T .
17 F 28 Yes (p.Arg666*) Entire body Itch None
Should d
18 M 52 No ¢.1543-10A>G oubai;(s an Itch Mood disorders
Nails, dorsolumbar
c.1A>G and submammary  Odour, ltch
19 a 58 No (p.Met1Val) areas, scalp, ears na

and legs

Table 7. Genetic and clinical features of recruited Darier Disease patients
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Although functional studies specifically investigating these variants are lacking, previous
research on different ATP2A2 mutations, including missense, nonsense, and deletion ones,
demonstrated that they all impact SERCA2 function by reducing protein expression, Ca?*-
ATPase activity, and Ca?* transport, or by altering the protein's kinetic properties (Ahn et al.,
2003; Dode et al., 2003; Sato et al., 2004; Leinonen et al., 2005; Miyauchi et al., 2006; Wang
et al., 2011). Additionally, mutant SERCA2 protein is responsible for ER stress initiation which
induces epidermal keratinocytes to round up, detach, and cause apoptosis (Y. Wang et al.,

2011).

As previously reported, establishing a genotype-phenotype correlation of DD is difficult (Ruiz-
Perez et al., 1999; Sakuntabhai, Burge, et al., 1999 Ringpfeil et al., 2001). The identified
variants are distributed along the entire gene, without a distinctive hot spot (Figure 27 C and
27 D). Artificial intelligence-based approaches, including Alphamissense, MetaDome and
DDMut, were employed to evaluate missense variants’ pathogenicity and their effects on
protein stability. As reported in Figure 27 E, five out six variants (83.33%) were predicted to
be likely pathogenic and located at positions that are intolerant or highly intolerant to
variations. Altogether, these data support the pathogenicity of the mentioned variants. In
order to evaluate the consequences of mutations based on a structural perspective, we
generated SERCA2 protein models through ColabFold v.1.5.5, a platform for AlphaFold2-based
protein structure predictions (Figure 27 F). Variant sites localization in the SERCA2 protein is
shown in Figure 27 G. Among them, p.Glu90Val determines the formation of a hydrogen bond
between V90 and the neighboring 194 on the 3-strand, whereas p.Arg863Gly causes the loss
of a hydrogen bond with A858 (Figure 27 H).
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Figure 27. ATP2A2 variants and SERCA2 protein structure

A) Table reporting relevant genetic and clinical features of the patient samples collected for this study.
B) Distribution of key clinical and genetic characteristics among patients. The bar plots represent the
percentage of patients across various categories, including age of disease onset, types of gene variants,
ACMG (American College of Medical Genetics) classification, and types of treatments administered. C)
Polar bar plot illustrating the frequency and distribution of genetic variants found in each exon of the
ATP2A2 gene. D) Location of missense and nonsense variants in SERCA2 domains (RefSeq NM_170665,
ENST00000539276.2). The tolerance landscape (MetaDome) is shown color-coded above the protein
scheme. Legend: ATPase-N, cation transporter/ATPase, N-terminus; E1-E2 ATPase; ATPase-P, cation
transport ATPase; Hydrolase, haloacid dehalogenase-like hydrolase; ATPase-C, cation
transporter/ATPase, C-terminus. E) Alphamissense, MetaDome and DDMut-based evaluation of
missense variants’ pathogenicity and effects on protein stability. F) Evaluation of variants structural
effects on SERCA2 protein by ColabFold v.1.5.5-AlphaFold2 tool. G) Structure of SERCA2 (PDB: 7E7S)
indicating the identified genetic variants’ sites. H) Enlargement of the SERCA2 structure showing the
effect of p.Glu90Val variant in determining the formation of a hydrogen bond to 194 and of p.Arg863Gly
in causing the loss of the hydrogen bond to A858.

5.2 ATP2A2 variants overexpression in vitro

To gain further insight into the pathogenic mechanisms of DD, we transiently overexpressed
the different ATP2A2 variants of interest in HEK293T and HaCat cell lines. In particular, being
HEK293T easily transfectable compared to HaCat cells, we employed them for western
blotting assays, whereas HaCat were transfected for gPCR, gene reporter, and
immunofluorescence assays. ATP2A2 variants were introduced by site-directed mutagenesis
in a plasmid containing the gene coding sequence fused with CopGFP and their presence was
checked by Sanger sequencing method (Figure 28).

NM_170665:¢c.712G>T NM_170665:c.943A>T NM_170665:c.1042A>T
666 AaT[MaaaT Tc@Tcacca eTT@TCTGC

NM_170665:c.1060G>C NM_170665:c.1460T>C NM_170665:¢.1655dupG
acT[dJe TAcC scacTldrTce 6T[@GGGG TA

Figure 28. Site-directed mutagenesis results relative to some of the ATP2A2 variants.
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5.3 Real-time PCR (ex vivo and in vitro)

Primary keratinocytes together with HaCat, and T-cell acute lymphoblastic leukemia (ALL-SIL)
cell lines-deriving cDNA was employed to perform real-time PCR in order to evaluate the
NOTCH1 signaling. It is known that ALL-SIL cells have an active NOTCH1 pathway and for this
reason were employed as positive controls. Results showed a significant reduction of NOTCH1
and HES1 expression levels in DD keratinocytes compared to control ones, and indicated

HaCats as a valid cellular model, in particular for HES1 analysis (Figure 29 A).

In vitro studies were performed by transfecting HaCat cells with ATP2A2-WT and mutant
plasmids deriving from site-directed mutagenesis. Interestingly, HES1 expression levels were
reduced, but not in a statistically significant fashion, in the presence of ATP2A2 variants
compared to the WT form at 24 hours after transfection (Figure 29 B). In comparison, after 48
hours, they even showed an increase (Figure 29 C). Noteworthy, in a study conducted by Lee
and colleagues, an increase in HES1 mRNA levels was observed during ER stress as a
consequence of PERK activation. They suggested that the initial decrease in HES1 protein levels
during acute ER stress was due to translational inhibition by PERK, combined with the
instability of HES1 (Hirata et al., 2002). This reduction relieves the transcriptional repression of
its own promoter, resulting in an increase in mRNA levels. Therefore, although HES1 protein
levels generally do not exceed baseline during ER stress, this feedback mechanism likely
contributes to the cell's ability to maintain the appropriate overall levels of HES1 (J. E. Lee et
al., 2018). Considering that ER stress is one of the main features observed in DD and confirmed

also in our study, it could be responsible for HEST mRNA increase in our patients’ cohort.
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Figure 29. Real-time PCR.

A) Evaluation of NOTCH1 and HES1 expression levels in patients’ and controls’ primary keratinocytes,
HaCat, and ALL-SIL cell lines. Results show a reduction of NOTCH1 and HES1 levels in patients’
keratinocytes compared to controls’ ones and confirmed HaCat cell line as a cellular model for NOTCH1
target evaluation. B) Evaluation of HES1 expression levels in HaCat cells with ATP2A2-WT and mutant
plasmids 24 and C) 48 hours after transfection. Mann-Whitney test on GraphPad Prism 9 software. P-
value: *P<0.05; **P<0.005; not significant P>0.05.
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5.4 Western blot

Western blot analysis was conducted to evaluate the NOTCH1 signaling pathway in the
presence of SERCA2-WT and mutated forms. After 24 hours of HEK293T cells transfection, a
reduction of the activated intracellular NOTCH1 domain (NOTCH1-ICD), c-MYC, and HES1
protein level in the presence of patients’ variants compared to SERCA2-WT were observed
(Figure 30 A). At 48 hours post-transfection, the target protein levels remained reduced except
for c-MYC, although this difference was not statistically significant (Figure 30 B).

Western blot assays were also performed to analyze whether the mutant SERCA2 was
expressed at normal levels or whether it might be subjected to degradation by UPR. At both
24 and 48 hours post-transfection, we observed a significant reduction in cells transfected with

both missense and nonsense variants, with the latter leading to a greater decrease in protein

levels.
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Figure 30. Western Blot.

Densitometric evaluation of SERCA2, NOTCH1-ICD, c-MYC, and HES1 protein levels by western blot in
the presence of ATP2A2 variants at 24h (A) and 48h (B) after the transfection of the HEK293T cell line.
Results show statistically significant reduced levels of NOTCH1-ICD in the presence of missense and
nonsense variants; HES1 and c-MYC levels were reduced at 24h compared to the overexpressed ATP2A2
WT, while at 48h c-MYC resulted increased, even if the difference with the WT form was not significant.
T-test p-value: ¥*P<0.05; **P<0.005; not significant P>0.05.

5.5 Luciferase gene reporter assay

To examine ATP2A2 variants’ effect on the NOTCH1 signaling pathway, HaCat cells were
employed to perform a gene reporter assay using a plasmid containing the Firefly Luciferase
gene driven by an inducible promoter comprising four binding sites for CSL, thus under the
control of NOTCH1 signaling activation. Firefly luciferase signal was normalized on the Renilla
luciferase employed as control. Except for p.lle348Phe, all variants of interest led to
significantly decreased luciferase signal compared to the wild-type condition. In the presence
of SERCA2 truncating variants, the luciferase signal was more reduced compared to missense

ones (Figure 31).

1.5

Firefly Luc signal FC relative to WT

Figure 31. Evaluation of ATP2A2 variants effect on the NOTCH1 signaling by gene reporter assay.
The graph illustrates the Firefly luciferase activity in HaCat cells transfected with the 4xCSL plasmid, a
reporter construct responsive to NOTCH signaling activation. Firefly luciferase activity was normalized
to the Renilla luciferase signal, expressed by a co-transfected plasmid. Results show a decreased
Luciferase signal in the presence of ATP2A2 missense and nonsense variants compared to the wild-type
gene. Mann-Whitney test on GraphPad Prism 9 software. P-value: *P<0.05; **P<0.005; not significant
P>0.05.
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5.6 Immunofluorescence

5.6.1 Primary cell lines characterization

In order to molecularly characterize primary cell lines established from patients’ and controls’
skin biopsies (Figure 32 A), we performed immunofluorescence assays employing specific cell
markers: vimentin and cytokeratin. Vimentin is a mesenchymal marker and was used to stain
primary fibroblasts, while cytokeratin, which constitutes the epithelial cytoskeleton, was

employed to stain keratinocytes (Figure 32 B).

5.6.2 ER stress analysis

As before mentioned (see 2.4.1), altered SERCA2 in epidermal cells is insoluble or partially
soluble and forms aggregates resulting in calcium homeostasis impairment and ER stress with
the consequent unfolded protein response (UPR) induction. UPR is characterized by the
enhancement of different markers, including XBP1s. Following this evidence, we performed
immunofluorescence assays on primary keratinocytes deriving from skin biopsies of controls
and patients carrying missense variants to evaluate the ER stress. Acquired images showed a
significant increase of XBP1 protein level in patient keratinocytes compared to control cells, as
emerged by the more intense nuclear signal (Figure 32 C and 32 D). These results align with

the impact of SERCA2 alterations on ER stress exacerbation.
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Figure 32. Primary cells characterization and ER stress evaluation.

A) Brightfield microscopy images of primary fibroblasts and keratinocytes. Fibroblasts exhibit a spindle-
shaped morphology characteristic of mesenchymal cells, while keratinocytes display a cobblestone-
like appearance typical of epithelial cells. B) Primary cell line characterization by immunofluorescence
staining with vimentin (red) marking fibroblasts, and cytokeratin (green) highlighting keratinocytes. C)
Immunofluorescence evaluation of XBP1 protein level in patient and control subjects’ primary
keratinocytes. D) XBP1 normalized mean fluorescence intensity was quantified by employing the
Imagel-Fiji software and resulted to be higher in DD patients compared to control primary
keratinocytes and fibroblasts. Statistical comparison was performed through the Mann-Whitney test
on GraphPad Prism 9 software. P-value: *P<0.05; **P<0.005; not significant P>0.05.
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5.6.3 Evaluation of NOTCH1 activity in DD keratinocytes by immunofluorescence (ex vivo)

According to previous studies, SERCA2 plays an active role in the NOTCH pathway regulation,
and its alterations would impede the correct NOTCH1 maturation and translocation towards
the plasma membrane. Being stacked in the ER-Golgi compartment, NOTCH1 interaction with
its ligands would be prevented, and the active form (NICD) could not translocate into the
nucleus to activate the target transcription. In order to evaluate the effect of ATP2A2 variants
on SERCA2 protein and consequently on NOTCH1 signaling, patients’ (2315_2318delTCTG,
€.1543-10A>G) and controls’ primary keratinocytes together with HaCat cells were employed
to perform immunostaining assays for SERCA2, NOTCH1 (Figure 33 A) and HES1 (Figure 33 B).
Considering the difficulties in obtaining primary cells, we also employed HaCats to assess their
protein levels and use them when control keratinocytes were not available. Corrected total
cell fluorescence (CTCF) was evaluated by measuring integrated density, cell area, and
background mean fluorescence obtained through ImageJ software (CTCF = Integrated Density
— (Area of selected cell X Mean fluorescence of background readings)). CTCF value resulted to
be reduced for both SERCA2 and NOTCH1 as well as HES1 in patients’ cells compared to control
and HaCats (Figure 33 C).
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Figure 33. Ex vivo immunofluorescence assays.

Immunofluorescence evaluation of SERCA2, NOTCH1 (A) and HES1 (B) protein levels in patient and
control subjects’ primary keratinocytes and HaCat cells. CTCF (corrected total cell fluorescence) was
guantified by employing the Imagel-Fiji software and the statistical comparison performed using an
unpaired two-tailed T-test showed a reduced expression of SERCA2, NOTCH1, and HES1 in DD patients
compared to control primary keratinocytes and HaCat (C). Unpaired T-test was calculated through
GraphPad Prism 9. P-value: *P<0.05; **P<0.005; not significant P>0.05.



5.6.4 Evaluation of NOTCH1 activity in the HaCat cell line by immunofluorescence (in vitro)

HES1, HEY1, and NOTCH1 levels were evaluated after the overexpression of ATP2A2 WT and
mutant in HaCat cells. Signal assessment was performed by Leica Stellaris 5 confocal
microscope with 63x magnification, and images were analyzed by Imagel-Fiji software to
determine CTCF values differences between cells with high and low and/or negative CopGFP
signal. Results showed a reduction of targets signal in cells with high CopGFP (transfected with
variants) compared to low/negative CopGFP ones, thus indicating a negative effect of the
SERCA2 variant on the NOTCH1 pathway (Figure 34 A). In the presence of overexpressed
ATP2A2-WT, we observed an increase of targets signal compared to the not transfected cells.
In particular, HES1 signal resulted statistically significant decreased in the presence of all
variants, except for p.lle348Phe and p.Arg863Gly, while from HEY1 analysis a not significant
signal reduction was observed in the presence of overexpressed ATP2A- WT, p.Gly354Arg and
p.Glu238* (Figure 34 B).
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Figure 34. In vitro immunofluorescence assays.

A) Representative confocal images of HaCat cells transfected for 48 hours with plasmids encoding
SERCA?2 in the wild-type or mutant forms fused to Cop Green Fluorescent Protein (CopGFP). Signals for
NOTCH1, HES1, and HEY1 are visualized in red. B) Corrected Total Cell Fluorescence (CTCF) values for
the target proteins were calculated using Imagel-Fiji software measurements. Comparative analysis
reveals a reduction in target signals in cells with high GFP intensity compared to those lacking GFP
signal, indicating decreased protein levels in the presence of the mutant ATP2A2 variants. Statistical
comparison was performed through the Mann-Whitney test on GraphPad Prism 9 software. P-value:
*P<0.05; **P<0.005; not significant P>0.05.

5.7 Skin biopsies-derived RNA analysis

Total RNA purified from patient #18 (c.1543-10A>G) skin biopsy was employed to assess the
effect of the ATP2A2 genomic variant on the coding sequence. The obtained cDNA was used
as the template for PCR reaction using a primer set overlapping the ATP2A2 gene coding
sequence and the product was sequenced by Sanger method (see Material and Methods). The
variant was predicted to determine the gain of a splicing acceptor site by SpliceAl (score 0.94)

and results showed the retention of a 9-nucleotide intronic sequence (Figure 35 A).
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Additionally, we analyzed the .bam file deriving from RNA-sequencing analysis (see paragraph
5.7.1) of the patient carrying the c.545-3T>G variant, leading to acceptor loss according to
SpliceAl (score 0.95). We observed the deletion of 23 nucleotides at the 5’ extremity of ATP2A2
exon 7 in 11 reads (Figure 35 B).

A
Exon 12 end Exon 13
r . r . 1
G ATGTTTGT G G|G GTEGECEEINC C T|G :GGTGCCG T G (+]
CATTTCCAG
Intron sequence
insertion
B

- Canonical splicing

Exon 6 Exon 7

GTTGACCAGTCAATTCTCACAG

GTGAATCTGTCTCTGTCATCAAG WT RNA counts: 52

v Da§sS 1l L TG GES V SV I K
- Exon 7 Acceptor loss

Exon 6

GTTGACCAGTCAATTCTCACAG

RNA counts: 11

Figure 35. Evaluation of genomic variants effect on ATP2A2 coding sequence.

A) Retention of 9-nucleotide intronic sequence in the presence of the c.1543-10A>G variant.

B) Evaluation of c.545-3T>G effect on the ATP2A2 gene coding sequence observed on IGV software
from RNAseq-deriving .bam file. In 11 reads, the variant caused the loss of the canonical splicing site
and 23 nucleotides at the 5’ region of the exon 7.
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5.7.1 RNA-Sequencing

High-throughput RNA-sequencing (RNA-seq) has been demonstrated to be an essential tool
for transcriptome-wide analysis. RNA-seq can capture various types of RNAs, including
messenger RNAs (mRNAs), microRNAs (miRNAs) and long noncoding RNAs (IncRNAs) (Xiang et
al., 2018).

To understand the transcriptional impact of ATP2A2 variants and to evaluate other molecular
pathways that could be involved in the onset of DD, 3 mm skin punch biopsies from patients
and control subjects were used for RNA-sequencing analysis. In total, 7 patients (c.1060G>C,
€.943A>T, c.269A>T, c.1460T>C, ¢.1996C>T m, c.1996C>T d, c.545-3T>G) and 5 controls RNA
samples extracted from whole (epidermis and dermis) skin biopsies were evaluated.
Following the assessment of .fastq files quality, sequencing reads were mapped to the human
reference genome GRCh38 using the RNA STAR tool and results showed a mean of 89.3% of

uniquely mapped reads in patients and 88% in controls.

5.7.1.1 Differential Gene Expression analysis

In order to determine the biological variance for each condition and estimate differential gene
expression (DGE) between DD patients and the control group, DESeq2 software was employed
using count files deriving from the featureCounts tool as input. Counts for each gene in
samples were normalized for sequencing depth and library composition and a heatmap of the
sample-to-sample distance matrix showing closer subjects in dark blue and more distant in
white was generated (Figure 36 A). A principal component analysis (PCA) plot was created
from subjects normalized counts and indicated that expression profiles were separated by
whether the samples were from patients or controls cohort, revealing a distinct clustering of

the two groups with 45.68% and 21.9% variance (Figure 36 B).

Annotated DESeq?2 results were employed to generate a volcano plot highlighting significant

genes with FDR < 0.01 and log,(FC) of 0.58 (corresponding to a Fold Change of 1.5). In the plot,

colored genes are the ones that passed the FDR and log(FC) thresholds and are distinguished
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in upregulated (red) and downregulated (blue) with top 10 most significant labeled (Figure 36
C).

Fibrillin 2 (FBN2) gene resulted to be the most statistically significant differentiated. It encodes
the fibrillin 2 protein, a component of extracellular matrix microfibrils, mainly expressed in
developing fetal tissues (Quondamatteo et al., 2002). In adult normal skin, it is barely
expressed at the dermal-epidermal junction, but increased in the dermis during wound healing
and sclerotic skin diseases, and in the presence of TGF-f or IL-4 in fibroblast cell culture
(Ashcroft et al., 1997; Brinckmann et al., 2010). Although there are no data regarding the
involvement of FBN2 in Darier disease, its high expression in the patients in this study may be
due to tissue remodeling mechanisms in lesion-affected areas or in response to inflammatory
processes, resulting to be upregulated in patients compared to controls, as revealed by GSEA
analysis. Another gene resulted to be upregulated in DD patient was the regulator of
calcineurin 1 (RCAN1), involved in the modulation of mitochondrial function. Recent studies
suggested the role of overexpressed RCAN1 in the induction of mitochondrial dysfunction and
apoptosis through the activation of the c-Jun N-terminal kinase/mitochondrial fission factor
(JNK/Mff) pathway in acute kidney injury (Xiao et al., 2022). It has also been observed that
RCANL1 plays a role in inflammatory signaling modulation by inhibiting NF- kB (E. H. Lee et al.,
2017) and the nuclear factor of activated T cells (NFAT) transcription factors (Hesser et al.,
2004). The RCAN1 increased expression in this study patients could represent a compensatory
mechanism to contrast inflammation. Additionally, calcium homeostasis disruption leads to
RCAN1 exon 4 overexpression, resulting in neural death in Alzheimer’s disease, and calcium
overloading could mediate its upregulation (Sun et al., 2014). To our knowledge, there are
currently no direct studies linking RCAN1 to Darier disease. However, according to previous
studies on other conditions, further research could clarify whether RCAN1 plays a role also in
Darier disease exacerbation and comorbidities development, i.e mental disorders frequently
observed in DD patients. GBP6 is one of the guanylate-binding proteins (GBP) belonging to the
superfamily of INF-inducible guanosine triphosphate hydrolases (GTPases) (B.-H. Kim et al.,
2012). Previous studies indicated a higher expression of GBP6 and other GBPs in skin cancer
compared to normal tissues (Q. Wang et al., 2018). GBPs are also involved in host defense due
to their antiviral and antimicrobial activities (Vestal & Jeyaratnam, 2011) and could control

infection and autoimmunity (Shenoy et al., 2012). The upregulation of GBP6 in DD patients
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may be related to an inflammatory or immune response associated with the predisposition to
secondary infections, which is common in individuals affected by this cutaneous condition.
LCE3E codifies for a member of the late cornified envelope protein family (LEP17) and is low
expressed or undetectable in normal skin (Jackson et al., 2005). However, studies on psoriatic
skin samples demonstrated an increased expression of LCE3E in lesional skin compared to
unaffected areas, suggesting that skin barrier disruption could lead to this gene induction (de
Cid et al., 2009). In vitro studies on cultured normal human keratinocytes demonstrated an
LCE3E upregulation in the presence of ultraviolet irradiation. In the skin, this response could
represent a protective adaption mechanism to UV exposure (Jackson et al., 2005). The
elevated expression of LCE3E in patients with Darier disease might reflect an attempt by the
skin to compensate for the loss of structural integrity and the need for enhanced protective
mechanisms against environmental insults.

LRRC20 (Leucine-Rich Repeat Containing 20) is a gene encoding a protein that contains leucine-
rich repeats. Leucine-rich repeats (LRRs) are motifs involved in protein-ligand interactions,
found in numerous proteins with varied structures, locations, and functions in different
organisms, including the innate immune system and cell adhesion (Kobe & Kajava, 2001;
Nlrnberger et al.,, 2004). Even though the specific function of LRRC20 is not yet well
understood, considering the multiple roles of LRRs-containing proteins, its increased
expression may indicate an effort by the skin cells to strengthen intercellular connections or
participate in pathways that manage inflammation and tissue repair.

Previous studies showed that the overexpression of TMPRSS11D significantly enhanced the
NOX2 and intracellular ROS level in polymorphonucleoid myeloid-derived suppressor cells
(PMN-MDSCs), and observed an increase of UPR proteins level, suggesting that TMPRSS11D
induces ER stress in PMN-MDSCs. Moreover, it has been proposed that TMPRSS11D could be
co-localized with ER or mitochondria (Feng et al., 2023). In Darier disease the upregulation of
TMPRSS11D may exacerbate ER stress and ROS production, suggesting a further keratinocytes
destabilization, inflammation promotion, cell damage, and contribution to the characteristic
DD skin lesions.

SLC7A1 is a cationic amino acid transporter of the SLC7 family, which are essential metabolic
regulators in immune cells. In a previous study, SLC7A1 expression has been found increased

in CD8+ T cells as well as in naive and memory CD4+ T cells in order to supply adequate arginine
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needed for T cell function (Werner et al., 2016). In the context of Darier disease, elevated
SLC7A1 expression could contribute to heightened immune cell activity in response to chronic
skin inflammation or barrier dysfunction.

N-acetylgalactosaminyltransferase 5 (GALNT5) gene encodes a member of the UDP-N-a-D
galactosamine-polypeptide N-acetylgalactosaminyltransferases family (ppGalNAc-Ts, GalNAc-
Ts or GALNTs), responsible for the initial synthesis of a-GalNAc1,3-O-Ser/Thr, or Tn antigen, at
the beginning of mucin type O-linked glycosylation (Brooks et al., 2002). Although there is no
direct evidence linking GALNTS5 to Darier disease, abnormalities in glycosylation could affect
the stability and function of surface proteins in skin cells, potentially making them more
vulnerable to injury or stress.

Among top 10 most significant genes identified in this study, two resulted to be downregulated
in patients compared to controls, including UGT3A2.

UGT3A2 is involved in epidermal homeostasis maintenance (Lefévre-Utile et al., 2022) and its
downregulation could be associated to the impaired skin barrier. Indeed, its reduced

expression has also been reported in psoriasis and eczema (Quaranta et al., 2014).

In order to compare gene expression across samples, gene counts were employed to generate
a Z-score heatmap with differentially expressed genes in rows and samples in columns. As
shown in Figure 36 D, the Z-score ranges from -3 up to +3 standard deviations, and differential
gene expression is evident with predominantly positive Z-scores in the controls group and
negative for patient samples (upper section) and vice versa in the lower part of the graph. A
negative Z-score for a gene in a sample indicates that this value falls below the mean of the
values for this gene across all samples by a number of standard deviations corresponding to
the magnitude of the Z-score. If all counts are the same value (typically 0), the standard
deviation is 0, making it impossible to calculate a Z-score for these genes and there is no

differential expression.

To identify the most differentially expressed genes, annotated normalized counts were filtered
by a p-value (adjusted for multiple testing with the Benjamini-Hochberg procedure for the
Wald statistic) below 0.05 between patients and controls. Results revealed 3797 genes (5.97%)

with a significant gene expression difference between the two groups. Subsequently, the
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resulting data were further filtered to select genes based on their fold change (FC>2 or FC<0.5),
obtaining 2079 genes representing 54.75% of the significantly differentially expressed ones.
Among them 1070 genes resulted upregulated (log,FC>1 (FC>2) and adjusted p-value <0.05)
and 1009 downregulated (log,FC<-1 (FC<0.5) and adjusted p-value <0.05).

Differentially expressed genes included different factors involved in keratinocyte
differentiation and cornification pathways (SPRR2A, SPRR2B, SPRR2C, SPRR2F, SPRR3, LCE3A,
LCE3C, LCE3D, LCE3E, SPINK6, MMP1, HRNR, KRT6A, KRT6C, PI3, KLK13, KRT13), immune
cytokines and related receptors (IL36A, IL36G, IL19, IL24, IL17A, IL17F ), and chemokines
(CXCL8, CCL7, CXCL1, CXCL5), and antimicrobial protection (DEFB4A, DEFB4B, S100A7A,
S100A12, S100A9, S100A7, S100A8, LTF). We also identified genes associated with antiviral
response (APOBEC3A, OASL) and involved in cell cycle regulation (FOSL1, CCNB1, HMGA?2),
among others (Figure 36 E). Metabolic-associated genes resulted to be downregulated in DD

skin, including FBP2, DDC, UGT3A2, HGD, UPB1 and APOA1, compared to the controls’ group.
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Figure 36. Differential Gene Expression analysis. A) Heatmap of the sample-to-sample distances. The
color denotes the distance between the samples. Dark blue represents a shorter distance, meaning
closer subjects, on the basis of the normalized counts. B) Principal component analysis displaying all
12 samples along PC1 and PC2, which describes 45.68% and 21.9% of the variability, respectively, within
the expression data set. C) Volcano plot of differentially expressed genes. The log2 fold change of each
gene is represented on the x-axis and the negative log10 of the p-value is on the y-axis. Only significant
genes (FDR <0.01 and FC of 1.5) are colored. Red dots represent up-regulated genes and blue dots the
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down-regulated ones. Top 10 most significant genes are labeled. D) Z-scores for the most differentially
expressed genes in patients and controls. E) Z-scores heatmap of the top 100 up-regulated DEGs.

5.7.1.2 Gene Ontology analysis and KEGG pathways

Functional enrichment analyses were performed to determine whether the differentially
expressed genes are enriched for transcripts belonging to broader or more specific categories
and identify potentially impacted biological functions.

Gene Ontology analysis for cellular component, biological processes, and molecular function
categories was performed using the GOseq software, which takes into account transcripts
length bias. Differentially expressed genes with adjusted p-value < 0.05 were used and we
obtained a category list ranked by Wallenius method.

Top 10 over-represented GO terms by p-value (adjusted for multiple testing with the
Benjamini-Hochberg procedure) for each category were represented with bubble plots (Figure
37 A). Biological processes categories for most up- and down-regulated differentially
expressed genes are shown in Figure 37 B and 37 C, respectively.

The GOseq tool was also employed to identify KEGG (Kyoto Encyclopedia of Genes and
Genomes) pathways. The analysis resulted in a list of 229 KEGG terms, of whom 4 pathways
(1.75%) were over-represented and only 1 (0.44%) was under-represented (Olfactory
transduction pathway). Over-represented pathways included cell cycle, peroxisome
proliferator-activated receptor (PPAR) signaling, and cytokines-cytokines receptor interaction.
Differentially expressed genes in the pathway are indicated in colored boxes (green is for
downregulated genes, with log2FC<0, and red for upregulated genes, with log2FC>0) (Figure
37 D).

Genes resulted to be up-regulated in the cell cycle pathway included cyclins and cyclin-
dependent kinases (CKDs), a group of serine/threonine kinases fundamental for cell cycle
regulation forming complexes for their stabilization and activation during the different phases
(Malumbres, 2014). The activation of these complexes is induced by mitogenic signals and
suppressed by cell cycle checkpoints in response to DNA damage (Otto & Sicinski, 2017). In a
study on psoriasis, a condition characterized by keratinocyte hyperproliferation and
inflammation, CDK1 levels were found to be elevated in lesions compared to the skin of healthy

subjects and it was correlated with keratinocytes proliferation (Ni & Lai, 2020; Xue et al., 2022).
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The mammalian polo-like kinase 1 (PLK1) is a serine/threonine kinase, which plays an essential
role in mitosis and cytokinesis modulation, and its dysregulation leads to cell cycle aberrations
that often stimulate cell proliferation and cell size increase (Mundt et al., 1997; Cholewa et al.,
2013). Another upregulated gene was CDC25A which has been previously reported to promote
cell proliferation by interacting with cyclins and cyclin-dependent kinases, facilitating
progression through both the G1/S and G2/M phases of the cell cycle (T. Shen & Huang, 2012).
This evidence could explain keratinocytes hyperproliferation in the Darier disease epidermis.
Among downregulated genes, we found the stem cell factor (SCF) involved in wound repair
through the production of growth factors and mast cells recruitment (Oriss et al., 2014; Z.
Wang et al., 2020). Downregulated SCF expression can impair wound healing, leading to slower
recovery and increased risk of infection, a condition usually observed in DD patients. Another
downregulated gene encodes the growth arrest and DNA damage-inducible protein 45A
(GADDA45A), a member of the DNA damage-inducible 45 family, which plays a key role in
cellular responses to DNA damage. It contributes to DNA repair, genomic stability
maintenance, and can induce cell cycle arrest under physiological or environmental stress
conditions (Salvador et al., 2013). Its reduced expression could impair cell cycle control by
preventing cell cycle arrest under stress conditions, leading to accelerated proliferation and
altered differentiation of keratinocytes in Darier disease.

Another over-represented KEGG pathway was the peroxisome proliferator-activated receptor
(PPAR) one, involved in critical biological processes, such as energy homeostasis and
inflammation (Varga et al., 2011; Vazquez-Carrera & Wabhli, 2022). The fatty acid-binding gene
FABP was overexpressed in patients’ samples; in the skin, it promotes epidermal proliferation
by activating PPAR /8 signaling (Kannan-Thulasiraman et al., 2010), which has been found
overexpressed in this study. Additionally, also in other dermatologic conditions, including
atopic dermatitis and psoriasis, characterized by inflammation, epidermal hyperplasia, altered
permeability barrier function, and abnormal keratinocytes differentiation, an increase of
PPARB/6 and a decreased PPARa and PPARy expression were observed (Westergaard et al.,
2003; Plager et al., 2007). FABP expression in keratinocytes contributes to skin water
permeability barrier maintenance and differentiation by enhancing the expression of Keratin
1 mediated by fatty acid (Owada et al., 2002; Ogawa et al., 2011). Additionally, previous studies

showed that epidermal FABP is also expressed in immune cells, where it plays a role in
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regulating T cell differentiation and macrophage pro-inflammatory functions (Moore et al.,
2015; Y. Zhang et al., 2015). In DD patients FABP overexpression could affect lipid metabolism
and skin barrier function and cause excessive inflammatory responses worsening the disease's
clinical features. The fatty acid transporter gene (FATP) resulted downregulated in patients’
skin. In a previous study, FATP4, a member of this transporters family, has been found mutated
in Ichthyosis Prematurity Syndrome, a condition characterized by hyperkeratosis, acanthosis,
and dermal inflammation (Klar et al., 2009), clinical features observed also in Darier disease.
Although these genes mutations were not evaluated in this study, considering their function
in the epidermis, their alterations could contribute to the DD symptoms manifestation.

The cytokine-cytokine receptor interaction pathway was also over-represented in Darier
disease patients. This is highlighted by the overexpression of genes encoding interleukins,
which play a key role in immune responses and inflammation. The upregulation of these
interleukins may contribute to the skin inflammation observed in Darier disease, highlighting
a significant aspect of the disease's pathophysiology.

Our observations are consistent with the evidence that skin inflammation typically occurs
when skin cells are activated by external or internal stimuli, such as chemicals, UV radiation,
pathogen- and damage-associated molecular patterns. Depending on the nature of the
stimulus, various signaling pathways, including PPAR, chemokine, and cytokine ones, are
activated to trigger innate and adaptive immune responses, as outlined by Schwingen and
colleagues (Schwingen et al., 2020). This aligns with the evidence that external stimuli are

known to exacerbate Darier’s disease.

GO enrichment analysis for biological processes revealed that upregulated genes in patients’
skin are involved in pathways including defense response, immunologic mechanisms, and
response to external stimuli. A DEG network analysis was performed and visualized through
the STRING tool (Figure 37 E) and a Manhattan plot generated using the list of statistically
significant differentially expressed genes (adjusted p-value <0.05) through g:Profiler. We
highlighted 15 categories associated to biological processes category, 8 KEGG terms and 2 HP
(human phenotype). In addition to categories observed in GOseq results and reported in the
list below the Manhattan plot with relative p-value, abnormalities related to skin morphology

and physiology were detected (Figure 37 F).

89



Category

defense response -

immune system process~

immune response -

response o ofher organism-

response to external biotc stimulus -

respons to biofic simulus -

biological process involved in nterspec -

response 1o external stimuius -

response to bacterium -

Gefense response o other organism=

Top over-represented categories in BP

Wallenius method

[ anigon binding |
[ ] signaling receptor binding -
o Gount imnogiobuin rscapor binding |
® 300
o o« ot indiog-
®
w00
s © chemokine receporbinding -
Adj P value
° S9ST080-21 o rcotor rgulator iy -
2081779021
) 19878520-21 Jm——
oosszeze-22
[ ] 1.802758-30 oylokine receptor binding -
. Teceptor gand ackvty -
° oxidoreductase activiy -

Top over-represented categories in MF
‘Wallenius method

i ) §
% DE in category
BilogicalProcess (Gene Oniology) enrichment
Dofensa response 7Y FOR
100tz
Immune system process 1.0e-38
(D 1.0e-34
o I 10030
®
10025
°
° froes
Y Sene count
v G "
L — N o
oo ® . O
e E
H
- i @O«
o :
s
0=
Response o simlus —. I §
§
ety rsponss memeeeeeeeee® 1
[ ——— 1
s o |
Retponse to bactern e I
Postverouaton of mune system g
e
Roguaionof mmune resporse —@) []
B 2 w “w
ostror)

1

. extracellular region - o
. extracellular space - °
. Adj P value immunoglobulin complex = .
30-08
[ ] 2006 vesicle °
10-06
b . extracellular exosome - .
. Count oxtracollular vesice - °
® 500
® o
. extacelular organelie - °
® 10
® 20
. @ 250 oxracolllar mambrane-bounded organsil - °
o membrane - Y
. immunogiobuin complex, crculating -
20 £ 3 o 0 20 EY 40
% DE in category % DE in category
: Biological Process (Gene Ontology) enrichment.
Lipid metabolic process FOR
20011
Carporyic aca metaboie process - 3010
40000
‘Oxoacid metabolic process. 6.00-08
70007
Organic acd mtabot process 10005
Smal molacia metaboc pocess Gane count
)
Monocarbosytc acd metaboic process o)
@ 150
Faty acd metabot pocess £
H 20
= 4
= H
350
SRS — | H
§
Organi hyckory compound metabolc
rocess ——®
Melanin biosynthetic process sl
Phonakcontainng compound
g — |
Prenotcontaning compaund metaboic
c—e |
JS— - i
Organc yctory compeund Bosynthate
rocess —®
s . s o o0
-og(FOR)

Wallenius method

Top over-represented categories in CC

TIAR G

i3
e

Duon KEGG graph
Rondorod by Painviaw

FEF L]
40 1

[T
PooEesT O o
e S

(ot it it )

A Bl scid hosyrhesis
P
'mm\:m\:hm
S
| s
e o
R =
\ ol
1
| - .
s &
| Mg 9 [~ ! .
o s S
| oot O OV
e G
-
- S——

CrLL cvaE

|
/-F- mia] coein

e
[E—

DVA dmagechectpin -
N S

Gt fctr G e
s

— > DN g

PN &
[ Tt iy

Data on KEGG grap
Rendered by Patvien

FEELT) P
1 0 1

5] s |18 [

T[] uE [ 55
77 TS 9 N B )

T [
5|

5] sy
|

.
[Eem|

Tl s | [ [ 5]

g T
ST [0 ]

s S15 [ RN T L G| [ lsels]
e =
TS ETE] e T

e v v | e e v e e e [

1]

575 [ e ] [ ] i (o) e | ] (]

Dataon KEGG grapn
Rendersd by painven

90

=

R,

v o) R

—

“H g
:f[ = :%

:

f
i

"

] ;]
)
s 5 =

=

l = .’é
. = "
L = =
i pas =]
— =F
Ll ==
|
i 2
=1
,ﬁ

Count

® 500

®

® 150

Adj P value
577150017
4182850817
2788867017
1304285017

7.1335660-47



£\
[le=1 ey

SPRR2B==—PRR2F
| g

| SA: '/A;.‘ =

CLDNS,
Up-regulated
O Keratinization
duonzs © Chemokine-mediated signaling pathway,

Chemokine receptors bind chemokines,
Viral protein interaction with cytokine and
cytokine receptor

Down-regulated
O Fatty acid metabolism
O Cell-cell adhesion

98 values above this threshold are capped

-log, (Pad)

° Q®e
Go, 4’@6 4’54 e S " 44//', /Y,gq Co, Ap
Ccm;,o’ 155 ] Yy “
D Source Term ID Term Name Padj (query_1)
1 GO:BP G0:0050896 response to stimulus 6.982x10755
2 GO:BP G0:0010033 response to organic substance 2.469x10748
3 GO:BP G0:0032501 multicellular organismal process 4.967x10747
4 GO:BP G0:0048518 positive regulation of biological process 8.564x10"%7
5 GO:BP G0:0032502 developmental process 5.041x10744
6 GO:BP G0:0048856 anatomical structure development 2.380x10743
7 GO:BP G0:0051716 cellular response to stimulus 4.195x10740
8 GO:BP G0:0070887 cellular response to chemical stimulus 2.656x10739
9 GO:BP 60:0048522 positive regulation of cellular process 2.074x10738
10 GO:BP G0:0006950 response to stress 6.879x10°37
1 GO:BP 60:0002376 immune system process 2.108x10736
12 GO:BP G0:0007275 multicellular organism development 1.020x10734
13 GO:BP G0:0071310 cellular response to organic substance 1.162x10734
14 GO:BP G0:0009605 response to external stimulus 2.136x10734
15 GO:BP G0:1901564 i ic process 2.665x10734
16 KEGG KEGG:04110 Cell cycle 1.768x107%
17 KEGG KEGG:03320 PPAR signaling pathway 1.471x10°3
18 KEGG KEGG:04061 Viral protein interaction with cytokine and cyto... 5.172x1073
19 KEGG KEGG:01100 Metabolic pathways 5.692x103
20 KEGG KEGG:04141 Protein processing in endoplasmic reticulum 1.611x1072
21 KEGG 0 Cytokine-cytokine receptor i i 3.362x10°2
22 KEGG KEGG:01212 Fatty acid metabolism 3.958x102
23 KEGG KEGG:04657 IL-17 signaling pathway 4.699x1072
24 HP HP:00111 ity of skin physi 2.198x10%
25 HP HP:0011121 Abnormal skin morphology 2.567x10°2
26 HP HP: i i 4.622x10%

91



Figure 37. Gene Ontology, KEGG, and network analysis. A) Bubble plot of Gene Ontology (GO) function
enrichment analysis. BP: biological processes; CC: cellular components; MF: molecular function. B)
Gene ontology for the Biological process category of most up-regulated (log,FC>1 (FC>2), adj p-value <
0.05) and C) downregulated (log,FC<-1 (FC<0.5), adj p-value < 0.05) differentially expressed genes. D)
KEGG overrepresented pathways highlighting upregulated genes (red) and downregulated ones (green)
in DD skin compared to control samples. E) Network analysis of some DD representative gene clusters.
The gene network of differentially expressed DEGs between patients and controls and gene clusters
were identified with STRING (clustering method: MCL, FDR 0.01, confidence 0.8). F) Manhattan plot
displaying functional enrichment analysis of differentially expressed genes (adj p-value < 0.05) using
g:Profiler. Significant categories were identified for Gene Ontology Biological Process (GOBP), KEGG
pathways, and Human Phenotype Ontology (HP) terms, among the others, with a Benjamini-Hochberg
FDR threshold of 0.05. The table highlights selected enriched categories across these databases.

5.7.1.3 Gene Set Enrichment Analysis

A Gene Set Enrichment Analysis (GSEA) was performed to identify pathways that are enriched
in our sample cohort compared to controls.

GSEA revealed consistent positive enrichment of immunological, defense response to external
stimuli, including radiations, stress and bacteria, apoptosis, ER stress, cell adhesion regulation,
epidermal development and differentiation pathways, while transcripts associated with
mitochondrial (e.g. respiratory chain and oxidative phosphorylation), lipids and fatty acid
metabolism, and ribosomal components showed a decrease in enrichment scores in patients
compared to control subjects. Pathway enrichment analysis results were visualized and

interpreted in Cytoscape and Webgestalt tools (Figure 38 A-D).
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Figure 38. Gene Set Enrichment Analysis. A) Bar chart highlighting the most significantly enriched
pathways from DEGs. Pathways are ranked by Normalized Enrichment Score (NES), while bar colors
indicate the False Discovery Rate (FDR) values, with darker colors representing lower FDR values. B)
Network analysis (Cytoscape enrichment map) of significant gene sets revealed by Gene Set
Enrichment Analysis. Only significantly enriched terms were considered (FDR cutoff 0.01 for down-
regulated or 0.1 for up-regulated gene sets). The node color is dependent on normalized enrichment
score (NES) values: red nodes represents up-regulated gene sets, whereas blue nodes represents down-
regulated ones. C) Gene set enrichment analysis (GSEA) plots displaying representative DD patients-
enriched pathways related to immunological and defense responses and to epidermal differentiation.
To the far left (red) the plot shows a correlation of the gene set with the patient phenotype and to the
far right a correlation with the controls one. The vertical black lines indicate the position of each gene
within the ranked gene list. The green curve represents the running sum of the enrichment score of
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the GSEA. D) Gene set enrichment analysis (GSEA) plots displaying representative control-enriched
pathways related to mitochondria, lipids and ribosomes.

ES (enrichment score), GOBP (Gene Ontology Biological Process), GOMF (Gene Ontology Molecular
Function), GOCC (Gene Ontology Cellular Component).

In order to investigate specific genes that most strongly contribute to the detected enrichment
signal of a pathway, a leading-edge analysis was performed. In particular, we focused our
attention on the pathways that resulted enriched in downregulated genes (Figure 39 A-E).
From the leading-edge analysis of mitochondria-related gene sets, including mitochondrial
respiratory chain, membrane component, and oxidative phosphorylation, we identified 156
unique genes and selected the most downregulated ones with a log2(FC)<0 and p-value below
0.05 according to previous DEG analysis results. Among them, genes belonging to the
mitochondrial encoded NADH dehydrogenase subunit family (MT-NDs), cytochrome c oxidase
assembly factors (COA5 and COA8), membrane proteins encoding genes (TMEM223 and
IMMP2L), and genes codifying for proteins involved in calcium homeostasis (MICU3 and SNCA)
were included (Figure 39 E).

Interestingly, to our knowledge the involvement of mitochondria in DD has been reported only
in a recent study (Hunt et al., 2024) and could be relevant in the pathophysiology of this
condition since the role of mitochondria has been reported also in other skin pathologies (Hunt
etal.,, 2023) and the importance of contact sites between ER and mitochondria in Ca?* signaling
(Marchi et al., 2018).

Considering the multiple functions of fatty acids and lipids in the epidermis, including the
generation of a proper barrier permeability (Uchida & Holleran, 2008) and the role of ER in
lipid metabolism, the downregulation of their related pathways could contribute to skin
barrier dysfunction and abnormal keratinization in DD and reflect the ER function and calcium

homeostasis disruption.

Features observed in psoriasis, an autoimmune skin condition, including inflammation,
abnormal keratinocytes differentiation, and epidermal hyperproliferation have been linked to
T lymphocytes infiltration in the skin (Kuenzli & Saurat, 2003). Even though psoriasis and Darier
are two different skin conditions, these characteristics are common. In our study, an
enrichment in up-regulated genes belonging to immune-related pathways, including

lymphocyte-induced ones, cytokine production, B- and T-cell mediated immunity, was
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observed in the patients’ group. In DD lesional skin, we found enhanced IL17 and T-helper 17
(Th17) pathways compared to control subjects. As mentioned before, the cytokine level
increase was also confirmed by the overrepresented KEGG pathways where, among the
others, IL17A and F were upregulated. These interleukins contribute to the immune activity
against fungi and bacteria by promoting neutrophil recruitment, stimulating antimicrobial
peptide production, and strengthening barrier function (Mills, 2023).

Additionally, pathways related to the reaction to extracellular stimuli, including defense
response to fungus and bacteria, were upregulated in patients’ skin.

GSEA analysis also showed enrichment in up-regulated pathways related to apoptosis and
epidermal repair pathways with increased expression of genes associated with keratinocyte
differentiation and cornification, among others (Figure 38 C).

A GSE leading edge analysis was also performed to identify genes overlapping between NOTCH
and immunologically and inflammatory-related gene sets. In particular, from GSEA previous
results, GOBP_Regulation_of_Notch_Signaling_Pathway_signal and 110 gene sets including a
wide range of pathways related to both innate and adaptive immune responses, as well as
various associated cellular mechanisms, such as lymphocyte proliferation, T cell activation, and
cytokine production with an FDR g-value cutoff of 0.001 were selected. Shared upregulated
genes included PRKCI, TCIM, MFNG, STAT3, NOD2, ADAM10, IL6ST, SRC, MIR126, and GATA2.
ADAM10 is a disintegrin and metalloproteinase protein (Wolfsberg et al., 1995) which plays a
pivotal role in the NOTCH signaling activation (Hartmann et al., 2002). It has been observed
that different proinflammatory cytokines, including TGF-, also found upregulated in our study
DD patient, can activate ADAM10-mediated proteolysis of E-cadherin (Maretzky et al., 2008),
affecting keratinocytes cell-cell adhesion and differentiation (Tinkle et al., 2004). The E-
cadherins release from keratinocytes surface and the increase of their soluble level in serum
was also observed in other inflammatory skin conditions, including eczema and psoriasis
(Matsuyoshi et al., 1995). The ADAM10 modulation could represent a promising target for DD
treatment. Another overexpressed gene belonging to the NOTCH gene set and shared with the
majority of immune-inflammatory gene sets was NOD2. The receptor encoded by this gene
detects a component of the bacterial wall peptidoglycan (Kawai & Akira, 2009) and mediates
immune response by inducing proinflammatory pathways with the consequent increased

levels of interleukins (IL6), chemokine ligands (CXC-chemokine), defensins and recruitment of
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neutrophils and inflammatory monocytes, among others (Y.-G. Kim et al., 2011; Coulombe et
al., 2012). SRC protein is a signal-transducing non-receptor protein kinase that plays different
roles, including cell proliferation and migration (S. M. Thomas & Brugge, 1997; Irby & Yeatman,
2000). In normal human skin, SRC is expressed in the basal layer and diminishes during
keratinocytes differentiation (Serrels et al., 2009). It was observed that SRC tyrosine kinases
are activated in psoriasis with a hyperplasia grade correlated to their expression level (Ayli et
al., 2008). Additionally, SRC family kinases (SFKs) physically interact with the intracellular
NOTCH domain and phosphorylate its ankyrin region, by modulating NOTCH transcriptional
activity. In particular, the increased expression of SFK reduces the interaction between NOTCH
and MAML, impeding Notch target genes transcription (LaFoya et al., 2018). Considering the
role of SCR in modulating the keratinocytes proliferation/differentiation balance, promoting
proliferation and inhibiting differentiation, and the Notch signaling, it could contribute to DD

skin phenotype (Figure 39 F).
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Figure 39. GSEA Leading Edge analysis. A) Heatmap deriving from GSEA leading edge analysis relative
to mitochondrial mechanisms gene sets. Data show an enrichment in downregulated genes in patients
compared to control subjects. B) GO chord plot representing most significant DD patients’
downregulated genes belonging to Gene Ontology categories related to mitochondrial signaling and
oxidative phosphorylation, selected based on their Log2(FC) < 0 and adj p-value < 0.05. C) GSEA leading
edge-derived heatmaps showing the downregulation of genes related to ribosomal components, D)
fatty acids, and E) lipid metabolism. F) Normalized counts of selected genes deriving from GSEA leading
edge analysis between 110 immunological- and inflammatory-related gene sets and the GOBP
regulation of Notch signaling pathway one.
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5.8 Immunohistochemistry

In order to evaluate histological features and NOTCH1 target expression in DD patients deriving
skin samples compared to control ones, we performed immunohistochemical analyses.

In patients’ epidermis we observed the presence of typical DD histological signs, including
“corps ronds” and “grains” (Figure 40 A).

HES1 and c-MYC protein levels were evaluated, and their reduction was observed in patients’

epidermis by measuring their nuclear signal intensity using the QuPath software (Figure 40 B-
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Figure 40. Histological analysis of skin biopsies. A) The typical DD hallmarks of grains and corps ronds
identified in the H&E staining (arrows). Formalin-fixed, paraffin-embedded tissue sections were stained
with anti-HES1 (B) and anti-cMYC (C) in 4 patients and 7 control cases. D) For nuclei counts, the QuPath
software was employed considering 4 fields per image. The percentage of high-, medium- and low-
intensity stained nuclei was calculated by relating them to the total cell number in each field. Mann-
Whitney p value: *P<0.05; **P<0.005; not significant P>0.05. Microscope magnification was set at 10x.
Figure legend: Triangle: high intensity; Arrow: medium intensity; Square: low intensity.

5.9 RNAscope

To evaluate HES1 and HEY1 expression in the presence of SERCA2 variants, 5 patients- and 3
controls-deriving skin sections were employed to perform RNAscope assay, a dual
fluorescence in situ hybridization method (F. Wang et al., 2012). We used an anti-KRT15
antibody as a basal layer marker in order to distinguish it from the above suprabasal ones,
where we expected to find our targets of interest. Experiments were performed in triplicate,
and three images were acquired for each sample, with 60x magnification. After assessing the
absence of signal in the negative control, images were analyzed using the QuPath software
with a StarDist-based script for nuclei/cell segmentation and GraphPrism 9 for statistical
analysis. Cells were distinguished in basal and suprabasal according to the KRT15 signal
(green), and dots number for the two targets of interest were counted for all the cells.
Interestingly, we observed a higher mRNA amount of housekeeping genes (positive control)
(Figure 41 A) and target probes in patients compared to control subjects (Figure 41 B). For
each target, cells were categorized based on the number of detected dots: High (=5 dots), Dim
(1-4 dots), and Negative (<1 dot). According to previous observations, HES1 and HEY1 were
more expressed in the suprabasal layer, in both patients and controls. However, the
percentage of HES1 High and Dim cells in patients was higher compared to controls both in
the basal and suprabasal layer (Figure 41 C). The same tendency was also observed for HEY1.
We also reported the mean dots number/cell for each target, confirming a statistically
significant difference between controls and patients with a higher amount in these latter
(Figure 41 D). Patients’ group resulted to have a higher percentage of positive cells compared

to the controls’ one (Figure 41 E).
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Figure 41. RNAscope assay. A) RNAscope staining using positive control probes for housekeeping genes
(POLR2A, PPIB, UBC) shows an increased number of dots in the patient sample compared to controls.
B) RNAscope results using probes for the target genes of interest (HES1 and HEY1) revealed a higher
number of dots in patient samples compared to controls. C) Percentage of HES1 and HEY1 categories
on the basis of their dots number: High (=5 dots), Dim (1-4 dots), and Negative (<1 dot). D) Bar graphs
showing the average number of dots per target in the basal and suprabasal layers. Statistical analysis
was performed using the Mann-Whitney test. *P<0.05; **P<0.005; not significant P>0.05. E) Bar graphs
indicating a higher percentage of positive cells for both targets in the basal and suprabasal layers of the
patients’ group compared to controls.

103



6. Discussion and Conclusions

Darier Disease is a rare genodermatosis, autosomal dominantly inherited, determined by
ATP2A2 gene alterations.

Mutations in ATP2A2 result in impaired keratinocytes calcium homeostasis, decreased cell-cell
adhesion in the epidermis, and apoptosis (Bachar-Wikstrom & Wikstrom, 2021). These
mechanisms are thought to lead to the characteristic skin phenotype of Darier Disease with
hyperkeratotic papules and plaques. However, the molecular mechanism by which SERCA2

mutations cause disease abnormalities is not well clarified.

Our findings provide important insights into the molecular mechanisms underlying Darier
disease, particularly focusing on the NOTCH1 pathway. Through a combination of in vitro and
in vivo assays, we observed a reduction in NOTCH1 signaling activity. Indeed, the NOTCH1
targets protein level was decreased in both cell line models and primary patient-derived cells.
To perform in vitro studies, we employed HaCat and HEK293T cell lines transfected with
plasmids carrying ATP2A2 variants identified in affected patients. These models allowed us to
dissect the direct impact of patient-specific mutations on the NOTCH1 signaling. The observed
reduction in this pathway highlights and is in line with the previously reported interplay
between ATP2A2 mutations and impaired NOTCH1 function in leukemia, which may also
contribute to the pathogenesis of the Darier disease.

Furthermore, these findings were also validated using primary cells directly deriving from
patients and healthy controls biopsies. The reduction in NOTCH1 signaling across both primary
and model cell lines suggests that this pathway may represent a critical node in disease onset
and progression.

These results align with previous evidence indicating the pivotal role of NOTCH signaling in skin
homeostasis and its potential disruption in keratinization disorders. Our data contribute to the
growing body of knowledge suggesting that ATP2A2 mutations can impair cellular processes
not only through calcium signaling dysregulation, but also through perturbations in the
maturation and function of proteins critical for skin integrity, such as NOTCH1. Indeed, as
previously discussed, SERCA2 function alterations would impair the proper NOTCH1

maturation and trafficking toward the plasma membrane.
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Interestingly, our RNA-based analysis presented a more nuanced picture. Despite the observed
decrease in NOTCH1 signaling activity at the protein level, with reduced HES1, HEY1, and c-
MYC, our real-time PCR results did not consistently show a reduction in the expression of these
NOTCH target genes. Actually, in some cases, we even observed an increase in their expression
level.

Furthermore, in order to evaluate the expression of NOTCH1 target genes directly on skin
sections deriving from DD patients and controls, we employed the RNAscope technology, a
highly sensitive and specific in situ hybridization technique, which allows mRNA visualization
and quantification.

Interestingly, our analysis revealed an increased mRNA amount in DD samples compared to
control subjects, not only for the probes of interest (HES1 and HEY1) but also for the
housekeeping genes used as positive controls. These findings suggest a global increase in
mMRNA levels in the affected skin.

The observed discrepancies between mRNA and protein levels raise important questions
about the complexity of the pathway regulation and suggest that post-transcriptional or post-
translational mechanisms may be involved in modulating NOTCH1 signaling activity in Darier
disease.

The increase in NOTCH1 target gene expression, despite reduced signaling activity, could
indicate a compensatory response, where the cell attempts to upregulate the pathway to
counteract the effects of impaired signaling. This may reflect a form of feedback regulation,
where alterations in one aspect of the signaling cascade leads to changes in gene expression
as the cell tries to restore balance. Another possibility is that the observed increase in target
gene expression could be related to the dysregulation of other upstream or downstream
factors within the signaling network, potentially complicating the interpretation of NOTCH1
pathway activity based on RNA levels alone.

These RNA expression findings suggest that the regulation of NOTCH signaling in Darier disease
is likely more intricate than initially anticipated and may involve additional layers of control,
such as changes in the stability or translation of mRNA, as well as alterations in protein

maturation or function. Further investigations, including proteomic approaches or functional
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assays to assess the activity of NOTCH-related proteins, will be necessary to clarify the
relationship between mRNA expression and functional changes in the pathway.

In our case, several factors could be considered to explain the observed discrepancy between
gene expression and protein translation. One key aspect is the role of ER stress, which could
lead to an upregulation of mRNA levels. As described in the Introduction, ER stress is known
to activate different signaling, such as the unfolded protein response (UPR), to restore cellular
homeostasis. These pathways can enhance transcription of certain genes as part of a
compensatory mechanism. However, this increase in mRNA does not necessarily translate into
higher protein levels, as translational efficiency can be impaired. Noteworthy, sustained ER
stress is involved in the Darier Disease pathogenesis and we also confirmed it in our study by
evaluating XBP1 protein level in both controls and patients-derived keratinocytes. Previous
studies reported increased mRNA levels in mouse and human cells during ER stress. In
particular, it has been shown that this upregulation depends on PERK-dependent translation
attenuation, which as mentioned is a UPR marker (Szabat et al., 2011; J. E. Lee et al., 2018). In
addition, HES1 regulates itself by repressing its own expression (Takebayashi et al., 1994) and
both protein and mRNA are unstable (Hirata et al., 2002). Moreover, it has been suggested
that the loss of HES1 protein could lead to the HESTI mRNA upregulation. During ER stress, the
reduced HES1 translation mediated by PERK determines the increase of its mRNA due to the
loss of negative self-regulation. Noteworthy, in the presence of ER stressors, including
Thapsigargin, a well-known SERCA2 inhibitor, HES1-depleted cells viability was compromised
(J. E. Lee et al., 2018), which would explain one of the typical features of DD, apoptosis.
Additionally, RNA sequencing results revealed a downregulation of genes associated with
ribosomal components. A reduction in ribosomal gene expression could impair overall
translational capacity, contributing to lower protein synthesis despite elevated mRNA levels.
This evidence, combined with the endoplasmic reticulum (ER) stress observed in Darier
disease, suggests a complex interplay between transcriptional upregulation, translational

efficiency, and protein degradation, all of which may influence the disease phenotype.
Another characteristic feature of DD is chronic skin inflammation, which is prevalent and

harmful in most patients. However, skin inflammation in DD is not mainly considered a primary

ATP2A2 variants consequence but is often attributed to epidermal barrier function disruption
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that leads to an enhanced risk of infections and malodor and increased Th17-related genes
expression. In particular, Amar et al identified a specific dysbiosis of Darier disease microbiome
characterized by the loss of microbial variety and commensals that could be beneficial to
counteract infections. Thus, recurrent infections in DD could be responsible for chronic
inflammation at the skin lesion level (Amar et al., 2023).

However, other studies identified the Th-17 pathway as a direct effect of the ATP2A2 gene

mutations in immune cells resulting in Th17 biasing in T cells (Ettinger et al., 2023).

Actually, among the differentially expressed genes we identified ones involved in the
inflammatory response and in the wound healing process. In particular, the mRNA levels of
proinflammatory cytokines, including Interleukin 6 (/L-6), IL-1 family, and transforming growth
factor (TGF-p) were up-regulated.

In skin wounds, these factors are crucial in regulating the re-epithelialization process and
keratinocytes migration (Gallucci et al., 2004; Pastar et al., 2014). TGFB1, which resulted to be
up-regulated in the patient cohort, promotes keratinocyte migration by stimulating MMPs. For
proper wound healing, keratinocytes should be able to detach from the underlying basal
lamina and to migrate through the fibrin and newly synthesized extracellular matrix (ECM) of
the wound, a process facilitated by MMPs (Krampert et al., 2004). Actually, among up-
regulated DEGs we identified MMP1, MMP2, MMP3 and MMP10. Different keratins, including
KRT6 and KRT16, whose expression is regulated by growth factors present within the wound
environment, were up-regulated in patients samples and are known to be involved in
keratinocytes migration (Freedberg et al., 2001).

Consequently, considering the crucial role of cytokines, chemokines, and growth factors in the
wound healing process, alterations in their expression could explain, at least in part, why DD
skin lesions do not heal properly and show recurrent infections. A better understanding of the
influence of deregulated cytokines on ATP2A2-defective keratinocytes proliferation,
differentiation, and wound repair mechanisms may help to design treatment strategies to
improve wound healing and microbial infection regression in affected patients.

In addition toits role in skin homeostasis, recent studies highlighted the involvement of NOTCH
signaling in the regulation of inflammation. In mice, the disruption of cutaneous Notch

signaling, through the deletion of RBP-J or the combined loss of Notch1 and Notch2, leads to
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the overexpression of proinflammatory cytokines, resulting in a chronic inflammatory
condition that resembles atopic dermatitis (AD) (Demebhri et al., 2008; Dumortier et al., 2010).
Similarly, in human patients with AD, reduced expression of NOTCH receptors has been
observed in the affected epidermis, further supporting the critical role of NOTCH signaling in
the regulation of skin inflammation (Dumortier et al., 2010). Chronic inflammation triggers the
expression and release of various factors that can activate key pathways involved in cell
proliferation and differentiation.

These observations are particularly relevant to our study of Darier disease, where chronic
inflammation contributes to disease exacerbation. Our findings align with these reports in that
the dysregulation of NOTCH signaling in Darier disease may not only impact skin homeostasis
but also exacerbate the inflammatory condition within the skin. Chronic inflammation, as seen
in AD and other inflammatory skin diseases, can activate key pathways involved in cell
proliferation and differentiation, which are tightly regulated by NOTCH signaling. The altered
NOTCH pathway in Darier disease might, therefore, contribute to the perpetuation of

inflammatory responses, further complicating the disease’s clinical presentation.

In conclusion, throughout this study, we investigated the genetic, histopathological, and
transcriptomic features of Darier Disease, emphasizing the role of ATP2A2 variants in altering
SERCA2 function and resulting in NOTCH1 pathway dysregulation. However, further
investigations are necessary to elucidate how the observed altered NOTCH1 signaling
modulation interacts with other pathways implicated in Darier disease.

Additionally, while several studies contributed to gain insight into the understanding of this
genodermatosis pathogenesis, further research is needed to identify targeted, effective, and

less prone to side effects therapies.
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