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Abstract

Hailey-Hailey disease (HHD) is a skin disorder linked to mutations in the ATP2C1
gene encoding a Ca?*/Mn?* ATPase. ATP2C1 loss of function in keratinocytes
leads to the loss of cell-to-cell adhesion in the suprabasal skin layers. The
disorder is manifested as blistering skin lesions that do not heal and susceptible
to microbial infections. Additionally, patients with sguamous/basal cell
carcinomas arising in the skin lesions have been described. There is no long-
term treatment known to be effective in reducing the manifestations of HHD. The
identification of compounds with fewer side effects compared to those used in the
SOC treatment is highly desirable and could be reached by understanding the
molecular mechanisms underlying the disorder. We previously found that HHD
keratinocytes have increased oxidative stress that is associated with impaired
proliferation, differentiation and DNA damage repair; these aspects are linked to
the decreased action of some detoxifying systems and/or to deregulation in
molecular pathways crucial for skin homeostasis such as the Notchl signaling.
Notchl signaling influences many physiological aspects of the skin including
differentiation, wound repair and also the DNA damage response. Moreover,

HHD keratinocytes are characterized by deregulation in cytokines expression.

The aims of my PhD thesis were designed to dissect the relationship between
DNA damage engagement, inflammatory signaling, oxidative stress and Notchl

deregulation in HHD development.



. INTRODUCTION

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

The skin is the largest organ of the human body, accounting for approximately
16% of total body weight. The skin's structure is made up of an intricate network
which serves as the body’s initial barrier against pathogens, UV light, chemicals,
and mechanical injury (Wickett R.R. and Visscher M.O., 2006). The skin also has
important immune and sensory functions, helps to regulate body temperature,
and synthesizes vitamin D. Any discussion of the structure of skin will necessarily
refer to layers. The various layers of the skin work in concert to provide strength
and flexibility and perform the multiple functions of the skin. It is made up of three
layers, the epidermis, dermis, and the hypodermis, all three of which vary
significantly in their anatomy and function (Yousef H. and Sharma S., 2017). The
epidermis is the outermost layer of the integument. The barrier function of the
skin has been called “la raison d’etre” of the epidermis. The epidermal barrier
serves to limit passive water loss from the body, reduce the absorption of
chemicals from the environment and prevent microbial infection (Madison K.C.,
2003).

1.1 Epidermis structure

The epidermis is a stratified squamous keratinized epithelium; it is a self-renewing
tissue: a single, adult skin stem cell has sufficient proliferative capacity to produce
enough new epidermis to cover the body surface (Rochat A. et al, 1994).
Keratinocytes are the most frequent cells constituting the epidermis (Brody 1.,
1960). Other less-abundant and nonepithelial cells are interspersed among the
keratinocytes in specific locations. These cells are the melanin-producing
melanocytes, tactile Merkel cells (Merkel F.S., 1875) and antigen-presenting

Langerhans cells (Langerhans P.,1868).

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

basale (basal layer) just above the dermis proceeding upward through the



stratum spinosum (prickle layer) and the stratum granulosum (granular layer) to
the top layer, the stratum corneum (Wickett R.R. and Visscher M.O., 2006)

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

The stratum basale consists of a single layer of basophilic low-columnar to
cuboidal-shaped keratinocytes with large nuclei. They are firmly attached to the
basement membrane with hemidesmosomes and to lateral and upper adjacent
cells with desmosomes. Numerous mitotic figures indicate that the layer is
germinal and is the source of the keratinocytes of the upper layers (Mistry D.S.,
Chen Y. and Sen G.L., 2012).

Some of these proliferated cells stay attached to the basal lamina as stem cells
while others, known as transit-amplifying, differentiate to spinal keratinocytes of
the stratum spinosum and push the overlying cells towards the surface
(Barrandon Y. et al, 1987).

The stratum spinosum is the thickest layer of the epidermis. It consists of several
layers of cells. The cells in the basal layers of the stratum spinosum show mitotic
activity similar to the ones in stratum basale; together, they are often referred to
as the Malpighian layer. The majority of the cells of the stratum spinosum are
polyhedral-shaped keratinocytes. They flatten as they approach the surface.



They produce 10-nm tonofilaments made out of keratins. Synthesis of
tonofilaments increases, and they group together into bundles forming tonofibrils
as the cell moves towards the surface (Brody I., 1960). Tonofibrils terminate in
desmosomes, which are the units of strong intercellular junctions in between the
spinous cytoplasmic protrusions of the keratinocytes. Adjacent keratinocytes
interdigitate with each other and form numerous intercellular bridges among them
with these spinous extensions and firmly join with each other by desmosomes.
The term “spinous” refers to this pattern of alignment. Keratin is essential for the
protection of skin (Allen T.D. and Potten C.S., 1975). Langerhans cells (antigen-
presenting dendritic cells) derive from monocytes of bone marrow and represent
the mononuclear phagocyte system in skin. They scatter mostly in the stratum
spinosum among the keratinocytes of the Malpighian layer. These dendritic cells
are capable of binding, processing, and presenting antigens to Tcells, and they
initiate the response against foreign antigens in a similar way as immune dendritic

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

The stratum granulosum consists of 1-5 layers of flattened polygonal granulated
cells. These cells undergo final cell differentiation of the uppermost keratinocytes
of the stratum spinosum. They still have nuclei. The large, irregularly shaped and
uncoated keratohyaline granules made up of filaggrin and other proteins related
to the keratins of tonofibrils fill the cytoplasm. They do not have a limiting
membrane. The other characteristic feature of the cytoplasm is membrane-bound
small lamellar lipid granules. The cells discharge their granular content to the
intercellular spaces by exocytosis. The lipid-rich substance spreads to fill the
intercellular spaces and forms the major epidermal permeability barrier of the skin
(Elias P.M., 2012).

The stratum corneum is composed of 15-20 layers of flattened highly keratinized
cells filled with keratins. The defensive functions of the skin reside primarily in the
stratum corneum. The cells contain only fibrillar and amorphous proteins
embedded in an amorphous matrix. The dead cells continuously exfoliate from
the surface of the epidermis (Elias P.M., 2012).



The cellular architecture of the epidermis is essential for its barrier and protective
functions, and this architecture is perturbed in several human genetic skin
disorders, including degenerative blistering diseases, such as epidermolysis
bullosa simplex (EBS) and palmoplantar keratoderma, as well as in epithelial skin
tumours and cancers. In the metabolically active layers of the epidermis,
intercellular adhesion is accomplished by two types of intercellular junction: the
desmosome and the adherents junction. Both of these intercellular junctions are
essential for epithelial sheet formation and to preserve skin integrity (Green K.J.
et al, 2000; Vasioukhin V. et al, 2000).

Desmosomes are also defective in patients with Darier's disease and Hailey-
Hailey disease who have impaired calcium homeostasis because of mutations in
the sarco(endo)plasmic reticulum Caz-ATPase (SERCA) (Sakuntabhai A. et al.
1999; Dhitavat J. et al. 2003) and in the Golgi secretory pathway Ca2+/Mn2+
ATPase (hSPCA1) (Sudbrak R. et al., 2000; Hu Z. et al., 2000).

1.2 Calcium regulation of keratinocytes differentiation

Calcium is the major regulator of keratinocytes differentiation in vivo and in vitro.
A calcium gradient within the epidermis promotes the sequential differentiation of
keratinocytes as they traverse the different layers of the epidermis to form the
permeability barrier of the stratum corneum. Calcium promotes differentiation by
both outside—in and inside—out signaling. A number of signaling pathways
involved with differentiation are regulated by calcium, including the formation of
desmosomes, adherents junctions and tight junctions, which maintain cell—cell
adhesion and play an important intracellular signaling role through their activation
of various kinases and phospholipases that produce second messengers that
regulate intracellular free calcium and PKC activity, critical for the differentiation
process. The calcium receptor plays a central role by initiating the intracellular
signaling events that drive differentiation in response to extracellular calcium
(Bikle D.D. et al., 2012). Alterations of calcium gradient within the epidermis and,

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


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2828282/#A000125C41

several dermatological diseases including psoriasis, atopic dermatitis and also

Hailey-Hailey’s disease (Kellermayer R., 2005) (Fig.2).
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Figure 2 Calcium gradient within the epidermis in pathophysiological conditions (Kellermayer R., 2005).

As mentioned above, there are several genomic and nongenomic pathways
through which calcium induces epidermal differentiation. An example of a rapid
and nongenomic pathway is represented by the redistribution to the membrane
of desmoplakin to form desmosomes, occludins and claudins to form tight
junctions and E-cadherin with its associated catenins and kinases to form
adherens junctions. These membrane complexes provide not only adhesion
between cells but also a signaling complex that participates in changes in actin
distribution and sustained increases in intracellular calcium (Hennings H. and
Holbrook K., 1983; Niessen C.M., 2007).

With the sustained increase in intracellular calcium, genomic pathways are
triggered. The cells begin to express in sequential fashion K1 and K10, involucrin
and transglutaminase-l and loricrin and filaggrin (Elsholz F. et al., 2014). A
number of these genes (e.g., involucrin and K1) have known response elements,
such as activator protein 1 (AP-1) sites for calcium and phorbol esters, acting at

least in part by PKC activation.



A crucial role in the calcium-mediated keratinocytes differentiation is played by
a class GTPbinding protein-coupled receptors called CaR; CaR receptors are
expressed in the keratinocytes of the supra-basal layers and are responsible for
sensing extracellular calcium levels. The CaR receptors stimulation leads to the
activation of phospholipase C (PLC). PLC hydrolyzes phosphatidylinositol 4,5-
bisphosphate (PIP2) to diacylglycerol (DAG) and inositol 1,4,5-trisphosphate
(IP3), which activate protein kinase C (PKC) and mobilize intracellular Ca?*. In
particular, IP3 binds to IPsR located on the intracellular Ca?* stores, mainly the
endoplasmic reticulum and the Golgi apparatus. As consequence, an acute and
transient increase in intracellular calcium concentration is triggered (Berridge
M.J., 1993).

The role of ER and Golgi in modulating cytosolic calcium concentration and
epidermal differentiation is illustrated by two skin disorders, Darier’s disease (DD)
and Hailey-Hailey disease (HHD) (Foggia L. and Alain H., 2004). These diseases
are caused by inactivating mutations in ATP2A2 and ATP2C1 genes that encode
the sarco/endoplasmic reticulum Ca?*-ATPase 2 (SERCA2) and the SPCAI1,
respectively. Keratinocytes from the patients’ skin manifest dysregulated cell
adhesion and differentiation due to the loss of the ability of ER and Golgi to store
Ca?* (Foggia L. and Alain H., 2004); because of the important role played by
calcium in the epidermal homeostasis regulation, mutations in SERCAs and
SPCAs mainly affect the skin despite being ubiquitous expressed. Alternatively,
even if not yet completely clear, in keratinocytes there may be no compensatory
mechanisms that protect other types of tissue from the partial or total absence of

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

1.3 Oxidative stress and DNA Damage response as keratinocytes
differentiation regulators

Reactive oxygen species (ROS) have historically been viewed as toxic metabolic
by-products and causal agents in a myriad of human pathologies. Whereas
mitochondrial ROS production has commonly been thought of solely as the result

of inefficiencies in the electron transport chain, a role for mitochondrial ROS in



the propagation of cellular signaling pathways has emerged (Hamanaka R.B. and
Chandel N.S., 2010). Mitochondrial ROS generation is required for the
propagation of numerous cellular signaling pathways including those regulating
tumorigenesis (Weinberg F.R et al., 2010) immune responses (Zhou R. et al.,
2011) and cellular adaptation to stresses such as hypoxia (Chandel N.S. et al.,
1988). Increasing evidence suggests that mitochondria and mROS generation
play key roles in cellular differentiation programs. Cellular mitochondrial content
and oxidative capacity are increased when mouse embryonic stem cells (ESCs),
induced pluripotent stem cells (iPSCs), or mesenchymal stem cells are induced
to differentiate (Facucho-Oliveira J.M., 2007). Furthermore, increased cellular
ROS levels and oxidation products correlate with the differentiation of ESCs and
IPSCs as well as mesenchymal, neural, and epithelial stem cells (Yanes O. et al.,
2010) while inhibition of ROS production prevents differentiation (Ito K. et al.,
2007). Thus, increased mitochondrial and oxidant content appears to correlate
with stem cell differentiation while low mitochondrial mass and oxidant content

correlates with stem cell maintenance.

As already mentioned, the epidermis is a self-renewing stratified squamous
epithelium and is thus regulated by stem cell populations. To maintain epidermal
homeostasis, cells within the proliferative basal layer withdraw from the cell cycle
and differentiate as they process outward through the suprabasal layers (Fuchs
E., 2009). Multiple transcriptional networks are associated with differentiation
within the epidermis including Notch, p63, C/EBP, and AP2 (interfollicular
epidermis) and B-catenin (HF) (Blanpain C. and Fuchs E., 2009). In order to test
the hypothesis that mitochondria play an active role in the regulation of epidermal
homeostasis, as well as in keratinocytes differentiation, Hamanaka and
colleagues conditionally deleted the mitochondrial transcription factor A (TFAM)
in undifferentiated keratinocytes. TFAM is required for the replication and
transcription of the mitochondrial genome, and cells lacking TFAM are unable to
conduct oxidative phosphorylation or produce mROS. Authors reported that mice
conditionally lacking TFAM (TFAM cKO) in epidermis developed an epidermal
barrier defect contributed to their perinatal mortality. TFAM cKO mice

keratinocytes displayed signs of impaired keratinocytes differentiation both in vivo



and in vitro; moreover, differentiation of wild-type keratinocytes was inhibited by
antioxidant treatment, and differentiation marker expression in TFAM cKO cells
could be partly restored by treatment with exogenously applied H202, clearly
demonstrating that oxidative signaling promotes keratinocyte differentiation and
that mROS act as pro-differentiation signals and are key upstream regulators of
stem cell fate decisions (Hamanaka R.B. and Chandel N.S., 2013).

1.3.1 The role of transcription factor Nrf2

Due to its accessibility, the skin is permanently exposed to harmful environmental
influences and is highly susceptible to the effects of different stimulants. UV
irradiation, xenobiotics, and thermal stress disturb cell metabolism and
consequently lead to the increase in reactive oxygen species (ROS) generation
and to redox imbalance. Despite low levels of ROS are required for efficient
intracellular signalling, an excessive accumulation of ROS and/or a reduction in
the antioxidant capacity contribute to cell aging, severe cell damage, and even
neoplastic transformation (Gegotek A., 2015). Cells have developed several
strategies to protect themselves against these insults. A major mechanism in the
cellular defence against oxidative stress is activation of the Nrf2-antioxidant
response element signaling pathway, which controls the expression of genes
whose protein products are involved in the detoxification and elimination of
reactive oxidants and electrophilic agents through conjugative reactions and by

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

The transcription factor Nrf2 (nuclear factor erythroid derived 2, like 2) belongs to
the “cap‘n’collar” (CNC) protein family, which contains the motif called leucine
zipper (bZip, basic Leucine Zipper). This family has three-dimensional structures
that allow the formation of dimers with other proteins containing bZip domain. The
family of transcription factors containing bZIP domain is also characterized by a
basic region, which binds via hydrogen bonds to the large groove of the DNA

(Konstantinopoulos P.A. et al., 2011).



Under physiological conditions, Nrf2 encoding gene is under constant
expression, as a result of which Nrf2 molecule is permanently biosynthesized.
However, its level in the cytoplasm is regulated by the formation of Nrf2-Keap1-
Cul3 complex (Shibata T.T. et al., 2007). Keap1 binds Nrf2 and therefore directly
inhibits its activity, resulting in simultaneous Nrf2 ubiquitination catalyzed by Cul3.
Binding of at least four molecules of ubiquitin to Nrf2 causes degradation of this
molecule by the proteasome 26S. However, the oxidative condition in the cell
leads to the oxidation of cysteine residues in Keapl molecule, changing the
conformation of the protein and causing dissociation of Nrf2 from complex. Free
Nrf2 cannot be ubiquitinated and degraded. In turn, it is translocated to the
nucleus, where it forms a complex with a small Maf protein and then is bound to
the DNA in a characteristic sequence 5-TGACnnnGCA-3' labeled as antioxidant
responsive element (ARE) and in consequence initiates the transcription of
antioxidant genes (Gegotek A., 2015). Nrf2 cytoprotective action concerns mainly
antioxidant enzymes such as glutathione S-transferase (GST), quinone
reductase NAD(P)H (NQO1), UDP-glucuronosyltransferases (UGT), epoxide
hydrolase (EPHX), y-glutamylcysteine ligase (GCL), heme oxygenase-1 (HO-1),
glutathione reductase (GR), thioredoxin reductase (TrxR), catalase (CAT), and
superoxide dismutase (SOD) (McMahon M. et al., 2001).

Thanks to its antioxidant properties, NRF2 is a good target for antioxidant drugs.
Some skin diseases, such as atopic dermatitis and psoriasis have been
successfully treated through NRF2 enhancers (Schafer M. and Werner S., 2015).

1.3.2 DNA Damage Response

During their lifespan, cells are inevitably challenged by extrinsic and intrinsic
stresses that threaten the integrity of their genomes. To survive these adverse
conditions and pass on intact genetic information to subsequent generations,
cells have evolved a highly organized and coordinated effort to ameliorate
genotoxic stress called the DNA damage response (DDR). This response

underlies the organismal ability to sense and signal problems in its DNA, to arrest
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cell-cycle progression (cell-cycle checkpoints) and activate appropriate DNA
repair mechanisms, or to eliminate cells with unrepairable genomes. The
importance of the DDR network for the development and well-being of humans is
illustrated by the large variety of diseases and cancer-predisposition syndromes
that have been linked to mutations of DDR genes (Ciccia A. and Elledge S.,
2010).

In contrast to the signal transduction pathways that are activated by ligands of
receptor kinases, the DDR signaling pathway is activated by aberrant DNA
structures induced by DNA damage or DNA replication stress. The sensors of
this pathway are the proteins that directly recognize these aberrant DNA
structures and activate the most upstream DDR kinases. The DDR signaling
pathway consists of a protein kinase cascade as well as mediator proteins that
facilitate the phosphorylation events within the DDR network. The effectors of the
DDR signaling pathway are substrates of the DDR kinases that participate in a
wide spectrum of cellular processes important for genomic stability, such as DNA
replication, DNA repair, and cell-cycle control (Marechal A. and Zou L., 2013). In
mammalian cells, the ATM (ataxia-telangiectasia mutated), ATR (ATM- and
Rad3-Related), and DNA-PKcs (DNA-dependent protein kinase) kinases are the
most upstream DDR kinases. In response to DNA damage, hundreds of proteins
are phosphorylated at Ser/Thr-Glu motifs and additional sites in an ATM- or ATR-
dependent manner, whereas DNA-PKcs appears to regulate a smaller number of
targets and play a role primarily in nonhomologous end joining (NHEJ) (Matsuoka
S. etal, 2007; Smolka M.B. et al., 2007; Bensimon A. et al., 2010). ATM and ATR
also activate a second wave of phosphorylation through their activation of Chk1,
Chk2, and MK2 protein kinases (Matsuoka S. et al., 1998; Reinhardt H.C. et al.
2007). ATM and ATR are the master transducers of DNA signals, and they
orchestrate a large network of cellular processes to maintain genomic integrity.
In vivo and in vitro studies also suggest that the DNA-damage specificities and
functions of ATM and ATR are distinct. Whereas ATM is primarily activated by
double-stranded DNA breaks (DSBs), ATR responds to a broad spectrum of DNA
damage, including DSBs and a variety of DNA lesions that interfere with

replication.
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Although the DDR is fundamental to preserve genome integrity in response to
several damaging assaults, recent studies in normal precursor or stem cells
suggest that even the cellular differentiation programs are under the influence of
DDR. The role of DDR in terminal differentiation programs is controversial and it
seems to be highly context dependent. As example, DDR activation blocks
differentiation in myoblasts and melanocytes, whereas promotes it in B
lymphocytes and neuronal cells (Sherman M.H. et al., 2011). However, in the
epidermal context the terminal differentiation is triggered by the DDR repression.
One of the major signal pathways involved in keratinocytes differentiation is the
Notch signaling; genetic ablation or activation of the pathway reveals that Notch
signaling promotes epidermal differentiation (Rangarajan A., 2001). Moreover,
Notch receptor binds and inactivates ATM kinase and that this mechanism is
evolutionarily conserved in Caenorhabditis elegans, Xenopus laevis and humans.
Activation of human Notchl leads to reduced ATM signaling; Notchl binds
directly to the regulatory FATC domain of ATM and inhibits ATM kinase activity
(Vermezovic J. et al, 2015). By using a calcium-induced keratinocytes
differentiation model, Cialfi S. and colleagues demonstrate that the inactivation
of both ATM and DDR is Notchl dependent and that the DDR repression is

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

1.4 The Notch signaling

A central role in the maintenance of skin homeostasis is played by the genes of
Notch family. The Notch signalling is an evolutionarily conserved pathway from
D. melanogaster to vertebrates (Artavanis-Tsakonas S. et al., 1999), involved in
cell fate differentiation and in development of different multicellular organisms.
Notch signalling regulates cell survival, proliferation, apoptosis and self-renewal
events (Bray S., 2006). In mammals, notch genes encode four large single-pass
type | transmembrane proteins receptors that display both redundant and unique
functions: Notchl, Notch2, Notch3 and Notch4 (Kopan R. and Illagan M., 2009).

Notch proteins are constituted by an extracellular domain (NECD), involved in the

12



interaction with DSL ligands, and an intracellular domain (NICD) responsible of

the signal transduction.

The extracellular domain contains 36 tandem epidermal growth factor (EGF)-like
repeats. The interaction with ligands requires some of these repeats. Moreover,
many EGF-like repeats bind calcium ions, necessary for the structure and affinity
of Notch in ligand binding (Kopan R. and llagan M., 2009). The EGF-like repeats
are followed by three cysteine-rich Notch/Linl2 (LNR) repeats and a
heterodimerization domain (HD). The LNR repeats together with the HD form the
negative regulatory region (NRR), essential in preventing Notch activation in the
absence of a ligand.

The intracellular domain contains several RAM (RBPJ association module)
domains, for protein-protein interaction, a seven ankyrin repeats domain
(Ank/Cdc10) with two different nuclear localization sequences (NLS) on both
sides, and a transactivation domain. Instead, the C-terminal domain is
characterized by the PEST domain [proline (P), glutamic acid (E), serine(S) and
threonine (T)-rich motif], that presents a degron, a degradation signal, to regulate
Notch stability (Artavanis-Tsakonas S. et al., 1999; Kopan R. and llagan M.,
2009) (Fig.3).

13



A Notch receptors B Notch ligands
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Figure 3 Protein domain arrangement of human Notch receptors (A) and ligands (B). ANK, ankyrin
repeats; DLL, Delta-like protein; DSL, Delta/Serrate/LAG-2 domain; EGF, epidermal growth factor; HD,
heterodimerization domain; JAG, jagged; JSD, Jagged Serrate domain; LNR, Lin-Notch repeats; MNNL,

Notch ligand N-terminal domain; NRR, negative regulatory region; PDZL, PDZ ligand domain [PDZ, post
synaptic density protein (PSD95)]; PEST, proline (P), glutamic acid (E), serine (S) and threonine (T)
degradation domain; RAM, Rbp-associated molecule domain; s, cleavage site; SP, signal peptide; TAD,
transactivation domain; TM, transmembrane domain; vVWFC, von Willebrand factor type C domain (Masek
J. and Andersson E., 2017)

The immature receptor undergoes different post-translational modifications,
during maturation and trafficking to cell surfaces. Initially, Notch proteins are
processed in the endoplasmic reticulum by O-fucosil transferase (O-Futl) at the
EGF-like repeats (Haines N. and Irvine K.D., 2003). O-Futl binds a residue of O-
fucose to Notch, promoting its clustering to the surface (Allenspach E.J. et al.,
2002). After this modification by O-Futl, the immature precursor of Notch is
cleaved by a furin-like convertase at a specific site (S1), during trafficking through
the Golgi complex. Notch is converted as a heterodimeric receptor, with an
extracellular domain (NECD), a trans-membrane domain (NTM) and an

intracellular domain (NICD), held together by non-covalent interaction via a
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heterodimerization domain (HD). The NECD undergoes O-linked glycosylation
during Notch synthesis and secretion, which is crucial for proper folding of the
Notch receptor and the interaction with its ligand DSL (Delta, Serrate, Lag-2) (Hori
K. et al., 2013). The mature receptor is transported on the cell surface and held

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

The canonical Notch pathway involves trans-interactions between the receptors,
expressed on the signal-receiving cells, and their specific DSL ligands, located
on the signal-sending cells (Bray S., 2006; Hori K. et al., 2013). Different ligands
cooperate with different notch receptors to determine the cell fate. Among them
the DSL family (Delta/serrate/lag-2) are highly evolutionarily conserved.

The DSL ligands are type | transmembrane glycoproteins characterized by a DSL
domain, at the N-terminal domain, involved in the binding with EGF-like repeats
of Notch (Fiuza U. and Arias M.A., 2007). In addition, the ligands contain EGF-
like repeats in a substantially variable number between the Delta and
Serrate/Jaggedl family. Moreover, the serrate/jagged ligands are characterized
by cysteine-rich domain (CRD) located between the transmembrane domain and
EGF-like repeats (Ascano J.M. et al., 2003).

The Notch-ligand binding causes a conformational change in the receptor
structure with the consequent exposure of two cleavage sites. In addition,
endocytosis and membrane trafficking regulate ligand and receptor availability at
the cell surface. Ligand endocytosis is also thought to generate mechanical force
to promote a conformational change in the bound Notch receptor. This
conformational change exposes site 2 (S2) in Notch for cleavage by ADAM
metalloproteases. Indeed, the first cleavage is carried out by the family of
metalloproteinase ADAM10/17, which recognize the site S2 placed in the
extracellular region of Notch, determining its release (Aithal M. and Rajeswari N.,
2013). The S2 cleavage mediated by ADAM metalloproteinases stimulates the
presenilin complex (PS)/y-secretase cleavage, in the S3 site placed within the
intracellular domain. These events result in the release of an intracellular domain
of Notch (NICD), which translocates to the nucleus (Bertrand F. et al., 2012) and
forms a multiprotein complex with CSL proteins (CBF1 in mammals, RBPJ in the
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mouse, “suppressor of hairless” in D. melanogaster and Lagl in C. Elegans). At
first, NICD binds CSL proteins with the RAM domain and, subsequently, with the
Ank domain. When Notch signalling is turned off, CSL proteins inhibit
transcription, together with co-repressor such as SMRT, NCoR and SHARP. The
presence of Notch is able to derepress the promotor region by displacing
corepressors and directly binding to CSL proteins (Doug B. and Kopan R., 2006).
Notch requires Maml proteins and other transcriptional co-activators to drive the
transcription of target genes, such as the Hes family (Bray S., 2006; Kopan R.
and llagan M., 2009). Mamll binds NICD and CSL only in a complexed dimer
where the highly conserved N-terminal domain of Maml1 is fitting into a molecular
groove formed by the Ank domain of Notch and specific residues of the CSL
protein. In addition, Maml1 recruits additional cofactor, such as p300 and CDKS,
to induce posttranslational modifications. Acetylation, phosphorylation and
ubiquitination events, induced by these cofactors, mediate the binding affinity and

stability of Notch transcriptional complex on target genes” promoters) (Fig.4).
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1.4.1 Epidermal Notch signaling

The epidermis is characterized by a polarized pattern of epithelial cell growth and
differentiation. It is organized in several distinct overlying layers. Actively
proliferating keratinocytes are limited to the innermost basal layer; within the
proliferative compartment, at least two kinds of keratinocyte populations are
present: multipotent “stem cells,” slow cycling but with an indefinite self-renewal
potential and capable of generating all other types of growing and differentiating
keratinocytes and “transient amplifying cells,” actively proliferating but capable of
a limited number of cell divisions and already committed towards differentiation.
The stem cell populations are not “fixed” in their properties, but are in a reversible
transit towards surrounding transit amplifying cells that are in turn in equilibrium
with cells that have withdrawn reversibly versus irreversibly from the cell cycle.
The relative balance of these various populations could be controlled at any step
of this dynamic process, and may be further determined by the surrounding
cellular environment, i.e., the stroma and associated blood supply (Lefort K. and
Dotto G.P., 2004). A pivotal role in controlling the balance between proliferative
and differentiating signals is played by the Notch signaling; the Notch signaling
activation results in the induction of a program of gene expression that can either
suppress or promote differentiation in cell-type and context-dependent manner
(Artavanis-Tsakonas S. et al., 1999). In normal epidermis, Notchl, Notch2 and
Notch3 are all expressed suprabasally, indicating that their physiological role is
mostly associated with keratinocyte differentiation. For example, blockade of
Notchl predisposes murine skin to basal cell carcinoma-like tumors. This
observation could be explained by the fact that in normal keratinocytes, Notch

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

Consistently with the model that the Notch pathway plays an important role in
regulating epidermal homeostasis, Notchl deficiency in the epidermis results in
a pleiotropic phenotype, with hair loss, hyperproliferation, deregulated expression
of multiple differentiation markers and spontaneous basal cell
carcinomas (Rangarajan A., et al., 2001*; Vauclair S., et al., 2005; Nicolas M. et
al., 2003). Thus, consideration gathered from human and mouse epidermis

indicates a simple model in which Notch signaling activation regulates epidermis
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homeostasis by first promoting stem cell-transit amplifying cell transition and
thereafter inducing a differentiation-associated growth arrest (Talora C. et al.,
2008).

As already highlighted, levels of extra and intracellular calcium play a major role
in keratinocytes growth/differentiation (Dotto G.P., 1999). Calcium dependent
differentiation is further strengthened by the effects of calcium on Notch1 receptor
activity (Lefort K. and Dotto G.P., 2004; Rangarajan A. et al., 2001*). High calcium
levels induce Notch1l activation by enhancing its association with ligands and thus
by stimulating the conformation changes needed for the receptor processing
(Cordle J. et al., 2008). In addition, calcium influx stimulates the activity of
proteins complex responsible for transmembrane receptors processing
(Zoltowska K. and Berezovska O., 2018).

The molecular mechanisms by which Notch signaling regulates cutaneous
development and homeostasis are complex and multifaceted and involve
interactions with a variety of other signaling pathways (Nowell C. and Radke F.,
2013). One mechanism by which canonical Notch signaling mediates its effects
is both via the induction of CDKN1A/p21 and the repression of p63. Induction of
p21 expression is one of the earliest cell cycle regulatory events underlying
differentiation-associated growth arrest (Missero C. et al., 1995). In vitro studies
on mouse epidermal keratinocytes indicate that the induction of CDKN1A/p21 by
Notch is RBP-J dependent; the RBP-Jk protein binds directly to the endogenous
p21 promoter and both increased extracellular calcium and activated Notchl
induce p21 promoter activity through an RBP-Jk-dependent mechanism
(Rangarajan A. et al. 2001).

p63 belongs to the p53 family of transcription factors and exists as several
isoforms that show distinct expression patterns (Yang A. et al. 2002). The
ANp63a isoform is generally associated with epithelial stem/progenitor cells in
stratified epithelial tissues (McKeon F., 2004) and plays an important functional
role in the proliferation of progenitors during the process of stratification (Senoo
M. et al. 2007). The Notch signaling represses p63 expression during
differentiation, and overexpression of p63 in human epidermal keratinocytes
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counteracts the prodifferentiation function of Notch (Nguyen B. et al. 2006). The
mechanism by which Notch opposes p63 expression involves the regulation of
interferon response factors (IRFs). In human and mouse epidermal keratinocytes,
Notch-mediated repression of p63 is concomitant with the repression of IRF3/7,
both of which prevent p63 down-regulation when overexpressed (Nguyen A. et
al. 2006) (Fig.5).
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Figure 5 Regulation of the balance between self-renewing and committed cell populations mediated by the

mutual antagonism between Notch e p63 (Dotto G.P., 2009).
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2.The skin as an immune organ

One of the main functions of the skin is to protect the host from invasion, and it
does so by employing physical barriers, antimicrobial peptides (AMPs), and an
intricate network of resident immune and non-immune cells and skin structures
(Nguyen A. and Soulika A., 2019) (Fig.6).
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Figure 6 The most prevalent immune cell types that populate human epidermis are Langerhans
cells (LCs) and CD8* tissue-resident memory T (Trwm) cells. The murine epidermis contains
dendritic epidermal T cells (DETCs), which are absent in human epidermis. Both the mouse and
human dermis are populated by dendritic cells (DCs), macrophages, innate lymphoid cells (ILCs),
natural killer (NK) cells and CD8* Trm cells. In murine dermis, yd T cells play a prominent role in
the production of IL-17, while in human skin af T cells are responsible. The functional
coordination of these cellular mediators results in effective immune responses and a subsequent

return to immune homeostasis (Ho A. and Kupper T., 2019).
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2.1 Skin resident immune cells

Skin-resident immune cells promote tissue function in homeostasis and act as
sentinels by actively sampling environmental antigens. Both myeloid and
lymphoid cell subsets are found in the skin in steady state. Some of these resident
immune cells migrate to lymph nodes to either induce peripheral tolerance to
tissue self-antigens or initiate robust immune responses. In the event of a
challenge, such as infections or tissue injury, immune cells resident in the skin
and those infiltrating from the periphery interact to create an intricate defence
network to resolve the insult and restore the tissue to its original state (Nguyen
A. and Soulika A., 2019).

Skin-resident myeloid cells include: Langerhans cells, dermal dendritic cells,
macrophages, mast cells, and eosinophils. They contribute to skin homeostasis
by secreting growth factors needed for the survival of keratinocytes, fibroblasts,
and endothelial cells. In inflammatory conditions, myeloid cells respond
immediately and produce pro-inflammatory mediators that drive the activation of
cells in the local vicinity and infiltration of the affected site by peripheral immune
cells (Zaba L. Et al., 2009).

The skin also harbours different types of lymphoid cells all of which are important
in both steady state and inflammatory responses. Both human and murine skin
contain y® T lymphocytes and a8 T lymphocytes, along with natural killer T cells.
yd T cells are the dominant T cell population in murine skin, while ag T cells are
the dominant T cell population in human skin (Bos J. et al., 1987). af T cells such
as Tregs and T-helper cells secrete cytokines in response to infection, tissue
damage and tumors (Takashi N., 2014). While most a T cells undergo apoptosis
after a pathogen has cleared, a population of af T cells become long-lived
memory T cells and reside in the skin. These memory T cells are involved in

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

yd T cells play key roles in maintaining skin integrity and protecting from
malignancy. y® T cells monitor skin integrity by recognizing damaged cells and
producing IGF-1. Activated skin-resident T cells improve the rate of wound

closure in cultured human skin in an IGF-1-dependent manner (Toulon A. et al.,
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2009). In addition, human dermal y& T cells express the NKG2D receptor, which
stimulates cell lysis (Bauer S., 1999) and they can clones exert cytotoxic

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

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

Keratinocytes are the main constituents in the epidermis and they orchestrate
immune responses if microbes and their molecules penetrate the stratum
corneum upon mechanical or pathological barrier defects. Keratinocytes express
several pattern recognition receptors (PRRs), which contribute to the initial
sensing of microorganisms and intracellular signal transduction: Toll-like
receptors (TLRs), Nod-like receptors (NLRs), RIG-I-like receptors (RLRs), and C-
type lectin receptors (CLRs) (Pasparakis M. et al., 2014). TLRs are the best
characterized human PRRs; they recognize conserved microbial structures such
as lipopolysaccaride (LPS), lipopeptides, peptidoglycan, flagellin or nucleic acids.
Epidermal keratinocytes express the cell surface associated TLRs 1, 2, 4, 5 and
6 and the endosomal TLRs 3 and 9 (Miller L. and Modlin R., 2007). The NOD
receptors 1 and 2 are also expressed by human keratinocytes and are
intracellular receptors that respond to bacterial peptidoglycan fragments. NOD2
responds mainly to peptidoglycan from Gram-positive bacteria such as S. aureus.
NOD?2 activation in the presence of TLR signals is especially effective in inducing

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

Keratinocytes are in constant interaction with local immune cells and produce
factors crucial in homeostasis and in tissue repair. Keratinocytes communicate

with the rest of the immune system through:

¢ Antimicrobial peptides (cathelicidins and B-defensins) (Afshar M. and Gallo
R., 2013)

e Signalling cytokines (e.g. IL-1B3) and chemokines which attract other immune
cells to the epidermis (Uchi H. et al., 2000)
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2.3 Epidermal cytokines

The correct formation of the epidermal barrier is essential for the barrier function
of the skin. This differentiation program relies on well-regulated cell
communication processes. Keratinocytes and other skin resident cells produce
cytokines that are responsible for the control of cellular communication. Cytokine
signaling can result in multiple consequences for the barrier function of the skin.
For example, cytokines influence keratinocytes proliferation and differentiation,
at least in part by modulating the gene expression program in these cells. One
consequence is the expressional control of other cytokines resulting in a complex
network of signaling molecules that affect the physiology of keratinocytes and the
quality of the skin barrier. Deregulated cytokine expression can thus contribute to
dysfunctions of the epidermal barrier as it is observed in many diseases, including
atopic dermatitis (AD) and psoriasis (Hanel K. et al., 2013) (Fig.7).
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Figure 7 Regulatory effects of the cytokines on the skin barrier formation (Hanel K. et al., 2013).
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2.3.1 Epidermal cytokines in wound healing

As mentioned above, the set of epidermal cytokines produced by keratinocytes
plays a pivotal role in regulating not only the normal physiological processes of
the skin but they also take an active part in response to external insults. An
extremely challenging process for the skin is the wound healing. Skin wounds,
including acute burns and chronic non-healing ulcers, are commonly observed in
clinics. Healing of skin wounds is a complex process, consisting of infiltration of
inflammatory cells, cellular proliferation, and tissue remodelling phases, which
restore the integrity and functions of the skin. Epithelialization is involved in
wound healing through re-establishing an intact keratinocyte layer (Pastar I. et
al., 2014). Epidermal stem cells are indispensable for epithelialization and they
are regulated by multiple proinflammatory cytokines or growth factors. Upon
injury to the skin, human keratinocytes have been shown to express pro- and
anti-inflammatory cytokines, along with chemokines and growth factors that
contribute to the inflammatory response; the most important pro-inflammatory
cytokines produced are: interleukin-1 alpha (IL1a), IL-1p, IL-18, IL-6, IL-8 and

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

IL-1a, IL1B, 1L-18 and TNFa are termed primary cytokines (Williams R. and
Kupper T., 1996) as they are capable of inducing processes that directly result in
rapid, local inflammation. Primary cytokines (IL-1 and TNF-a) are able to induce
the release of secondary mediators (such as IL-6 and IL-8) in an autocrine or a
paracrine manner from other cell types to amplify and assist the inflammatory
response. They participate in the inflammation phase of wound healing through
activating downstream cascades (Kanji S. and Das H., 2017). They also
contribute to the epithelialization phase by mobilizing resident stem/progenitor

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

Among the many growth factors studied in the context of wound healing,
transforming growth factor beta (TGF-B) is thought to have the broadest spectrum
of effects. TGF-B plays an essential role in wound healing through its pleiotropic
effects on cell proliferation and differentiation, extracellular matrix (ECM)

production, and immune modulation (Penn J. et al., 2012). The three phases of
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wound healing are known as inflammation, tissue formation (proliferation), and
maturation (tissue remodelling), which overlap in time. TGF-$ plays a critical role
in regulating multiple cellular responses that occur in all three phases of wound
healing. Inflammation is characterized by the recruitment of immune cells such
as neutrophils and macrophages to the injured site in response to chemotactic
cytokines such as TGF-B (Wang X. et al., 2006). Once immune cells become
activated, they are susceptible to TGF-B1-mediated suppression to reverse the
inflammatory process. Thus, TGF-§ plays a dual role in the inflammation phase
of wound healing by exerting pro-inflammatory effects during the early stages and
later contributing to the resolution of inflammation (Finnson K. et al., 2013a;
Finnson K. 2013b). Aberrant TGF-(3 signaling has been implicated in pathological
skin disorders, including chronic wounds and excessive scarring (Penn J. et al.,
2012).

The high complexity of signaling necessary to coordinate cellular processes
participating in wound healing emphasizing the importance of tight spatio-
temporal control, in which small changes in levels and timing of any
cytokines/growth factor may have a completely different outcome. Alteration in
the balance between pro- and anti-inflammatory cytokines is a common feature

of chronic non-healing wounds.

2.3.2 Cytokines in cellular senescence: senescence-associated secretory
phenotype (SASP)

Cellular senescence occurs in culture and in vivo as a response to excessive
extracellular or intracellular stress. The senescence program leads to a cell-cycle
arrest preventing the spread of damage to the next cell generation (Campisi J.
and d’Adda di Fagagna F., 2007). These cells are found mainly in renewable
tissues and in tissues that undergo extended inflammation. Several stresses can
trigger cellular senescence: telomere uncapping (termed replicative
senescence), mitochondrial deterioration, oxidative stress, severe or irreparable
DNA damage (genotoxic stress), and the expression of certain oncogenes
(oncogene-induced senescence) (Ben-Porath I. And Weinberg A., 2004). For

these reasons, senescence acts as an intrinsic tumor-suppressive mechanism
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preventing the propagation of damaged cells. Nevertheless, contrary to common
thought, senescent cells are not just arrested in the cell cycle but they are
metabolically active and undergo widespread changes in the protein expression
and secretion contributing to both tumor suppression and tumor promotion (Faget
D. et al., 2019). Indeed, senescent cells impact on tissue microenvironment and
on the cell behaviour even in an extrinsic manner by secreting numerous
inflammatory, extracellular-modifying and growth factors, collectively referred to
as senescence-associated secretory phenotype (SASP). Moreover, has been
shown that SASP takes part even in the wound healing by limiting fibrosis and
promoting the wound repair through the secretion of growth factors and through
the recruitment of immune cells (Demaria M. et al., 2014). The senescent-
associated secretory phenotype includes many families of soluble and insoluble
factors that can affect surrounding cells by activating several cell-surface
receptors and consequently many signal transduction pathways (Coppé J. et al.,

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

e Signaling factors (interleukins, chemokines and growth factors);
e Secreted protease;

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

Hence, the SASP factors secretion provide a powerful mechanism through which
senescent cells can modify the tissue microenvironment and the cells behaviour.
Depending on the biological context SASP factors could have beneficial
outcomes (e.g., embryonic development, tumor suppression, wound healing and
tissue regeneration) or detrimental ones (e.g., tissue degeneration, chronic

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

Hailey-Hailey disease (HHD, OMIM 16960), also known as familial benign
chronic pemphigus, is a rare autosomal dominant genodermatosis with complete
penetrance and with an incidence estimated to be 1:50,000-1:40,000 (Engin B.
et al, 2015; Burge SM., 1992; Kellermayer R., 2005). Described for the first time
in 1939 by the two brothers Hug and Howard Hailey (Hailey H. and Hailey H.,
1939), HHD usually appears in the third or fourth decade, although it can occur
at any ages (Dobson-Stone C. et al, 2002). Clinically, HHD is characterized by
chronic course with remission and recurrence pattern, which may be constant in
some patients. The exacerbated skin lesions primarily occur in the sites of friction
and intertriginous areas. Heat, sweating, UVB exposure and friction often
exacerbates the disease and most patients have worse symptoms during
summer (Kellermayer R., 2008) (Fig.8 a).

Histologically, HHD is characterized by loss of cohesion between keratinocytes
(acantholysis) with epidermal clefting or vesiculation. Widespread partial loss of
the intercellular bridges between keratinocytes gives the epidermis the
appearance of a ‘dilapidated brick wall' (Fig.8 b-c). Ultrastructural studies of
acantholytic cells in HHD reveal perinuclear aggregates of keratin intermediate
filaments that have retracted from desmosomal plaques (Wilgram G., Caulfield J.
and Lever W., 1962). Moreover, even if rare, squamous/basal cell carcinomas
and melanomas arising in the skin lesions have been described (Chun S. et al.,
1988; Cockayne S.E. et al., 2000; Holst V. et al., 2000; Mohr M. et al., 2011).
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Figure 8: a, Clinical presentation of a patient with HHD with erythema and blisters in axilla. b, Histological
section of affected skin showing separation of suprabasal cells (acantholysis) (x50). ¢, Higher magnification

showing acantholytic cells in the suprabasal layer (x100). (Hu Z et al, 2000)

3.1 The ATP2C1 gene and protein

The genetics and pathophysiology of HHD have been linked to mutations in the
ATP2C1 gene.

The human ATP2C1 gene is located on chromosome 3921 and consists of 28
exons (Sudbrak R. et al., 2000; Hu Z. et al., 2000). Alternative splicing at the 3'-
end of the human ATP2C1 pre-mRNA produces four distinct ATP2C1 variants
(corresponding to SPCAla-d proteins). The ATP2C1 transcript provides
instructions for making a protein known as hSPCAL. This protein is an adenosine
triphosohate (ATP)-powered Ca2+/Mn2+ pump which uses energy from ATP
molecules to pump ions across cell membrane thus regulating the Golgi luminal
and cytosolic ionic homeostasis. hSPCA1 consists of five stalk helices in the
cytoplasm, ten hydrophobic transmembrana segments and three cytosolic
domains (the actuator domain (A), phosphorylation domain (P), nucleotide-
binding domain (N)) mostly localized in the Golgi apparatus (Micaroni M. et al.,
2016) (Fig.9).
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The alternative splicing is not present in other species where we have a single
SPCAL.
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Figure 9 ATP2CL1 protein structure. Actuator domain (A), phosphorylation domain (P), nucleotide binding
domain (N) and five stalk helices (S) in the cytoplasm and ten transmembrane helices (M). (Adapted from
Micaroni M. et al., 2016).

This pump is ubiquitously expressed in human tissues but at higher levels in
keratinocytes (Hu Z. et al., 2000).

The relative contribution of hSPCAL to the total Ca2+ uptake in the Golgi depends
on the cell type and it can range from 15% to 50%. However, it has been reported
that in keratinocytes the Ca2+ uptake in the Golgi apparatus depends for 67% on
hSPCAL pump activity (Missiaen L. et al., 2007; Callewaert G. et al., 2003)

This finding, in addition to the prominent role played by calcium in the regulation
of keratinocytes proliferation/differentiation, may explain, at least in part, why only
the skin is affected in HHD, although the exact reason is not yet completely

understood.

3.2 Mutations of ATP2C1 gene
To date, at least 177 mutations have been identified on ATP2C1 gene with no
apparent clustering (Micaroni M. et al., 2016).The number and types are as

follow: 51 missense mutations (28.8%), 44 small deletions mutations (24.9%), 36
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splicing mutations (20.3%), 25 nonsense mutations (14.1%), 12 duplication
mutations (6.8%), four complex rearrangements (2.3%), three gross deletions
(1.7%) and two small indel mutations (1.1%).The 37.2% of ATP2C1 mutations
localize to exons 12, 13, 21, 23, 24, 25. The amino acid sequences encoded from
exon 12 and 23 are crucial for Ca2+ binding, from exon 13 for phosphorylation
and from exon 21 for Mn2+ binding (Deng H. and Heng X., 2017). Regardless of
the type, more than 50% of all ATP2C1 mutations generate premature
termination codons (PTCs) leading to mRNA degradation through the nonsense-
mediated mMRNA decay pathway or to the synthesis of truncated protein with no
complete functionality or correct organellar localization. The high proportions of
PTCs support the possibility that haploinsufficiency of ATP2C1 is the major
mechanism underlying the dominant inheritance of HHD (Micaroni M. et al.,
2016).

3.3 The ATP2C1 gene dysfunction and its mechanism in HHD

As previously reported, the proper maintenance of calcium gradient within the
epidermis is crucial to regulate proliferation and differentiation processes and
consequently the skin barrier function. The Ca2+ gradient in the upper epidermis
of HHD is markedly decreased compared to normal skin; this aspect correlate
well with the histological main feature of HHD skin that is the acantholysis (Behne
M. et al., 2003). Due to hSPCA1 dysfunction, the inefficient increase of external
Ca2+ may result in an impairment of both desmosome formation and Ca2+-
sensing receptors activation. The latter are responsible for triggering cell-to-cell
adhesion, keratinocytes differentiation and reconstituting the calcium gradient
(Brini M. and Carafoli E., 2009). The loss of function hSPCA is also responsible
for a slower Ca2+ uptake in the Golgi and, at the same time, for a cytosolic
calcium concentration increase. Low calcium levels in Golgi may alter crucial
post-translational modifications of desmosomes, mainly the glycosylation. On the
other hand, the elevation of intracellular calcium levels leads keratinocytes to not
respond well to increasing extracellular calcium concentrations. Indeed, HHD
keratinocytes display a reduced production of involucrin which makes up the
cornified envelope and that is expressed in response to increased extracellular
Ca2+ concentrations (Hu Z. et al., 2000; Aberg K. et al., 2007). Moreover, high
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cytoplasmic Ca?* levels could overload mitochondria compromising their

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

However, the predominant involvement of skin folds in the cutaneous lesions’
manifestation suggests that genetic alterations in ATP2C1 gene are necessary
but not sufficient to lead to the disease onset; other intrinsic and extrinsic factors
may also influence the disease manifestation e.g., genetic background, the loss
of other Ca2+ regulatory mechanisms, friction, sweating, infections, UV

exposure.

3.4 Molecular and immunological features of HHD

Although HHD has been described for the first time in 1939, to date little is still
known about the molecular and immunological mechanisms underlying the
disorder. As reported, beyond the mutations in ATP2C1 gene and the consequent
deregulation in calcium homeostasis, other factors, referred as “second hits”, are
needed to trigger the disease onset. The understandings of this aspects are
crucial to improve the management of HHD. In the last years, our research activity
has been extremely focused on the study of HHD contributing to increase the
knowledge about its pathogenesis in particular on molecular level.

One of the first important findings is represented by the evidence that oxidative
stress plays a key role in the HHD pathogenesis. Indeed, by employing primary
human keratinocytes derived from either normal-appearing skin or cutaneous
lesions of patients, Cialfi et al. demonstrated a massive ROS accumulation in the
lesion skin derived keratinocytes; this latter aspect was also correlated to a
decreased expression levels of Nrf2 and in turn of the detoxifying ability of the
cells. Moreover, keratinocytes lesional skin derived displayed a low rate of
proliferation leading to a failure of the normal differentiation program (Cialfi S. et
al., 2010). In agreement with this observation, the expression of regulatory factors
(e.g., Notchl and its target p63) associated with keratinocytes differentiation and

proliferation were extremely altered.

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

substantial number of genes differentially expressed in lesioned skin compare to
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the normal appearing one. A first group of genes differentially expressed was
represented by genes involved in the inflammatory response and in the wound
healing process. In particular, the mRNA levels of the proinflammatory cytokines
IL-6, IL-1, IL-32-34 and TGFB2 were up-regulated (Cialfi S. et al., 2016).
Conversely, IL-33, IL-24 levels are decreased in keratinocytes derived from HHD
lesions; IL-33 may play pivotal roles in the maintenance of cutaneous homeostasis
and the acceleration of normal wound healing (Yin H. et al., 2013). In skin wounds,
interleukin 6 (IL-6), the IL-1 family and transforming growth factor (TGF-3) are
crucial cytokines that regulate the re-epithelialization process (Pastar I. et al.,
2014; Larouche J. et al., 2017; Finnson K. et al., 2013a-b). Hence, since the
success of wound healing process depends on growth factors, cytokines and
chemokines (Hanel K. et al., 2013; Xiao T. et al., 2020), alterations in their
expression could explain, at least in part, why HHD skin lesions do not heal and
show recurrent infections. A better understanding of the influence of deregulated
cytokines on ATP2C1-defective keratinocytes proliferation, differentiation and
wound repair mechanisms may help to design treatment strategies to improve

wound healing and microbial infection regression in HHD patients.

Therefore, these data indicate that HHD keratinocytes are defective in managing
both oxidative-stress response and wound signal that ultimately could contribute

to the poor healing of HHD lesions.

The transcriptome analysis carried out by Cialfi S. et al. had also revealed a
strong down-modulation of DDR genes in HHD skin lesions. It has been proposed
that ATP2C1 loss of function leads to an increased production of ROS and to an
upregulation of the Notchl signaling. Notchl signaling is responsible for the
subsequent ATM downregulation and, thus, for the DDR repression. Increased
ROS levels and ATM loss would produce DNA damage up to a threshold that
keratinocytes cannot repair, which would then promote terminal differentiation; a
premature differentiation and the consequent exhaustion of the transit amplifying
component of the skin, could result in a compromised capacity of the skin to
regenerate itself (Cialfi S. et al., 2016). Moreover, generation of DNA damage as

well as the alteration in tissue microenvironment, are important steps in the

32



process of carcinogenesis. HHD rarely degenerates in skin cancer although
squamous cell carcinoma and basal cell carcinoma arising in lesions of HHD have
been described in the literature (Chun S. et al., 1988; Cockayne S.E. et al., 2000;
Holst V. et al., 2000; Mohr M. et al., 2011).

3.5 Diagnosis and treatment

HHD can be easily mistaken with other skin conditions such as psoriasis,
eczema, contact dermatitis, fungal infections and with a similar genodermatosis,
called Darier disease. Thus, a skin biopsy and genetic test on ATP2C1 mutations
are necessary to make a proper diagnosis.

To date, there is no long-term treatments known to be effective in HHD patients.
The traditional treatments are aimed at symptomatic relief. Since bacterial, fungal
and viral superinfections commonly exacerbate HHD skin lesions making them
persistent, topical and systemic antibiotics, antifungal and antiviral agents are
used. In addition, in order to diminish inflammation and the pricking/itchy
sensations, topical and systemic corticosteroid are administrated to patients.
However, prolonged treatment course of steroids is limited due to their side
effects, most commonly skin atrophy. This last aspect must be carefully
considered, because in HHD-patients, lesion development is associated with the
simple friction of the skin. Additionally, patients develop lesions refractory to
corticosteroids. As lesions became recalcitrant to Standard of Care (SOC)
treatment, several possible treatments have been proposed including: Botulinum
toxin injection, to reduce sweat production and the skin maceration,
photodynamic therapy (Arora H. et al., 2016), diseased skin dermabrasion
(Hamm H., 1994), as well as topical immunomodulators administration to reduce
pro-inflammatory cytokines production (Tchernev G. and Cardoso J.C., 2011).
As described, our research group found that the increase of oxidative stress plays
a central role in pathogenesis of HHD (Manca S. et al., 2011; Cialfi S. et al.,
2010). In this regard, Biolcati G. et al. found that Nle4-D-Phe7-a-melanocyte-
stimulating hormone (afamelanotide), an a-MSH analogue with antioxidant
proprieties, has a therapeutic efficacy in patients with treatment-resistant HHD.

Afamelanotide is able to partially restore Nrf2 expression and the defective
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proliferative capability of lesion- derived keratinocytes ex vivo. Moreover, a
clinical trial performed on this compound administered by injection once a month
showed improvements in 30 days after first injection and complete clearance of
HHD lesions after 60 days, independently of the lesion location (Biolcati G. et al.,
2014).

However, since the evidence for the above indicated treatments of HHD is limited
to case reports, case series, and expert opinion, the development of causal
treatment strategies (i.e., molecular therapy-based) is highly desirable and could
be reached through intensified efforts to elucidate the various molecular

mechanisms underlying the disorder.

3.6 Animal model in HHD study

Research on molecular pathways, treatments or management strategies for rare
diseases can be challenging primarily due to the limited number of individuals
who will be eligible to participate in any given study. In addition, ethical and
psychological aspects must be carefully considered when doing molecular and/or
clinical research on patients with rare disease. Obviously, this is also true for the
HHD.

Working ex vivo by using keratinocytes derived from normal and lesioned skin of
HHD patients is not always possible. Punch biopsies in HHD skin can trigger the
manifestation of new skin lesions or exacerbate the existing ones dramatically
worsening the clinical and psychological conditions of patients. Another issue
making the molecular research on HHD even more difficult is the inability to use
mouse models because of the poor recapitulation of the main human pathological
features. In fact, while null mutant Spca1-/- embryos do not survive to the
gestation due to defects in neural tube closure, heterozygous mice for ATP2C1
do not develop the typical vesicular lesions of human patients and show an
increase susceptibility to squamous cell tumors, a phenotype rarely observed in
humans with HHD (Okunade G. et al., 2007).

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

increasingly used in biomedical research as an effective and simple model
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system to understand the molecular players associated to a given pathology.
Indeed, about 30% of the genes known to be involved in human diseases have a
yeast orthologs (Foury F., 1997).

This is still true in the study of Hailey-Hailey disease. Both the budding yeasts S.
cerevisiae and Kluyveromyces lactis (K. lactis) express the orthologue gene of
ATP2C1, called PMR1 (plasma membrane ATPase related) (Uccelletti D. et al.,
1999; Rudolph H.K. et al., 1989). Indeed, the expression of the human ATP2C1
in yeast fully rescues the yeast pmrl ipersensitivity to Ca2+ chelators and Mn2+
toxicity (Ton V. et al, 2002). Cells deprived of Pmrlp display pleiotropic
phenotypes, some of them resembling those reported in HHD keratinocytes,
including alterations in Ca2+ homeostasis, mitochondrial dysfunctions and
increased production of reactive oxygen species (Hu Z. et al. 2000; Uccelletti D.
et al., 2005). This latter aspect is associated with the decreased action of some
detoxifying systems both in yeast cells and in the lesional-derived keratinocytes
of HHD patients (Ficociello G. et al., 2016).
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Il. AIMS OF THE WORK

While a strong relationship exists between mutations in ATP2C1 gene and
Hailey-Hailey disease development, the precise mechanism through which
mutations induce skin lesions is unknown and, to date, there is no treatment
known to be effective and side effects free. In the last years, our research activity
has highlighted how the disease is closely connected with defects in managing
oxidative-stress response, re-epithelialization process as well as DNA damage
response contributing to the poor healing of HHD lesions (Cialfi S et al., 2010;
Manca S. et al., 2011; Biolcati G. et al., 2013; Ficociello G. et al., 2016; Cialfi S.
et al., 2016).

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

following aims.

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

The lack of effective and safe long-term treatment and the recent discoveries
about some of the molecular mechanisms underlying the disease, has prompted
us to search for compounds that, acting on such altered mechanisms, may be
used for the development of safer and more specific/effective therapy. All the data
obtained were included in two different papers (Zonfrilli A. et al., 2018; Cialfi S.
et al., 2019) inserted in the following “RESULTS” section of this PhD thesis
(Results: 1.1 e 1.2).

2. Gaining insight into the role of Notchl signaling in the response to
genotoxic stress

Generation of DNA damage as well as the alteration in tissue microenvironment,
are important steps in the process of carcinogenesis. HHD rarely degenerates in
skin cancer although squamous cell carcinoma and basal cell carcinoma arising
in lesions of HHD have been described in the literature (Chun S. et al., 1988;
Cockayne S.E. et al., 2000; Holst V. et al., 2000; Mohr M. et al., 2011).
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As previously reported, ATP2C1 defective keratinocytes are characterized by a
persistent repression of DNA Damage response genes caused by ATM down-
modulation that in turn is Notch1 dependent (Cialfi S. et al., 2016).

Basing on the evidence that ATM and consequently the DDR response are major
targets of oxidative stress-induced Nochl activation, during my PhD dissertation
| investigated how Notchl is mechanistically implicated in the response to
genotoxic stress and thus in the DDR function. All the data obtained were
included in a recent published paper (Zonfrilli A. et al., 2019) inserted in the
following “RESULTS” section of this PhD thesis (Results:2).
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Il. RESULTS

1.1 Yeast-Based Screen to Identify Natural Compounds with a Potential
Therapeutic Effect in Hailey-Hailey Disease (Zonfrilli A. et al., 2018).

1.2 Hypotonic, Acidic Oxidizing Solution Containing Hypochlorous Acid
(HCIO) as a Potential Treatment of Hailey-Hailey Disease (Cialfi S. et al.,
2019).

Given the impossibility to use mouse model, we set up a yeast-based screening
assay in order to identify natural compounds able to rescue or ameliorate
phenotypes of K. lactis pmrlA cells. Due to the great relevance of the oxidative
stress in HHD-derived keratinocytes, we first of all evaluated if the drugs were
able to recover the oxidative-stress alterations of yeast mutant. From the first
screening, we selected six compounds that were utilized for further analysis.
Specifically, we analyzed if the six positive hits were able to alleviate other main
defects of pmrlA cells, like the calcium homeostasis alteration, the cell wall
defects and the mitochondrial dysfunction. All those compounds active in yeast
were then tested on our in vitro model of HHD. We provided the evidence of the
selected compounds efficacy also on human ATP2C1-defective keratinocytes. In
particular, the selected compounds improved keratinocytes proliferation rate,
restored the Nrf2 expression and, in turn, the cellular antioxidant response.
Furthermore, one compound, hypochlorous acid, was also able to affect the
deregulated cytokines expression by differentially modulate TGFB1 and TGFB2

levels.

Our results validate the use of the yeast K. lactis to screen drugs with potential
therapeutic effect in HHD disease treatment bypassing, at least in part, the

difficulties related to the absence of mouse model.
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2. PLK1 Targets NOTCH1 during DNA Damage and Mitotic Progression
(Zonfrilli A. et al., 2019).

Induction of DDR and of cell cycle arrest in response to DNA damage represents
a protective mechanism against harmful mutations. In this work, we revealed the
existence of an interplay between the proteins Polo-like kinase 1 (PLK1) and
Notchl and, furthermore, we described how this interaction is involved in the
regulation of the G2 phase of the cell cycle. Interestingly, we found that the
interaction between Notchl and PLK1 is functionally important also during the
DNA damage response, as we found that whereas PLK1 activity is inhibited,
Notchl expression is maintained when cells in G2 are challenged with DNA
damaging agents. In particular, we found that Notchl signaling protects
immortalized HaCaT cells from DNA damage-induced apoptosis and
furthermore, we demonstrated that epithelia cancer cells, growth-arrested after
DNA damage, use the induction of Notchl signaling to develop a secretory
phenotype and thus to promote an inflammatory cytokines secretion. Indeed,
when we treat SCCO22 cells with DNA damaging drugs, e.g., doxorubicin, we
detected an increase of IL-6 and IL-8 that is Notch1 dependent.

In summary, in order to get a better understanding of how Notchl is involved in
the DDR, we identified a novel mechanism through which Notchl takes part in

the genotoxic stress response.
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Abstract: The term orthodisease defines human disorders in which the pathogenic gene has orthologs
in model organism genomes. Yeasts have been instrumental for gaining insights into the molecular
basis of many human disorders, particularly those resulting from impaired cellular metabolism.
We and others have used yeasts as a model system to study the molecular basis of Hailey-Hailey
disease (HHD), a human blistering skin disorder caused by haploinsufficiency of the gene ATP2CIT
the orthologous of the yeast gene PMRI. We observed that K. Jactis cells defective for PMR1 gene
share several biological similarities with HHD derived keratinocytes. Based on the conservation
of ATP2C1/PMRI1 function from yeast to human, here we used a yeast-based assay to screen
for molecules able to influence the pleiotropy associated with PMRT deletion. We identified six
compounds, Kaempferol, Indirubin, Lappaconite, Cyclocytidine, Azomycin and Nalidixic Acid
that induced different major shape phenotypes in K. lactis. These include mitochondrial and the
cell-wall morphology-related phenotypes. Interestingly, a secondary assay in mammalian cells
confirmed activity for Kaempferol. Indeed, this compound was also active on human keratinocytes
depleted of ATP2C1 function by siRNA-treatment used as an in-vitro model of HHD. We found that
Kaempferol was a potent NRF2 regulator, strongly inducing its expression and its downstream target
NQO1. In addition, Kaempferol could decrease oxidative stress of ATP2C1 defective keratinocytes,
characterized by reduced NRF2-expression. Our results indicated that the activation of these
pathways might provide protection to the HHD-skin cells. As oxidative stress plays pivotal roles in
promoting the skin lesions of Hailey-Hailey, the NRF2 pathway could be a viable therapeutic target
for HHD.

Keywords: Hailey-Hailey; NRF2; NOTCHI; oxidative-stress

1. Introduction

Hailey-Hailey disease (HHD), also called benign familial pemphigus, is an autosomal dominant
blistering skin disorder, manifesting in the 3rd to 4th decades of life. The overall incidence and
prevalence of HHD is unknown, although some authors have reported an incidence between 1:40,000
and 1:50,000 [1,2]. The genetics and pathophysiology of this skin disorder have been linked to
mutations in the ATP2C1 gene [3,4]. The gene, located on the long arm of chromosome 3, 3q21-q24
region, encodes the human secretory pathway Ca®* /Mn** ATPase, hSPCA1 [5]. Although ATP2C1
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is mostly localized to the Golgi apparatus, it regulates also endoplasmic reticulum (ER) Ca®* stores
with effects on both Golgi and ER functions. The lack of ATP2C1 in keratinocytes leads to the loss of
cell-tocell adhesion (acantholysis) among the cells of the suprabasal layer of epidermis probably due
to a retraction of keratin intermediate filaments from the desmosomal plaques [6]. Although ATP2C1
mutations are 100% penetrant, currently there is no treatment known to be effective in reducing
the cutaneous manifestations of HHD. The Standard of Care (SOC) treatment consists in either
topical or oral administration of corticosteroids often used in combination with topical /systemic
antimicrobial agents. However, prolonged treatment course of steroids is limited due to their side
effects, most commonly skin atrophy. This last aspect must be carefully considered, because in
HHD-patients, lesion development is associated with the simple friction of the skin, and we found
that HHD-keratinocytes are characterized by wound defects [7]. Additionally, patients develop
lesions refractory to corticosteroids. As lesions became recalcitrant to SOC treatment, several possible
treatments have been proposed, including: Botulinum toxin injection and photodynamic therapy [5].
However, evidence for the above indicated treatments of HHD is limited to case reports, case series,
and expert opinion. The development of causal treatment strategies (i.e., molecular therapy-based) is
highly desirable and could be reached through intensified efforts to elucidate the various molecular
mechanisms underlying the disorder. HHD is associated with the loss of a single copy of the ATP2C1
gene. ATP2C1 s likely essential in humans, as more severe phenotypes are found in patients who
suffer clonal loss of both copies of the gene [Y], Consistently, mice embryos homozygous for null
mutations in ATP2C] die with defects in neural tube closure, while heterozygotes show susceptibility
1o squamous cell tumors, a phenotype observed rarely in humans with Hailey-Hailey; [10,11] and
our personal observation); however, this mouse model fails to reproduce the clinical manifestation
of the disease, unfortunately opposing the applicability of this mouse model in HHD. Yeast has
been increasingly used as a model and tool for biomedical research [12,13], based on the observation
that basic cellular functions are conserved from yeast to humans and that disease’s key players are
often evolutionarily conserved. Indeed, about 30% of the genes known to be involved in human
diseases have a yeast ortholog [14,15]. For these reasons, this simple organism is widely used for
high-throughput genetic and small-molecule screens to find possible pharmacological drugs for many
human diseases. This is still true in the study of Hailey-Hailey disease. Indeed, both the budding
yeasts Saccharomyces cerevisine (S. cerevisine) and Kluyveromyces lactis (K lactis) express the orthologous
gene of ATP2CT, PMRI (plasma membrane ATPase related) [16-18]. Yeast cells deprived of PMR1
display pleiotropic phenotypes; some of them have been reported also for HHD keratinocytes,
including alterations in Ca®* homeostasis, mitochondrial dysfunctions and an increased production of
reactive oxygen species (ROS) [3,19,20]. Oxidative stress represents a hallmark of the keratinocytes
derived from the lesions of HHD patients and it could be associated to the decreased action of
some detoxifying systems. Particularly, we previously demonstrated that one of the detoxifying
enzymes involved in the pathophysiology of HHD is the Glutathione S- transferase (GST) [21].
Indeed, performing a genetic screening, we found that the expression of mammalian GST in
the yeast K. lactis lacking PMRT recovers the oxidative alterations of mutant cells, promoting a
reduction to the sensilivity to ROS generating compound (H203), decreasing its cellular content
and restoring the mitochondrial function. Additionally, we showed that, both in yeast cells and
in the lesional-derived keratinocytes of HHD patients, the expression of this detoxifying gene is
down-regulated [21]. Based on these observations, in this study we establish a yeast-based screening
assay, designed to identify drugs that could be active against Hailey-Hailey disorder. Natural product
collections are bicactive and structurally diverse molecules. It has been estimated that 607% of current
FDA-approved drugs have origins in natural products, illustrating the power of these compounds in
drug discovery [22]. Thus, we took advantage of a library of 131 natural compounds to analyze their
ability to suppress the phenotypes of K. lactis pmriA cells. Due to the great relevance of the oxidative
stress in HHD-denved keratinocytes, in the initial screening system we evaluated if the drugs were
able to recover the oxidative-stress alterations of our mutant. With this aim, we analyzed the growth
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in the presence of H,O> or menadione, two generators of ROS at extracellular and mitochondrial
level, respectively. From the first screening, we selected six compounds that were utilized for further
analysis. Specifically, we analyzed if the six positive hits were able to alleviate other main defects
of pmrlA cells, like the calcium homeostasis alteration, the cell wall defects and the mitochondrial
dysfunction. Moreover, we showed that one of the identified hit in the yeast screening was effective
also in cellular culture of keratinocytes silenced for ATP2CL. These results validate our approach that
provides the use of the yeast K. lactis to screen drugs with potential to treat the HHD disease.

2. Results
2.1. Primary Screen of Chemical Libraries Using KLPMR1-Based Assay

Previously, we demonstrated the feasibility of using the yeast Kluyveromyces lactis for modeling
Hailey-Hailey disease [21]. In the present study we performed a pharmacological screening using a
library of 131 natural molecules to analyze their ability to suppress the pmrlA phenotypes (Figure 1A).
The drug collection includes inhibitors, activators and antagonists acting on molecular targets involved
in different signaling pathways. Since the lack of the Golgi Ca®*-ATPase in yeast, as well as in human
HHD keratinocytes, induced a prominent increase of ROS production [20,23], we started our screening
testing with the natural molecules capability to ameliorate the growth properties of the pmrIA strain
under oxidative-stress conditions, Toward this aim, ROS conditions were achieved either exogenously
by H,0O; administration or endogenously by menadione treatment (Figure 1B). First, we tested all the
molecules at a concentration of 200 M. The compounds that had partial or no effects were tested at
a concentration of 250 M. Furthermore, the molecules found to be toxic at 200 M were analyzed ata
lower concentration (100, 10 and 5 M) and those compounds showing either toxicity or ineffectiveness
at a lower concentration were excluded from further analysis (Table S1). As shown in Figure 1B,
six compounds were able to reduce the sensitivity of kipmrl A mutant to menadione and/or H;O;.
The molecules S2328, S2386, $2314 and, more effectively, the S2387 and 52267 decreased the growth
defects of mutant cells in the presence of menadione. Meanwhile, 51973 and 52314 were more effective
against H;O, (Figure 1B). This indicates that the action of the different compounds depends on the
localization of the ROS source. These six molecules, selected from the preliminary screen, belong
to different class of drugs. Indeed, the $2386 and $1973 (Indirubin and Cyclocytidine) are used in
medicine as chemotherapeutics [24,25], 52387 and 52314 (Lappaconite Hydrobromide and Kaempferol)
have an anti-inflammatory action [26], and 52328 and 52267 (Nalidixic acid and Azomydin) are
mainly recognized as anti-bacterial drugs [27]. A dose-response curve was then performed for the six
compounds (Figure S1) and the EC50 was determined as reported in Table 1.

Table 1. Median effective concentration (EC) of the compounds selected in the yeast primary screening.

Chemicals Oxidative Stress Selection EC50 (mM)
$1973 (Cyclocytidine) H.0, 5126+ 1.19
52267 (Azomycin) Menadione 102.64 = 050
52314 (Kaempferol) H30; 505+ 044
S2328 (Nalidixic acid) Menadione 5013 + 4.84
52386 (Indirubin) Menadione 4856 -+ 3.01
$2387 (Lappaconite) Menadione 9354042
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pmriA+S2386
pmriA+S2328
pmriA+51973 £
pmriA+s2314 [

Figure 1, (A) Ceneral flowchart of the natural products screen approach. The primary screening is
performed to identify compounds that alleviate the oxidative stress of pmrl-mutant cells. Then the
effects of the positive hits are tested for the other phenoty pes of the mutant strain. The final step is
to test the selected molecules on the human cell cultures used as model for Hailey-Hailey disease;
(B) The PMRI1-deleted strain exposed or not for 24 h to different natural products was tested for its
ability to grow with or without the 60 pM menadione or 4 mM HzO;. Wild type cells (WT) were used
as control.

2.2. Yeast-Hits Rescue Multiple Defects in pmr1A Cells

Our next goal was to assess if the hits selected in our screening were also able to rescue the
multiple phenotypes associated with the deletion of the PMRI gene. As reported by [20], the deletion
of the PMRT in K. lactis cells led to a higher content of intracellular calcium as well as growth defects
when the homeostasis of this ion is disrupted by EGTA. For this aim, we tested the sensitivity of the
Klpmr1A cells treated with the selected hits to the calcium chelator EGTA. As indicated in Figure 2,
only two compounds had a positive effect: 52386 and 51973, meanwhile the other four molecules
were ineffective.
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pmrfA+S2386
priA+S2328
pmriA+S2267
pmirfA+S2314

Figure 2. Analysis of calcium alteration. WT and KipmrlA cells exposed or not to the individual
natural molecules, were grown for 24 h in Yeast Extract-Peptone-Dextrose (YPD) medium at 30 °C
Then, serial dilutions of the cultures were spotted onto solid medium supplemented or not with 20

mM EGTA. Scale bar:

2.3. Cell Wall Phenotype

K. laclis strain deleted for PMR1 gene had defects in the cell wall organization. Indeed, as shown
by using the fluorescent dye Calcofluor white (CFW), which binds the cell wall component chitin,
we previously reported that in wild type cells the chitin is mainly deposited to the bud-emergence sites,
whereas in the Kipmr] A strain the fluorescence is distributed across the entire cell wall [17]. To analyze
the effect of the selected hits on the cell wall structure of our mutant, the CFW staining was performed,
We found that all the six molecules were able to recover the wild type-like chitin distribution (Figure 3).
However, the molecules 51973 and S2314 induced a recovery of 40%; meanwhile, the compounds 52267,
§2387 and 52386 relieved the wall disorganization in about 50% of the cells. Particularly, the compound
52328 strongly recovered the cell wall morphology in 807% of KlpmriA cells.

wT pmriA+52328
pmrll pmriA+S2387
pmriA+52267

pmriA+S2386

pmriA+S2314 pmriA+51873

Figure 3. Chitin distribution of mutant cells treated with the six selected products. PMRI-deleted cells,
grown with or without the individual compounds for 24 hat 30 °C, were stained with the chitin-binding
dye CFW. At least 500 cells were analyzed for each treatment to determine the percentage of cell wall
recovery, Wild type cells (WT) represent the positive control, Scale bar 2 ym
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2.4. Mitochondrial Morphology

Mitochondria are responsible for the main source of ROS in most cells, linking mitochondrial
respiration with ROS effects on cellular function [25]. Wild type cells show a tubular network of
mitochondria as long as in the Kipmrl A strain these organelles appear as dots, indicating an alteration in
their functionality [20]. Thus, we addressed the capability of the selected hits to rescue the mitochondria
alteration of Kipmrl A cells. With this aim, we incubated our sample with the fluorescent probe DASPMI
that is taken up by mitochondria as a function of membrane electrochemical potential. As shown
in Figure 4, we found that three drugs (52386, S2314 and $2387) restored the wild type-like tubular
network of mitochondria, The drug 52314 totally relieved the mitochondria defects of our mutant
while the molecules 52386 and S2387 worked in the 60% of Klpmr1A cells. Overall, our data indicate
that each molecule acts on specific phenotypes of Kipmrl A cells (Table 52). This is in agreement with
the fact that the selected molecules belong to different classes of drugs.

w,.- p,""1'szr‘..

W'J‘szm u W"A.szm-.
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Figure 4. Effect of the natural compounds on the altered mitochondrial function of pmrIA cells.
The mutant cells, untreated or treated with the indicated molecules for 24 h, were stained with the vital
dye DASPMI and immediately the fluorescence micrographs were taken. To calculate the percentage of
cells with altered tubular mitochondria morphology, at least X cells were analyzed for each condition.
Wild type strain (WT) was used as a control. Scale bar 2 um.

2.5. Drugs Active in the Yeast-Based Assay Were Also Active in Human Cells

We next tested the compounds that were active in our yeast-based assay in a human
cell-based model of HHD-disease; in particular, we used a siRNA-ATP2C1 to mimic ATP2C1-loss of
function [7,23,29]. We previously found that siATP2C]-treated cells share most of the defects observed
in K. lactis cells defective for PMRT gene including oxidative stress [7,21,23,29,30]. We established
that ATP2C1 inhibition in both immortalized and primary keratinocyte cells results in an impaired
proliferation; thus, the compounds from the yeast screening were tested in human keratinocytes
and we sought to perform our primary screen in HaCaT cells determining how the morphology /cell

proliferation defects of si-ATP2C1 cells were influenced by the treatment with the identified compounds,

HaCaT cells were transfected with either siATP2C1 or -siCTR after 24 h treated with the indicated
compound for further 24 h. Interestingly, we observed that Kaempferol (EC50 0.8 uM) treatment

rescued the aberrant cell morphology and cell growth ability of siATP2CI-treated cells (Figure 5).

In a second step, we validated the Kaempferol effect by performing a secondary analysis in human
primary keratinocytes. Similarly, to our observation in HaCaT cells, we observed that Kaempferol
treatment was able to rescue the aberrant cell morphology /growth of siATP2C1 treated human primary
keratinocytes (Figure 6).
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Figure 5. Keratinocytes-derived cell line, HaCal, was transfected with either siRNA-CIR or
SsIRNA-ATT2C1; 24 b post-transfection, cells were treated with the indicated compounds at 10 uM for a
further 24 h and analyzed by micrascopy. (100 x magmnification). The potencies (ECsy = 0.8 pM +/— 0.1)
of Kaempferol were obtained from the dose-response curves using GraphPad Prism (GraphPad
Software, La Jolla, CA, USA), Scale bar: 50 pum,
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Figure 6, (A, B) NHKCs (primary human keratinocytes) were transfected with control (sitRNA-CTR)
or ATP2C1-specific IRNA oligonucleotides; 24 h later, cells were treated with Kaempferol {10 uM)

for 24 h and analyzed by microscopy. (100« magnification). Each of the lower images is an enlarged
subset of the image above. Scale bar: 50 um.
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2.6. Potentinl Mechanism of Kaempferol against ATP2C1-Induced Oxidative-Stress through Regulation of
Nuclear Factor Erythroid-2-Retated Factor 2 Signaling

HHD lesion-derived keratinocytes are characterized by increased oxidative stress and decreased
expression levels of both NOTCH1 and NRF2 [7]. We have established that altered function of

these factors plays an important role in the alteration observed in HHD-derived keratinocytes [7].

Both NOTCH1 and NRF2 factors are important determinant of skin homeostasis and we found
that they are differentially regulated between normal and HHD-derived keratinocytes, as well as
in HaCaT cells interfered for ATP2C1 function [7]. Thus, we tested the expression of these two
factors in response to Kaempferol treatment. Both HaCaT cells and primary human Keratinocytes
were transfected with either sStATP2CI or -siCTR, and 24 h post-transfection, they were treated with
Kaempferol for a further 24 h. In both cell types NOTCHI expression wasn't affect by Kaempferol
treatment, while NRF2 expression was strongly increased. This observation indicates that loss of
NRF2 activity in defective ATP2CI-cells might have a direct effect on increased oxidative-stress
(Figure 7). Thus, the antioxidant property of Kaempferol and its ability to restore NRF2 expression
might play a role in reducing the oxidative-stress of siATP2Cl-treated cells. Interestingly, Kaempferol
did not significantly affect the steady-state level of NRF2 mRNA, indicating that it stimulates
NRF2 expression by protein stabilization (Figure 7). NRF2 activation directly regulates antioxidant
gene transcription [31,32]. NRF2 activation can be modulated by flavonoid as Kaempferol [31,32];
thus, the reduced expression NRF2 in lesioned HHD skin may play a role in the transcriptional
down-regulation of antioxidant genes [7,21,30]. Therefore, we first tested if Kaempferol treatment
affects the level of oxidative-stress present in siATP2C1-treated cells (Figure 7F). The percentage of
DFCA-positive cells in siATP2C1 cells reached 40-60% at 48 h after transfection, whereas only 15% of
the siRNA-CTR control cells were DFCA-positive (data not shown and [7]). Interestingly, treatment
with Kaempeferol reduced the oxidative stress of both siCTR and of siATP2C1-treated keratinocytes.
However, the extent of oxidative-stress in siATP2C1 still remained higher than siCTR cells, indicating
that the causative factors and underlying mechanism of oxidative stress still remain active (Figure 7F).
NRF2 directly affects the homeostasis of ROS by regulating the expression of several antioxidant
genes, Therefore, we analyzed the expression of NRF2-target genes in siATP2C1 and si-CTR-interfered
primary keratinocytes after Kaempferol treatment. In ATP2C1 defective cells we observed the loss
of NRF2 protein expression; however, only two down-regulated genes (NQO1 and GST-M1) were
similarly altered by siIRNA-ATP2C1 treatment (Figure 5). Kaempferol treatment partially suppressed
oxidative stress in ATP2C1-defective cells and this was paralleled by increased levels of NRF2 and
NQOI/GST-M1 expression. Our data indicate that Kaempferol treatment rescues the impaired NRF2
expression of ATP2C1 defective cells and, in turn, NQOT/GST-M1 expression (Figure 8).

47



It J. Mol. Sci. 2018, 19, 1814

®mo o ssmra
v S—
UN Kis  UN Ko 10uM UN k3o UN 20 10uM
N - t:2
TR =
ATPIC] -

TUE

c WOTR wATFC)

UR Kpe  UN Kew 1uM

NIVN ———

ATPZCL .

TUD s —

\Q e Un ll- TouW uN

LT
-
)
f
§ e

3|
il:
£

m amu

Figure 7. Cell extracts were prepared from both NHKCs (A,B) and HaCaT cells (C,D) transfected
with either control (SIRNA-CTR) or ATP2C I-specific siRNA oligonucleotides; 24 h later, cells were
treated with Kaempferol (10 pM) for 24 h and the cell extracts analyzed by western blot; (E) Cells were
treated as in €, and expression of NRF2 was determined by RT-PCR; (F) Keratinocytes-derived cell line,
HaCaT, was transfected with either sSiRNA-CTR or siRNA-ATP2C1 and cells were analyzed by flow
cytometry. The percentage of ROS-pasitive cells is also shown. The absolute value of ROS of both from
siIRNA-CTR and siRNA-ATP2C1 Kaempferol-untreated cells was arbitrary indicated as 1007%,
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Figure 8. (A-C) NHKC cells were transfected with control (sSiRNA-CTR) or ATP2C]-specific siRNA

oligonucleotides; 24 h later, cells were treated with Kaempferol (10 uM) for 24 b, the total RNA extracted,

and the expression of the indicated targets analyzed by RT-PCR; (D) ATP production in both yeast (left)
and primary human keratinocytes (right). ATP levels were analyzed in Klpmnrl A and WT cells, and AT
production was assessed in primary human keratinocytes transfected with control {siRNA-CTR) or
ATP2C1-specific siRNA oligonucleotides.
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2.7. Increased Mitochondrial Activity as a Source of Oxidative Stress in ATP2C1-Defective Keratinocyles

Reactive oxygen species (ROS) are generated as a by-product of mitochondrial oxidative
phosphorylation. However, inhibition of the mitochondrial electron transport induces generation of
ROS that results in mitochondrial dysfunction [33]. NQO1 influences several aspects of mitochondrial
function including: elevation of mitochondrial complex I activity; increased ATP production;
maintenance of an elevated NAD/NADH ratio; and decreased ROS production ([33] and references
therein), ATP2C1 defective keratinocytes are characterized by reduced NQO1 expression (Figure 5).
Thus, we tested the ATP production in both ATP2CI-defective keratinocytes and KipmrIA cells as a
sign of mitochondrial function; we found that ATP production was decreased in Kipmr 1A cells in line
with the observed altered mitochondrial shape, indicating that mitochondrial dysfunction results ina
cascade of events that include reduced ATP production (Figure 8D). Unexpectedly, we found that ATP
production was increased in keratinocytes depleted of ATP2C1 function (Figure SD). This observation
indicates that in ATP2C1-defective mammals, cells with increased oxidative stress may be determined,
at least in part, by increased mitochondrial activity, rather than by its dysfunction.

3. Discussion

Calcium [Ca?*] serves as an ubiquitous second messenger in all eukaryotes [31]. There are several
biological processes regulated by temporally and spatially defined changes of Ca®* concentration in
the cytoplasm or in defined organelles [34]. ATPase pumps modulate global cytosolic calcium levels
and/or may control only the calcium levels, in particular intracellular calcium stores, e.g., endoplasmic
reticulum, Golgi. In this context, one regulator of Golgi luminal calcium levels is the secretory pathway
calcium ATPase I (SPCAL), an active transporter of calcium into the secretory pathway [4,35-38].
Mutations in ATP2CI (SPCA1) manifest as Hailey-Hailey disease, an autosomal dominant skin
disorder [3]. Hailey-Hailey disease is characterized mainly by skin-specific phenotype symptoms
characterized by the loss of cell-cell adhesion (acantholysis) [3]. Mutations in ATP2CI result in the
decrease of ATP2C1 protein expression. There have been very few studies addressing the consequences
of ATP2C1 inhibition in mammalian cells. In this context, yeast systems have become an attractive
choice for the study of functionally conserved ATP2C1 function. We have developed a model yeast
system to study the poorly defined genetic functions of the ATP2CI gene in Hailey-Hailey disease
development. Cellular phenotypes associated with ATP2CI/PMRI loss of function in yeast can be
investigated to clarify the cellular and molecular functions of ATP2C1 in keratinocytes. In line with
the notion that Ca®* signal regulates a multitude of downstream responses, we show here that the
strain bearing the KIPMR1 gene disruption exhibited a pleiotropic phenotype. The pleiotropy of the
mutant suggests that Pmr1 steers different calcium-dependent signal pathways to control distinct
physiological processes. Here, we carried out a phenotypic screening to identify compounds able to
revert either single or multiple phenotypes of KipmrlA strain. Thus, understanding the mechanism of
selective rescue by these compounds would shed light on the relevant molecular mechanisms to target
for therapy. In this frame, we performed a pharmacological screening using a library of 131 natural
molecules to analyze their ability to suppress the KipmrlA phenotypes. Since the lack of the Golgi
Ca™-ATPase in yeast, as well as in human HHD keratinocytes, induced a prominent increase of ROS
production [20,23], we analyzed first the capability of the library to ameliorate the growth properties of
the KlpmrIA strain under oxidative stress conditions. ROS conditions were achieved either exogenously
by HyO; administration or endogenously by menadione treatment. Six compounds, Indirubin (52386},
Cyclocytidine (51973), Lappaconite Hydrobromide (52387), Kaempferol (52314), Nalidixic acid (52328)
and Azomycin (52267) were able to reduce the sensitivity of KipmrIA mutant to menadione and /or
H;0;. The molecules 52328, 52386, 52314 and, more effectively, 52387 and 52267 decreased the growth
defects of mutant cells in the presence of menadione. Meanwhile, S1973 and 52314 were more effective
against HyO,. This indicates that the action of the different compounds depends on the localization of
the ROS source. Then, we addressed if the six compounds selected in our screening were also able to
rescue the multiple phenotypes associated with the deletion of the PMR1 gene. Our findings indicated
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that selected drugs were able to target the phenotypic traits of KipmrIA mutant in both a multiple and
phenotype-specific manner. Indeed, we found that Indirubin and Cyclocytidine, but not the other
selected compounds, were able to revert the defect of KlpmirIA in regulation of intracellular calcium
homeostasis as displayed by alterations in the sensitivity to Ca* chelator EGTA. Conversely, all six
molecules were able to recover the defective wall structure of the mutant. However, we found that
different molecules exhibited different strengths of suppression, with Nalidixic acid recovering cell
wall morphology in 80% of kipmr1A cells. Similarly, we found that of the six selected compounds,
three drugs (52386, 52314 and 52387) restored the wild type-like tubular network of mitochondria.
Among these compounds, only 52314 fully rescued the mitochondrial defects. The observation that
compounds suppress different sets of phenotypes and at different strengths may suggest that Pmr1 loss
of function elicits distinct and separable downstream responses. We have proven that yeast represents
a useful model organism for investigating molecular and cellular aspects of Hailey-Hailey diseases,
which may help to develop precise therapies for this disorder. Here we found six compounds able to
ameliorate the multiple phenotypes of KpmrlA cells, summarized in the Supplementary Table S2.

Among the selected molecules, we found that Kaempferol was particularly effective for reverting
the oxidative alterations of mutant cells, alleviating the sensitivity to ROS-generating compounds
(H;0; and menadione), decreasing the ROS cellular content, and restoring the mitochondrial function.
Interestingly, we observed that Kaempferol treatment rescued the aberrant cell morphology and cell
growth ability of si ATP2C1-treated keratinocyte cells (Figures 5 and 6). Moreover, NRF2 expression
was increased by Kaempferol treatment, further supporting our observation that loss of NRF2
activity in defective ATP2C] cells may have a direct effect on increased oxidative stress. Interestingly,
treatment with Kaempferol reduced the oxidative stress of siATP2C]-treated keratinocytes. Moreover,
Kaempferol treatment induced an increase of NRF2 expression, as well as a reduction of oxidative
stress, in si-ATP2C1-treated keratinocytes, These data further support our observation that loss of
NRF2 activity in defective ATP2CT cells may have a direct effect on increased oxidative stress, ROS
are generated as a by-product of mitochondrial oxidative phosphorylation. Here we found that
mitochondrial integrity is altered by inactivation of the K. lactis PMR1 gene, and Kaempferol treatment
led to the rescue of mitochondrial phenotype together with decreased sensitivity to ROS sources,
Thus, we tested the mitochondrial functionality of both Mpmr1A cells and siATP2CH-interfered human
keratinocytes by analyzing ATP production. In line with the altered mitochondrial morphology, ATP
production was decreased in KipmrIA cells (Figure 8D). Unexpectedly, we found that ATP production
was increased in keratinocytes depleted of ATP2C1. Stimulation of mitochondrial oxidative metabolism
by Ca®* is now generally recognized as an important mechanism for the control of cellular ATP
homeostasis. Increases in cytosolic calcium results in an increased mitochondrial Ca** uptake and ATP
synthesis [33]. Thus, it may be possible that in ATP2C1-defective mammals, the increased oxidative
stress of cells is determined by increased mitochondnial activity, rather than by its dysfunction,

4. Materials and Methods

4.1. Yeast Strains, Growth Conditions

The strains used in this study were MW278-20C (MAT a, ade2, leu2, uraA) and CPK1 (MAT a,
ade2, leu2, uraA, PMR1:KanR). The yeast growth media used for all the experiments was YPD medium
(1% yeast extract, 1% peptone, 2% glucose, DIFCO (Difco, Becton Dickinson, Sparks, MD, USA)).

4.2, Library Screen

For the screening, a library of 131 natural products was purchased from Selleck Chemicals
{Houston, TX, USA). The complete list of chemicals screened is provided in Supplementary Table S1.
Compounds were stored as 10 mM stock solutions in dimethyl sulfoxide (DMSO) at —20 “C until
use. Compound stocks were diluted in a volume of 1 mL of YPD to the indicated concentrations.
After 24 h of growth at 28 °C, five-fold serial dilution of cultures were spotted onto YPD agar plates
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supplemented or not with 60 pM menadione or 4 M H>O3 or 20 mM EGTA, as indicated. The plates
were incubated at 30 “C for 3 days. To determine a dose-response curve, mutant cells were treated at
30 “C for 24 h with increasing concentrations of each chemical diluted in 1 mL of YPD at the indicated
concentrations. After that, cells were diluted to 0.07 ODgy in 2 mL of YPD containing 3 mM H,Os or
20 uM menadione. After 24 h of growth at 30 °C the optical density (OD) was measured. The EC50
of the compounds was obtained from the dose-response curves using GraphPad Prism (GraphPad
Software, La Jolla, CA, USA).

4.3. Fluorescence Microscopy

After 24 h of treatment with the molecules, the yeast cells grown in YPD
medium were harvested, washed with water and then mixed 1:1 with the vital dye
2-(4-dimethylaminostyryl)-N-methylpyridinium iodide (DASPMI) as described in [39]. The chitin
staining was performed using the probe Calcofluor White (CFW) by the method of [17]. Epifluorescence
microscopy was carried out with a Zeiss AxioVert 25 microscope fitted with a x 100 immersion
objective and a standard filter set.

4.4, Primary Human Keratinocytes

Primary human keratinocytes were purchased from (Thermo Fisher Scientific, Waltham, MA,
USA). Cells were maintained in modified low calcium medium (EpiLife, Thermo Fisher, Waltham, MA,
USA). Cells at passages 1 and 2 were used for study purposes.

4.5. Cell Culture and Transfection

Primary human keratinocytes and HaCaT cells (70-80% confluent) were maintained in
modified low-calcium medium and transfected using the Lipofectamine -RNAIMAX transfection
Reagent according to manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA, USA).
Primary keratinocytes were transfected with 100 nmol-L~! small interfering RNAs (siRNAs) for
validated human ATP2C1 (L-006119-00; Thermo Scientific/ Dharmacon, Lafayette, CO, USA) and the
corresponding control scrambled siRNAs cells were analyzed at the indicated times after transfection
by either CMH2DCFDA analysis for ROS detection or Western blot as indicated [23].

4.6. Reagents and Immunoblotting

ATP2C1 antibodies were purchased from Abcam (Cambridge, MA, USA) and NOTCHI1 (N1Val)
and NRF2 were purchased from Cell Signaling Technology (Beverly, MA, USA). All cell extracts were
prepared according to the manufacturer’s instructions for detection of phosphor-ERK (Cell Signaling
Technology, Beverly, MA, USA) as previously described [10]. Adenosine triphosphate (ATP) content
of keratinocytes was determined using the luciferin reaction, ATP Determination Kit (Thermo Fisher
Scientific, Waltham, MA, USA). A standard curve was made by using solutions containing increasing
concentrations of ATT.

4.7. RNA Analysis and Reverse Transcriptase-Polymerase Chain Reaction

Total RNA was 1solated from cells in guanidine isothiocyanate (Trizol reagent, Thermo Fisher
Scientific, Waltham, MA, USA) and further processed by reverse transcriptase polymerase chain
reaction (RT-PCR} as described in [40]. Each sample was analyzed in triplicate by qRT-PCR and in at
least three independent experiments. qRT-PCR was performed at the opportune annealing temperature
with the primers indicated in Table 2 with SensiFAST SyBr Hi-ROX kit (Bioline, London, UK) or with
specific TagMan MGB primers/ probe using Tagman gene expression assay (Thermo Fisher Scientific,
Waltham, MA, USA)
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Table 2. qRT-PCR primers.
SyBr Green Assays Sequence 53’
GST-M1 Fw AGACCAGAACATTCGTCTGG
GST-M1 Rev TGTTTCCTGCAAACCATCGGC
GAPDH Fw TCCACCACCAACTGCTTAG
GAPDH Rev GAGGCAGGGATGATGTTC
Tagman Gene Expression Assays Assay Reference Number
NFE2L2 (NRF2) Hs0975961_g1
GAPDH Hs99999905_m1
NQO1 H«02512143_s1
SODI Hs005334%0)_ml1

5. Conclusions

In this work we have explored the use of the yeast K. lactis as a tool to identify specific compounds
that target specific cellular phenotypes and obtain more insight into mechanisms of disease pathology
by probing the mechanisms involved in their action. Oxidative stress represents a hallmark of both
Kluyveromyces lactis lacking PMRT and keratinocytes derived from the lesional areas of HHD patients
and it could be associated with the decreased action of the transcription factor NRF2, involved in
the regulation of several detoxifying factors. Our results indicated that molecules able to promote
activation of this pathway might provide protection to the HHD-skin cells.

Supplementary Materials: The following are available online at hitp./ Swwwomd prcom / TE22-0067 /19/6/ 1814/
si.
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Abstract: Hailey-Hailey disease (HHD) is a rare, chronic and recurrent blistering disorder,
characterized by erosions occurring primarily in intertriginous regions and histologically by suprabasal
acantholysis. Mutation of the Golgi Ca®*-ATPase ATP2CI has been identified as having a causative
role in Hailey-Hailey disease. HHD-derived keratinocytes have increased oxidative-stress that is
associated with impaired proliferation and differentiation. Additionally, HHD is characterized by
skin lesions that do not heal and by recurrent skin infections, indicating that HHD keratinocytes
might not respond well to challenges such as wounding or infection. Hypochlorous acid has been
demonstrated in vitro and in vivo to possess properties that rescue both oxidative stress and altered
wound repair process. Thus, we investigated the potential effects of a stabilized form of hypochlorous
acid (APR-TD012) in an in vitro model of HHD. We found that treatment of ATP2C1-defective
keratinocytes with APR-TD012 contributed to upregulation of Nrf2 (nuclear factor (erythroid-derived
2)-like 2). Additionally, APR TDO012-treatment restored the defective proliferative capability of
siATP2C1-treated keratinocytes. We also found that the APR-TD012 treatment might support
wound healing process, due to its ability to modulate the expression of wound healing associated
cytokines. These observations suggested that the APR-TD012 might be a potential therapeutic agent
for HHD-lesions.

Keywords: Hailey-Hailey disease; oxidative-stress; keratinocytes

1. Introduction

Hailey-Hailey disease (HHD, OMIM 16960), also indicated as benign familial pemphigus, is an
autosomal dominantly inherited dermatosis manifesting in the 3rd to 4th decades of life [1]. The overall
incidence and prevalence of HHD is unknown although some authors have reported an incidence
between 1:40,000 and 1:50,000 [2,3]. HHD is a characterized by red scaly areas that can be painful
and itchy and can lead to superficial blisters and eroded areas of the skin. This disease often has
a remission and recurrence pattern, which may be constant in some patients, HHD is associated
with the loss of a single copy of ATP2C1, a gene that is likely essential in humans, as more severe
phenotypes are found in patients who suffer clonal loss of both copies of the gene. Consistently,
mice embryos homozygous for null mutations in ATP2C1 die with defects in neural tube closure,
while heterozygotes show susceptibility to squamous cell tumors, a phenotype observed rarely in
humans with Hailey-Hailey [4,5]. The gene, located on the long arm of chromosome 3, 3q21-q24
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region, encodes the human secretory pathway Ca®*/Mn** ATPase, hSPCAL1 [6]. Although ATP2C1
is mostly localized to the Golgi apparatus, it regulates also endoplasmic reticulum (ER) Ca®* stores
with effects on both Golgi and ER functions. In keratinocytes the lack of ATP2C1 leads to the loss of
cell-to-cell adhesion (acantholysis) among the cells of the suprabasal layer of epidermis probably due
to a retraction of keratin intermediate filaments from the desmosomal plaques [1]. Although ATP2C1
mutations are 100% penetrant, currently there is no treatment known to be effective in reducing the
cutaneous manifestations of HHD. The standard of care (SOC) treatment consists in either topical or
oral administration of corticosteroids often used in combination with topical/systemic antimicrobial
agents. External factors, such as sweating, UV exposure, friction and superinfection with bacteria,
fungi and viruses play an important role in exacerbations and persistence of lesions [2,7,8]. Calcium
regulates the proliferation and differentiation of keratinocytes both in vivo and in vitro, thus it is not
surprising that ATP2C1 mutations affect the skin. However, it is unclear how ATP2CI loss selectively
affects keratinocyte homeostasis. Oxidative stress represents a hallmark of the keratinocytes derived
from the lesions of HHD patients and it could be associated to the decreased action of some detoxifying
systems [9-13]. Particularly, in the lesional-derived keratinocytes of HHD patients, the expression of
detoxifying genes is down-regulated [%-13]. As oxidative stress is thought to play a pivotal role in
promoting the skin lesions of Hailey-Hailey, counteracting oxidative-stress could be a viable therapeutic
approach for HHD. HHD lesional-derived keratinocytes in addition to being characterized by increased
oxidative stress also show decreased expression levels of both NOTCH1 and NRF2 [9-13]. However,
in vitro, the inhibition of ATP2C1 expression in HaCaT cells resulted in increased levels of activated
NOTCH]1 and decreased expression of NRF2, indicating that NOTCH1 downregulation in HHD-lesions
could represent a secondary event that might be required at a later stage of the lesion development [10)].
Both NOTCH1 and NRF2 factors are important determinant of skin homeostasis; NOTCH signaling
is an essential regulator of keratinocyte growth and differentiation and NRF2 activation regulates
antioxidant genes transcription directly. Skin lesions that do not heal and by recurrent skin infections
are main pathological feature of HHD keratinocytes, indicating that they may be not able to counteract
insults such as wounding or infection. After injury an increase of local cytokine production from
keratinocytes occurs [14-16]. In skin wounds in order to regulate the re-epithelization process, crucial
cytokines as interleukin (IL)}-6 and transforming growth factor (TGF)-beta, are produced locally [17-23].
It has been shown that HHD lesion-derived keratinocytes were defective in wound-induced cytokine
production [10]. Therefore, these data indicate that keratinocytes derived from the HHD lesions are
defective in managing both oxidative-stress response and wound signal that ultimately could contribute
to the poor healing of HHD lesions. NRF2 is widely regarded to be an oxidative stress-activated
transcription factor and its essential role is to keep a physiological redox homeostasis. Transient and
moderate oxidative stress may up-regulate genes involved in antioxidant and cytoprotective pathways
through the activation of the transcription factor Nrf2 [24]. Hypochlorous acid (HCIO) in addition to a
strong antimicrobial activity is an oxidant generated in the pathogenesis of many disorders [25,26].
After exposure of cells to HCIO, NRF2-mediated antioxidant response is activated and resulted in
increased protein levels of NRF2, as well as in an increase in the expression of its target genes [25-27].
In addition HCIO has both pro-inflammatory and anti-inflammatory properties [25-27]. APR TD012 is
a water-based solution obtained by an electrolysis process {Tehclo Technology). This method allows us
to obtain the active compound HCIO deliverable in a hypotonic, acidic (pH: 2.5-3.0) and oxidizing
{Oxidation Reduction Potential: 1000-1300 mV) solution. Due to the great relevance of both oxidative
stress and altered pattern of cytokines expression in HHD-derived keratinocytes, we evaluated if
the APR TDO12 treatment was able to recover the oxidative-stress as well as the altered pattern of
cytokine expression of ATP2C1-defective keratinocytes. With this aim, we analyzed the response of
ATP2C1-defective keratinocytes to the addition of this hypotonic acidic oxidizing solution containing
HCIO. We investigated the effect of APR TDO12 treatment on proliferation rate, NRF2 expression,
antioxidative-stress activity and cytokines expression of ATP2C1-defective keratinocytes. We found
that APR TD012 solution was able to restore NRF2 defective expression, differentially affected the
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expression of TGFbetal and TGFbeta2 and had a favorable effect on ATP2C1-defective keratinocyte
proliferation and on in vitro wound assay. These features, together with the well-known antimicrobial
activity of HCIO, identify APR TD012 as a potential agent in the treatment of HHD-lesions.

2. Results

2.1, Levels of Oxidative Stress in ATP2C1 Defective Keratinocytes Treated with APR TD(012

To test the effect of hypotonic acidic oxidizing solution containing HCIO (APR TD012) we used
small interfering RNA (siRNA)-ATP2C]-treated keratinocytes as an in vitro model of Hailey-Hailey
disease. Towards this aim, HaCaT cells were transfected with siCTR and siATP2C1 and then
treated with APR TDO12. As previously observed, we found that ATP2C1 loss increased oxidative
stress (Figure 1A,B). After 24 h of transfection, the percentage of 2', 7'-dichlorofluorescin diacetate
(DFCA)-positive cells in siATP2C1 cells reached = 38%, whereas only = 15% of the siRNA-CTR control
cells were DFCA-positive. In this model analysis of Reactive Oxygen Species (ROS) levels, APR TDO012
treatment brought an increased oxidative-siress in both siCTR (228%) and siATP2C1 (252%) treated
HaCaT cells (Figure 1B). At the 48 h time point of transfection, the percentage of DFCA-positive cells
in both siCTR and siATP2C1 cells were similar to ROS levels observed at 24 h (Figure 1B), whereas
the levels declined in both siCTR and siATP2C1 cells when APR TD012 was present in the medium
(Figure 1B). Interestingly, we reported that HHD lesion-denved keratinocytes were hypo-proliferative
compared to the non-lesion-derived keratinocytes [10]. HCIO and hypotonic stress has been shown
to have a positive effect on keratinocyte migration and proliferation [25], and both these events are
defective in Hailey-Hailey disease [10]. Therefore, we tested whether APR TDO12 treatment could
influence ATP2C1-defective keratinocytes proliferation. We confirmed that siATP2C1 cells had reduced
proliferation compared to siCTR treated cells (Figure 1C). Interestingly the treatment of siATP2C1 cells
with APR TDX)2 rescued the defective proliferation of siATP2C1-treated HaCaT cells (Figure 1C).
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Figure 1. ROS and proliferative rate after APR TDO12 treatment. (A) Immunoblot analysis of ATP2CI,
in siCTR and siATP2C]1 HaCaT cells. Tubulin expression was used as control for equal loading. (B) Cells
were analyzed by Fluorescence Activated cell sorting (FACS) and % of ROS levels is shown. (C) Cell
number of siCTR and siATP2CT keratinocytes was analyzed by Trypan-blue assay, The averages +
standard error of two independent experiments in triplicate are shown.

2.2, Effects of APR TDUO12 on the NRF2/Antioxidant Defense Pathway

Previously we have observed that NOTCH1 expression levels were increased in siATP2C1
cells [10]. Additionally, the expression of NRF2 was decreased in siATP2C1 treated keratinocytes [10].
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These events could play an important role in HHD development since ATP2C1 loss would trigger
amechanism that results in NOTCH1 activation and DNA damage response inhibition. As a result
of NFR2 down-modulation increased ROS levels produced DNA damage up to a threshold that
keratinocytes could not repair, which would then promote lesion manifestation. Thus, we investigated
how a treatment with hypotonic acidic oxidizing solution containing HCIO might affect both NOTCH1
and NRF2 expression. We found that siATP2C1 treatment of HaCaT keratinocytes showed an increased
expression of active NOTCH1 when compared to control cells (Figure 2A). However, there were
no significant differences between vehicle and APR TD012 treated siATP2CI-cells. Conversely, the

NRF2 protein expression levels were significantly higher after treatment with APR TDO012 (Figure 2B).

In conjunction with NRF2 increased expression, we observed that APR TD012 treatment induced the

expression of NRF2 target gene NQO1 in both HaCaT and primary human keratinocytes (Figure 2C,D).

These data suggest that APR TD(012 promoted an antioxidant defense response by activating the
NRF2 pathway although this protective circuitry failed to counteract the high ROS levels observed in
ATP2C1-defective keratinocytes.
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Figure 2. Effects of APR TDX12 on NRF2 and its target expressions. Immunoblot analysis of ATP2C1,
Notch1 Val1744 (A) and NRF2 (B) in siCTR and siATP2C1 HaCaT cells. Tubulin expression was used as
control for equal loading. gRT-PCR analysis of NQO1 mRNA expression levels in siCTR and siATP2C1
HaCaT (C) or NHEK (D) cells. The values are expressed as fold changes of siATP2C1 cells vs. the
siCTR. The averages + standard error of two independent experiments are shown,

2.3. Effects of APR TDU12 on the Expression of Keratinocyle-Derived Cytokines

The success of the wound healing process depends on growth factors, cytokines and chemokines.
HHD lesions are characterized by deregulated cytokine expression and decreased repair properties [10].

Thus, we investigated the influence of APR TD012 treatment on the pattern of deregulated cytokines on
ATP2C1-defective keratinocytes. We have shown an altered expression levels of the pro-inflammatory
cytokines IL-1, IL-6, IL-8, TGFp1 and TGFB2 in ATP2C1 defective keratinocytes [10]. However, no
significant differences in IL-1, IL-6 and IL-8 levels were observed between vehicle and APR TD012
treated siATP2C1-cells (Figure 3A-C); Conversely, in the siATP2C1 cells the mRNA levels of TGF1
and TGFP2 were significantly higher than those of the control siCTR-control cells (Figure 3D,E).
Interestingly, a significant difference in TGFB1 and TGFf32 levels were observed between the vehicle
and APR TDD12 treated cells, In particular, the upregulation of TGFB1 expression was observed in the
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sIATP2C1 cells compared to the siCTR cells and, interestingly, even more after APR TD(012 treatment
(Figure 3D).

A B Cc
- ] L6 T ———"
wATPICH ' e O =
2 " l ! T } _— F
i " i . wTH " i ”
i i e l L
APATOONE ., “ s aRTONZ |, . APRTONZ . o . %
100 oM 100 .0 100 oM
D E
TGFB2
LI , sATPICYT
; Mo 2 0.
2300 e
! ) * —m
' M0 14
Wy 1
e
AP TDR12
o - .

Figure 3, Effects of APRTDO12 solution on proinflammatory cytokine in ATP2C1 defective keratinocytes.
(A) IL-8, (B) IL-6, (C) 1L-1 (D) TGF$-1 and (E) TGFA2 were quantified by g-RT-PCR assay. The values
are expressed as fold changes of siATP2C1 cells vs, the siCTR. Data are expressed as mean = SD of two
independent experiments performed in triplicate.

Likewise, the levels of the TGF[32 cytokine were significantly higher in the siATP2C1 treated cells
than those of the control cells (Figure 3E). On the contrary, while the TGF(2 expression remained
unaffected in siCTR cells, a decreased expression levels were observed between the vehicle treated and
APR TDO12 treated siATP2Cl-cells (Figure 3E). These data suggest that APR TDO12 might influence
the pattern of proinflammatory cytokines expression in HHD-keratinocytes.

2.4, In Vitro Wound Healing Potential of APR TDO12 on ATP2C1-Defective Keratinocyles

HHD keratinocytes are characterized by impaired healing repair [10] and migration of cells is
critically involved in wound repair; thus we conducted a scratch assay to analyze the healing process
of siATP2C1-treated keratinocytes in the presence of APR TD012, After 24 h exposure to the APR
TDO12 solution, we observed that in the control siCTR-treated cells, the rate of migration was not
influenced by the treatment (Figure 4). The values given were calculated based on the scratch coverage
after 24 h, The migration analysis showed that for the siATP2CI cells the vehicle-treated cells showed

a significant decrease in migration with the value of 50%, when compared with the siCTR-treated cells.

When the APR TD1012 treated cells were compared, they showed a significant increase in migration
with the migration rate of 34% when compared to siATP2C1 vehicle-treated cells, also if there was still
difference when compared with siCTR-control cells,
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Figure 4. In vitro scratch assay (x40 magnification). (A) Representative images of siCTR and siATP2C1
cell migration into the scratched area after treatment with vehicle or APR TDO12. (B) Quantitative
analysis of the migration rate was analyzed with the use of Image) software. Data are expressed as
mean # standard deviation from three individual experiments.

The results showed that the proliferation and migration of siATP2C1 treated keratinocytes were
significantly higher in APRTDO12 cells than the control group. These data suggested that APR TDO012
enhanced ATP2C1 defective keratinocyte proliferation and migration.

3. Discussion

HCIO is thought to promote wound-healing process and to both promote oxidative-stress and
consequently the activation of the NRF2/antioxidant pathway [15,25-27]. We have found that both these
events are defective in Hailey-Hailey disease [10]. Our previously published results had implicated
oxidative stress and the response to it as contributing factors to the presentation of HHD. It is known
that transient and moderate oxidative stress may up-regulate genes involved in antioxidant and
cytoprotective pathway through the activation of the transcription factor Nrf2 [24]. We hypothesized
that APR TDO12, a hypotonic acidic oxidizing solution containing HCIO might be an effective treatment
for HHD by restoring the activation of the NRF2 pathway. Additionally, previous observations
suggested that HCIO improves wound healing process since is highly active against bacterial, viral
and fungal human pathogens [15,25-27]. HHD is characterized by skin lesions that do not heal and
by recurrent skin infections, indicating that HHD keratinocytes might not respond well to challenges
such as wounding or infection. Thus in this study, we aimed to assess the potential use of APR
TDO12 in patients with HHD. To test this hypothesis, we first analyzed whether there was evidence
of an effect of hypotonic acidic oxidizing solution containing HCIO treatment in an in vitro model
of HHD. We first investigated the effects of APR TD012 treatment on the oxidative-stress levels of
ATP2C1 defective-keratinocytes. We found that oxidative-stress increased in APR TDO12 treated
keratinocytes with both functional and defective ATP2C1. It has been reported that the oxidative
action of HCIO induces the activation of the NRF2/antioxidant defense pathway thereby, paradoxically,
reducing oxidative-stress [15,25-27]. Thus, to determine a possible functional link between APR TD012
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and NRF2 and the presence of oxidative stress in HHD, we performed a series of experiments in
HaCaT keratinocytes transfected with either siCTR or siATP2C1 and then treated with either vehicle or
APR TDO12. As previously shown, we found that NRF2 was downregulated in keratinocytes with
interfered ATP2C1 gene. Interestingly, when siATP2C1 transfected keratinocytes were treated with
APR TD012, NRF2 expression was restored. We found that after treatment, the proliferation of ATP2C1
defective keratinocytes resembled that of control keratinocytes. Together, these results indicate that
APR TD012 solution can act directly on keratinocytes to protect them from HHD defects, consistent
with previous observation suggesting that increased NRF2-pathway increases the defense mechanism
of HHD-keratinocytes [9,10].

An important finding of our study was the observation that APR TD012 influenced the expression
of both TGF-§ isoforms 31 and 32. Although TGF-f isoforms signal through the same cell surface
receptors, they display distinct functions during wound healing in vivo through mechanisms that have
not been fully elucidated [25,29]. Numerous studies have highlighted the role of TGF-beta signal in
cutaneous wound healing [28,29]. The well-characterized role of TGF-$1 and -B2 on promoting wound
healing has provided the basis for the use of TGF-p1 or-p2 as potential therapeutic [28,29]. Interestingly,
we found that in ATP2C1 defective cells, APR TD012 treatment decreased TGF-32 expression while
increased TGF-f1 expression. Although it is likely more complex than this, since TGF- isoforms
display distinct functions during wound healing, it is thought that the ratio of TGF-§ isoforms will
differently influence the wound healing process [30]. Thus, also if we did not address this aspect our
results indicate that APR TDO12 treatment altering the ratio of TGF-f isoforms could positively affect
the resolution of HHD lesions. It has been found that loss of TGFp-2 signaling in keratinocytes led to
an accelerated re-epithelialization of full thickness excisional wounds accompanied by an increased
proliferation in keratinocytes at the wound edge [31]. Furthermore, impaired TGFp signaling in
keratinocytes reduces apoptosis in reepithelialized wounds of transgenic animals [31]. A speculative
prospective is represented by the possibility that the ability of APR TDO012 to decrease TGF-B2 while
increasing TGF-p1 expression could be a means to restore the proliferative potential of ATP2C1
defective keratinocytes improving the wound process. To support this hypothesis, we performed a
scratch wound healing assay after APR TDO12 treatment, The results showed a reduction of width
of wound in siATP2C1 cells demonstrating an improved proliferation through this pharmacological
approach. The wound healing requires elimination of micronganisms, removing damaged cells and
tissue and restoring the skin barrier, three needed steps to restore tissue integrity and APR TD012
might help to carry out these complex of processes.

Together, these results provided a rationale to test the use of APR-TD012 solution for the treatment
of HHD lesions.

4. Materials and Methods

4.1, Cell Culture

HaCaT keratinocyte-derived cell line were cultured in DMEM medium supplemented with 10%
fetal bovine serum (FBS), 5% L-Glutamine, 2% penicillin and streptomycin, at 37 °C with 5% CO?,

4.2, Cell Culture and Transfection

HaCaT cells (70-80"% confluent) were transfected using the Lipofectamine RNAIMAX transfection
Reagent according to the manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA, USA)
using 100 nmol L™ small interfering RN As (siRNAs) for validated human ATP2C1 (L-006119-00;
Thermo Scientific/Dharmacon, Lafayette, CO, USA) and corresponding control scrambled siRNAs.
Cells were analyzed after 48 h of transfection for ROS detection or Western blot as indicated. In the
time 24 and 48 h point experiment HaCaT cells (20-30% confluent) were incubated 6 h with the
Lipofectamine RNAiMAX transfection reagent according to manufacturer’s instructions (Thermo
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Fisher Scientific, MA USA). Then cells were untreated or treated with APR TD012 solution for either 24
or 48 h and analyzed for ROS detection or Western blot as indicated.

4.3, Cell Treatment with APR TD012

APR TDO012 (batch 2147) was diluted 1:10 in order to reach the concentration of 100 pM in
the assays.

4.4, Cell Viability Assay

HaCaT cells (siCTR and siATP2C1) were grown and used for cell viabilities assay at the second
passage by using Trypan-blue based assay. After 24 h of transfection with siATP2C1 or siCIR, cells
were treated 24 h with 100 pM APR TD012. As control samples, cells were treated with equal volumes
of the vehicle (H20). Trypan-blue assays were performed in technical triplicates and figures show the
averages + SEM of at least two biological replicates.

4.5, Measurement of ROS Accunmdation

Intracellular production of ROS was measured using cell-permeable fluorescent dyes,
5-{and-6)-chloromethyl-2’, 7'dichlorodihydrofluorescein diacetate, acetyl ester (CMH2DCFDA
Molecular Probes). When this dye is oxidized by ROS in cells, their fluorescent signals increase. For the
assay, after transfection and addiction of APR TD012, HaCaT cells were treated with CMH2DCFDA
for 30 min, in the dark at 37 °C. Next, cells were washed twice with PBS, trypsinized and fluorescence
was measured using flow cytometry (excitation at 488 nm, emission at 515-545 nm). Data analysis
was performed with CellQuestPro software (BD Biosciences, Milan, Italy), and the mean fluorescence
intensity was used to quantify the responses. A minimum of 10,000 cells were acquired for each sample,
excluding the dead population.

4.6, Western Blot Assay

Cells were lysed in Tris HCI 20 mM pH 7.5, NaCl 150 mM, EDTA 1 mM pH 8, Triton 1%, NaF 30
mM, Na3VO4 1 mM, PMFS 1mM and protease inhibitors (Merck life Science, Milan [taly); samples were
centrifuged at 13,000 rpm for 15 min and supernatant was collected. Quantification was performed
with Bradford assay (Bio-Rad). Lysates were denatured at 95 “C and separated through SDS-PAGE on
8% acrylamide gel. After transfer to a polyvinylidene difluoride (PVDF) membrane, proteins were
immunoblotted using standard procedures. The primary antibodies for ATP2C1 and NRF2 were
purchased from [10] Abcam, Cambridge, UK; Notch1Vali744and Tubulin were purchased from Cell
Signaling Technology, Beverly, MA, USA and Sigma Aldrich, Milan, Italy respectively.

4.7. RNA Analysis and Reverse Transcriptase-Polymerase Chain Reaction

Total RNA was isolated from cells, in guanidine isothiocyanate (Trizol reagent, Thermo Fisher
Scientific, MA USA) and further processed by reverse transcriptase polymerase chain reaction (RT-PCR)
as described [32]. Each sample was analyzed in triplicated by qRT-PCR and in at least two independent
experiments. gRT-PCR was performed at the opportune annealing temperature with the primers
indicated below, with SensiFAST SyBr Hi-ROX kit (Bioline, UK) or with specific TagMan MGB
primers/probe using Tagman gene expression assay (Thermo Fisher Scientific, MA USA). hIL-1 and
hIL-6 primers were previously described in [10].

4.8. Statistical Analysis

Each experiment was repeated at least two times independently. All results were expressed as
means SD, and p < 0.05 was used for significance. One-Way ANOVA analysis for independent samples
was used to determine statistical significance.
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4.9. Primers
hTGFB1 qPCR Fw: CAGCAAATACAGCAACAATTCC;
hTGFB1 qPCR Rev: CTCGAAGCAATAGTTGGTGTC;
hILS s QPCR Fw: AACCGAAAACTCCCGTGCAGAG;
hILS gPCR Rev: ATTCCATCTGCCAACCCTAC;
hGAPDH gPCR Fw: TGCACCACCAACTGCTTAG;
hGAPDH gPCR Rev: CAGCGCAGGCGATCATGTTC
TGFbeta2: Hs00234244_ml.

5. Conclusions

Hailey-Hailey disease (HHD) is a Rare disease and currently there is no treatment known to be
effective in reducing the cutaneous manifestations of the disease. We have gathered compelling evidence
indicating that oxidative-stress plays a pivotal role in promoting the skin lesions of Hailey-Hailey
disease. HHD-keratinocytes show decreased expression levels of NRF2 and NRF2-regulated antioxidant
enzymes leading to the accumulation of ROS. The standard of care (SOC) treatment consists in either
topical or oral administration of corticosteroids often used in combination with topical/systemic
antimicrobial agents, but without reversing the pathological process. In this line, the discovery of
new therapies aimed to target the pathogenic mechanism underlying the disease is undoubtedly
an important goal, in order to provide better and more efficient treatment conditions for HHD
patients. In this context, we investigated the potential effects of a stabilized form of hypochlorous acid
(APR-TD012} in an in vitro model of HHD. We found that treatment of ATP2C1-defective keratinocytes
with APR-TD012 contributed to up-regulation of Nrf2, Additionally, APR TD012-treatment restored
multiple defects observed in siATP2C1-treated keratinocytes. These observations suggested that the
APR-TDO12 might be a potential therapeutic agent for HHD-lesions.
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Notch signaling playsa complex role in carcinogenesis, and its
signaling pathway has both tumor suppressor and oncogenic
components. To identify regulators that might control this dual
activity of NOTCH]I, we screened a chemical library targeting
kinases and identified Polo-like kinase | (PLK1) as one of the
kinases involved in arsenite-induced NOTCHI1 down-modula-
tion. As PLK1 activity drives mitotic entry but also is inhibited
after DNA damage, we investigated the PLK1-NOTCHI1 inter-
play in the G, phase of the cell cycle and in response to DNA
damage. Here, we found that PLK1 regulates NOTCHI expres-
sion at G,/M transition. However, when cells in G, phase are
challenged with DNA damage, PLK1 is inhibited to prevent
entry into mitosis. Interestingly, we found that the interaction
between NOTCHI and PLKI is functionally important during
the DNA damage response, as we found that whereas PLK1
activity Is inhibited, NOTCHI1 expression is maintained during
DNA damage response. During genotoxic stress, cellular trans-
formation requires that promitotic activity must override DNA
damage checkpoint signaling to drive proliferation, Interest-
ingly, we found that arsenite-induced genotoxic stress causes
a PLKI-dependent signaling response that antagonizes the
involvement of NOTCH1 in the DNA damage checkpoint. Taken
together, our data provide evidence that Notch signaling is altered
but not abolished in SCC cells. Thus, it is also important to recog-
nize that Notch plasticity might be modulated and could represent
a key determinant to switch on/off either the oncogenic or tumor
suppressor function of Notch signaling in a single type of tumor.

NOTCH signaling is essential for development, and it Is a
type of cell-cell signaling that participates in a wide range of
biological processes from neurodegeneration to tumarigenesis
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{1, 2). The canonical NOTCH pathway is mediated by the reg-
ulated intramembrane proteolysis pathway, in which NOTCH
receptors undergo ligand-dependent sequential endoproteoly-
sis via different enzymes, including presenilin (PS)"/ y-secretase
{3). The NOTCH-1 intracellular domain (ICD), which is pro-
duced by PS/y-secretase~mediated cleavage at site 3 within the
transmembrane domain, translocates to the nucleus to activate
transcription of target genes (1, 2). Alteration of NOTCH sig-
naling has been described as a major player in several human
cancers (4). Furthermore, multiple lines of evidence indicate
that NOTCH signaling is not exclusively oncogenic but can act
as a tumor suppressor, In animal models, evidence for NOTCH
signaling in mediating each of these roles has been established.
Additionally, the NOTCH]1 tumor suppressor role is also under-
lined by the loss or Inactivating mutations of members of the
NOTCH signaling pathway in human cancers, particularly in head
and neck squamous cell caranoma (HNSCC), in which inactivat-
ing mutations of NOTCH1I were found in 10-15% of the tumors
{5-10). Interestingly, a subset of HNSCC tumors with the
NOTCH1 WT sequence exhibit a NOTCH pathway copy number
increase with activation of the downstream NOTCH targets,
HESI/HEY (5, 10). Additionally, inhibition of NOTCH1I or HEY ]
significantly decreased cell growth of primary tumor-derived cells,
indicating their potential involvement in HNSCC development (5,
10, 11). The molecular regulation of the dichotomous function of
NOTCH signaling remains poorly understood, For this reason, we
studied this dual activity of NOTCH]1 in arsenic-induced keratino-
cyte transformation, thus providing a model to investigate the
molecular aspects determining whether NOTCH signaling will be
either oncogenic or tumor-suppressive (12), We observed that
the mechanism is characterized by two phases, The first phase
involves the down-modulation of NOTCHI1 expression, and the
second phase involves the acquisition of resistance to arsenite-
induced down-regulation of NOTCH1 (12). We found that main-
tenance of NOTCH 1 expression supports metabolic activities to
enhance cytoprotection against oxidative stress that as a side effect
may sustain cell proliferation and keratinocyte transformation,
strengthening the hypothesis that tumor cell selection could favor

" The abbreviations used are: PS, presendlin; ICD, Intracellular domain; HNSCC,
head and neck squamous cell cardinoma; PLK1, Polo-like kinase 1; GSI,
y-secretase inhibitor; pH3, phosphorylated histone H3; mut, mutant; ERK,
extracellular signal-regulated kinase.
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partial rather than complete inactivation of this signaling pathway
(12). To identify regulators that may influence the dichotomous
NOTCHI function, we screened a chemical library targeting
human kinases and identified Polo-like kinase 1 (PLK1) as one of
the kinases involved in arsenite-induced down-modulation of
NOTCHI expression. The Polo-like kinase is an important regu-
lator of cell division responsible for a wide number of functions:
centrosome maturation, DNA replication, mitotic entry, and
adaptation to persistent DNA damage (13, 14). We identified
NOTCH]I as a novel direct target of PLK1 kinase activity, PLK!
inhibition reduced arsenite-induced NOTCHI down-modula-
tion. Arsenic is known to have genotoxic and mutagenic effects;
genotoxic stress causes proliferating cells to activate the DNA
damage checkpoint to assist DNA damage recovery by slowing cell
cycle progression. Thus, to drive proliferation and transformation,
cells must tolerate DNA damage and suppress the chedkpoint
response (see Ref. 15) and references therein). We report here that
PLK1 promotes NOTCH1 down-modulation to the G ,-M transi-
tion; conversely, NOTCHI] remains active during a DNA
damage-induced G, arrest. Our data show that NOTCH1 has
pleiotropic effectsin DNA damage-arrested cells, and also in those
contexts where NOTCH1 is known to play a tumor suppressor
function, cancer cells might still be dependent on specific
NOTCH]I signals to sustain their cancerous phenotype.

Results
PLK1 as a central kinase involved in arsenite-induced NOTCH1
down-modulation

To explore the mechanisms that determine whether NOTCH
signaling will be either oncogenic or tumor-suppressive, we used a
well-defined in vitro model in which the nontumorigenic human

17942 | gioV. Chem. (2019) 29447) 17941-17350

against NOTCH1, and lmmunoblotmg (w8
DNA3 or NOTCHI-IC (encoding the human Notch 1-4C, 1757-2555).

ting was performed with the indicated antibedies. D(right), HaCaT

NOTCH1-C plasmid was then treated with increasing amounts of As, 0, (5 and
triplicate samples. **, p < 0.0001

keratinocyte cell line (HaCaT) was acutely exposed to arsenic tri-
oxide {arsenite). We previously demonstrated that loss of FEXW7
induction might contribute to acquire both resistance to arsenite-
induced down-modulation of NOTCH1 and HaCaT transforma-
tion (12). Here we show that arsenite stimulates the serine phos-
phorylation of NOTCH 1 with the parallel decreased expression of
NOTCH1 and up-regulation of FBXW7 levels (Fig 1, A-C).
Treatment of cells with the proteasome inhibitors prevented the
decrease of NOTCHI expression (Fig, 1, A and B), FBXW7 is a
constituent of the SCF ubiquitin ligase complex (SKP1-CUL1-F
box) that controls the degradation of NOTCH 1. Substrate phos-
phorylation is required for FEXW7-mediated recognition (16—
18). Thus, we developed a luciferase assay to identify the kinase
that would prime NOTCHI for recognition by FBXW7, First,
HaCaT cells were transiently transfected with an expression vec-
tor of NOTCHI-IC. At 36 h after transfection, the cells were
treated with arsenite for the last 12 h at the indicated concentra-
tions (1, 5, and 10 pa). Total cell lysates were collected and sub-
jected to Western blot analysis. Arsenite treatment decreased the
NOTCH]I level compared with the vehicle-treated control cells
{Fig. 1D), indicating that exogenous NOTCHI-IC is degraded
similarly to the endogenous NOTCHL. Then we used a 12xCSL-
luciferase reporter vector responsive to NOTCH1 signaling, and
we found that NOTCHI transcriptional activity was strongly sup-
pressed by arsenite treatment (Fig. 1D, right). This functional assay
was used to screen a kinase inhibitor library of 378 small-molecule
compounds. Allcompoundswerescreened in triplicate at 10 pMmin
the presence of 5 M arsenite (data not shown). Those compounds
showingat least a = 50% recovery of luciferase activity were further
tested by luciferase assay and Western blotting (Figs. S1 and S2),
We identified 27 kinases able to rescue the NOTCHI lucferase

ZASBMB

0207 ‘81 udy oo yead £q o xqi s dug mox papeojuasog

67



Molecular mechanism of Notch 1 duality

A - 25 5 UM As
: :
A A A A A
2n 4n 2n  4n 2n  4n
- N . + BI2536 - N +  ZMsa7439 . = + + RO3280
UN AS UN AS UN AS UN A8 . UN AS UN AS
126 = ooy
BT I —— - -
0 T 7 e " - PLK1-T210

PLKLT2I0 0

L ——— —

sCcCcoz2 HaCaT

UN As ZM AsZM
125

o came e
.~ -

0 — ——

UN As ZM AsZM
Notoht

PLKLT210

B0 —— —— Ky
1 ——— T

PLKI-T210

F HaCaT-S HaCaT-R

- 25 5 - 25 5 uM as
At =
50 _ g
S

— PLK1-T210

50 - .«
125 = = - St amsesieems  Notchl

F‘i)rn 2. Effects of PLK1 inhibition in As;0,-treated cells. A, HaCaT cells were treated for 24 h with the indicated amount of arsenite, and then cells were
collec

ted, and the cell cycle was analyzed by
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were treated with/without the indicated inhibitors {PLKY inhibitor BI2536; ZM447439 Aurora A/8; RO3280 PLX1) for 24 h and ana‘yz

ed by immunoblotting with

the indicated antibodies. E, the indicated cell lines were treated with As, 0, for 24 h, and then cells were treated with/without 10 um ZM447439 (ZM) for 24 h
and analyzed by immunobiotting with the indicated antibodies. F, immonalized (HaCaT-S) and As,04-transformed HaCaT cells (HaCaT-R) were treated with
Increasing amounts of As,OU, for 24 h and analyzed by Immunoblotting with the Indicated antibodies Shown are representative results from at least three

Independent experiments, UN, untreated.

activity (Fig. S1). To understand the functional context of how the
identified kinases might have an impact on NOTCHI, we per-
formed a network analysis in which we investigated all possible
direct and indirect interactions among them. For this purpose, the
full Pathway Commons database of reported protein interactions
in Simple Interaction Format (SIF) was performed. This analysis
resulted in a network comprising 611 proteins with 2263 interac-
tions (Fig. S3). The central component of the shortest path net-
work was the proten PLK1. PLKI is a promitotic kinase, and its
main function is to fadilitate the mitotic process (13, 14), However,
PLK1 alkso promotes cell cycle progression in cells under stress
conditions, thus facilitating tolerance to genotoxic stress (15).
Arsenic is known to have genotoxic and mutagenic effects, and we
observed that arsenite-treated cells were arrested in G, (12) (Fig.
2A). Thus, we tested whether PLK L activity might affect NOTCHI1

SASBMB

expression following arsenite treatment. PLK1 activation requires
phosphorylation on a conserved threonine in the T-loop of the
kinase domain (Thr-210). PLK1 is first phosphorylated on Thr-
210 in G, phase by the kinase Aurora-A, in concert with its
cofactor Bora (19, 20). Thus, to further characterize the pat-
tern of Thr-210 phosphorylation and NOTCHI stability,
HaCaT cells were treated with arsenite and cultured in the
presence or absence of both PLK1 and Aurora inhibitors,
In agreement with the luciferase assay, accumulation of
NOTCHI protein upon treatment with PLK1 inhibitors was
observed in arsenite-untreated and -treated HaCaT cultures
as well as in SCC022, a squamous cell carcinoma-derived
cell line (Fig. 2, B, D, and E), We previously demonstrated
that arsenite-transformed keratinocytes acquire resistance
to arsenite-induced NOTCHI1 down modulation. Here, we

I Biol, Chern. (2019) 294(47) 17941-17950 17943
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Prometaphase cells were then collected by shake-off, and cell extracts were analyzed by immunobiotting with antibodies to the indicated proteins. Shown are
representative results from at least thvee independent experiments. NOC, nocodazole; HU, hydroxyurea.

observed PLKI1 activation and NOTCH1 down-regulation stability of NOTCHI-ICD cells expressing either WT
after arsenite treatment in the presence of DNA damage sig-  NOTCHI1-1C or mutants, NOTCH1-1C-A1791/A2349 con-
nals, as shown by increased y-H2AX (Fig. §5), Wealso found  structs were treated with cycloheximide, At various time
that PLK1 activation was not observed In arsenite-trans-  points thereafter, the transfected cells were lysed, and the
formed keratinocytes (HaCaT-R) after arsenite treatment amounts of the NOTCHI proteins were measured by West-
(Fig. 2F). This indicates that PLK1 activity might make a  ern blot analysis. We found that mutation of Ser-1791/2349
potential contribution at the early stages of arsenite carcino-  promates NOTCH1-1C stabilization (Fig. S4F).

genesis and that in arsenite-transformed keratinocytes PLK1
is no longer required in response to arsenite treatment, as

NOTCH1 is a substrate of PLK1 in the G, phase of the cell cycle

cells have acquired a molecular switch required for cellular To understand the functional significance of PLK1-mediated
adaptation to genotoxic stress (e.g. metabolic adaptation) (12). regulation of NOTCH I, we focused our attention to the PLK1/

. NOTCH] expression during the cell cycle. It is well-known that
NOTCH1 is a direct target of PLK1 in G, PLKI is activated to promote entry into mitosis (see Ref,

Analysis of the NOTCHI C-terminal primary amino acid 14 and references therein). Thus, we sought to find the physio-
sequence by different computational platforms revealed the pres-  logical conditions required to degrade NOTCHI in the cell
ence of multiple potential phosphorylation sites for the PLK1 con-  ¢ycle context. To this purpose, we conducted synchronization
sensus sequences (RXX(pS/pTIXRXXR). However, to narrow  experiments in HaCaT and SCCO22 human cells. A hydroxyurea
down the number of candidate motifs prior to experimental veri-  block and release was performed to synchronize the cells in G, /5,
fication, we analyzed the NOTCH 1 protein sequence by consider-  and the cdl cyde profile was monitored. After the cells were
ing as putative candidate motifs only those identified via a high-  released from the hydroxyurea-induced G, /S block, the cells were
stringency analysis and that can be recognized by both the  harvested and subjected to a Western blot analysis. The phosphor-
PhoshoNET and GPS-Polo 1.0 platforms. Two sites, Ser-1791 and  ylation of Thr-210 was observed strongly at the G, phase of the cell
Ser-2349, were identified by these criteria (Fig. 54, A-C). Interest-  ¢ycle, a pattern inversely correlated with the NOTCHI1 expression
ingly, both motifs are conserved across species, and Ser-1791 was  (Fig. 3, A and B), However, the inhibition of PLK1 by BI2536
found to be phosphorylated also in colon cancer cdls (21), To  induced the accumulation of NOTCH 1 protein (Fig. 3C), confirm-
confirm that NOTCHI can be phosphorylated by PLK1, we per-  Ing that PLK1 promotes NOTCH1 down-modulation during the
formed an in vitro kinase assay using purified recombinant PLK1  cell cycle. Our data indicate that PLK1 phosphorylates and conse-
and NOTCH1-1C fragment as substrate. Asshown in Fig, S40,the  quently destabilizes NOTCH1 in the G;-M transition. However,
C-terminal NOTCH1 fragment was readily phosphorylated by  to be transtormed, in cells under genotoxic stress, the checkpoint
PLK1. Additionally, when the two putative phosphorylation sites,  response should be down-regulated to tolerate the cellular DNA
Ser-1791 and Ser-2349, were replaced by Ala, WT NOTCHI-IC ~ damage stresses. PLK1 activation regulates the checkpoint activa-
but not the mutant was efficiently phosphorylated (Fig, S4E). tion and allows cells to grow under genotoxic stress (22). More-

To test whether the phosphorylation of NOTCHI-IC on  over, PLK] is also known to be involved in promoting resistance to
the putative PLK1 phosphorylation sites determined the chemotherapeutic regimens with drugs such as doxorubicin (a

17944 | Biok Chem. (2019) 29447) 17941-17350 SASBMB
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Figure 4, NOTCH1 expression in G, DNA damage arrest, A-C, HaCaT cells were left untreated (diagram 1) or treated with hydroxyurea (HU) for 19 h (AL
Alternatively, cells were released from the hydroxyurea block and either untreated or treated after 7 hwith doxorubicin (DOX) for 1 hand subsequently grown
inthe presenceof nocodazole INOC) for 18 h. Following these traatments, cells were collected at the indicated time points after releasefrom G, /S, cell cycle was

analyzed by FACS (FACS profile is shown only for HaCaT cells), and cell

ates were immunoblotted with antibodies against the indicated proteins (8 and C).

Shown are representative results from at least three independent exp :

DNA-intercalating compound) (23), We found that under arsen-
ite treatment, NOTCHI is continuously degraded, and in this
condition, PLK1 is active (Figs. 1 and 2). Natably, a G,
phase-specific inactivation of PLK1 after DNA damage has
been described. The reason for this inactivation is to pro-
mote cell cycle exit to avoid proliferation and entry in mito-
sis in the presence of damaged DNA. Thus, we investigated
whether PLK1 targets NOTCHI during G, in response to
DNA damage. To this end, both HaCaT and SCCO22 cells
were synchronized at G;/S and then allowed to progress
through the cell cycle. At 7 h after the release from G,/S
(when cells were in G,), cells were pulsed with doxorubicin
for 1 h to induce DNA damage and harvested 18 h after
doxorubicin release (Fig. 4A; only HaCaT cells are shown).
As expected, induction of DNA damage results in decreased
fevels of PLK1 and activation of ATM (Fig. 4, 8 and C). Nota-
bly, when PLK1 was dephosphorylated and inactive, the
expression of NOTCHI was restored, indicating that
NOTCHI expression is up-regulated during the G, damage
checkpoint (Fig. 4, B and C). Interestingly, similar results
were obtained in FaDu cells, a SCC cell line with mutated
p53, and HeLa cells, an adenocarcinoma cell line with WT

ZASBMB

p53 (Fig. S6), strengthening the argument that NOTCH1 and
PLK1 are inversely correlated during DNA damage response,

Upon DNA damage in G,, NOTCH1 protects cells from
apoptosis

To unravel how PLK1 and NOTCHI might functionally
interact, we investigated whether NOTCHI1 had a mitotic role.
To this end, we made use of Ser-1791/2349 mutant NOTCH1-
IC. SCCO22 cells were transfected with either empty vector or
NOTCHI-1C Ser-1791/2349 mutant. Cells were synchronized
at the G,/S and released into the cell cycle; we did not observe
any difference in cell cycle progression as phosphorylated his-
tone H3 (pH3) showed the same kinetic during release (Fig, 54)
In both control- and NOTCHI-IC Ser-1791/2349 mutant~
treated cells. Furthermore, no mitotic delay was detected in
cells examined at either early time (1 and 2 h) or at longer times
after nocodazole release (Fig. 58 and data not shown). We con-
clude that in this cellular context, NOTCHI does not alter the
Ga/M transition. Previous observations established that PLK1
plays a critical role in the G, checkpoint recovery following
DNA damage (14, 24), and we found that NOTCH1 expression
is up-regulated during the G, damage checkpoint (Fig. 4), Thus,

1 Bioi. Chern. (2019) 204(47) 17941-17950 17945
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H&n 5. Overexpression of NOTCHT mutant unphos by PLK1 has no effect on cell cydle progression. 4, SCCO22 cells were transfected with
either control empty-PCONA3 vector, or A1791/A2391-NOTCH1-ICD mutant. The cells were synchronized with hydroxyurea (HU for 19 h. At the indicated time
pointsafter release, the cells were harvested and subjectedto immunoblom,? for the indicated proteins. 8, were treated as desaribed for A, except that
cells were trapped with nocodazole (NOC) for 14 h and then released, Atthe indicated time points after release, the cells were harvested and analyzed with the
indicated antibodies, Cand £, SCCO22 cells were transfected with either control, empty-PCONAS vector, or A1791/A2391-NOTCHT4CD mutant, The celis were
synchronized with hydroxyurea for 19 h. Cells were released from the hydroxyurea (HU) block and either untreated or treated after 7 h with doxorubicinfor 1 h
andsubsequently grown in the presence of nacodazole and caffeine the last 3 and 6 h. Cells were harvested and subjected to immunoblotting for the Indicated

proteins,

we evaluated whether NOTCHI expression would alter recoy-
ery following DNA damage. To test this, cells were synchro-
nized at the G,/S and released into the cell cycle. After 6 h from
release, cells were treated with doxorubicin to induce the G,
damage checkpoint. Later cells were treated with caffeine to
abrogate the G, checkpoint response. As expected, we detected
an increase of pH3 in empty vector—treated cells after caffeine
addition (Fig. 5C). Interestingly, NOTCHI1-1C mut expression
enhanced pH3 expression (Fig. 5C). Treatment of cells with
caffeine abrogates the G, checkpoint but also promotes mitotic
catastrophe and apoptosis (14). Consistently, we found that in
empty vector-treated cells, caffeine treatment induced activa-
tion of caspase-3, whose expression levels were reduced in
NOTCH-IC mut—treated cells (Fig. 50). Although we observed
a differential expression of the cleaved caspase-3, neither empty
vector— nor NOTCH1-IC mutant—treated cells showed sign of
apoptosis after the caffeine addition {data not shown). The
mechanism by which DNA-damaged cells escape from apopto-
sis during the DNA damage checkpoint is poorly understood,
Therefore, we wondered whether the requirement of NOTCHI
during the DNA damage-induced G, checkpoint could be
restricted to such an anti-apoptotic signaling. To test this, we
designed an experimental set-up to examine whether a cell
cycle arrest/restart following a DNA damage-induced G,
arrest in HaCaT cells would be dependent on the function of
NOTCHI. HaCaT immortalized cells were chosen because in

17946 J pioV. Chem. (2019) 29447) 1794117350

this cellular context, conversely to SCCO22 cells, sustained
DNA damage checkpoint promotes apoptosis, Thus, HaCaT
cells released from a hydroxyurea block were treated with
doxorubicin at 7 h after release, a time at which the great major-
ity of the cells had completed S phase (Fig. 64). Using this
approach, we were able to obtain a highly synchronous popula-
tion of cells arrested at the G, DNA damage checkpoint by
doxorubicin (Fig. 6A4). Subsequently, we mimicked checkpoint
silencing by the addition of the checkpoint kinase inhibitor caf-
feine and allowed the cells to enter mitosis in the presence of
nocodazole. Notably, doxorubicin treatment of HaCaT cells
resulted in lower mitotic index when compared with control
cells (Fig. 6A, bottom panels, diagrams 3 and 4), After 3-6 h of
caffeine treatment, a significant fraction of cells entered mitosis
as judged from phosphohistone H3 staining (Fig. 64, bottom
panels). When cells entering in the G, damage—induced check-
point were examined in more detail, a decrease in pPLK1 level
and the appearance of NOTCHI expression were observed
(Fig. 6B, lanes 3 and 4), When we analyzed cell recovery from
DNA damage-induced arrest after doxorubicin treatment, we
found that G,-arrested cells could be forced to enter mitosis
following the addition of caffeine. Interestingly, caffeine treat-
ment increased PLK1 expression, indicating that, as previously
shown, PLK1 becomes essential for mitotic entry and recovery
froma DNA damage—induced G, arrest (24). Consistent with a
role for PLK1 in the control of NOTCH1 expression, we found

ZASBMB
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Figure 6. NOTCH1 ex ion in recovery from a G, DNA

arrest. A, HaCaT cells were left untreated or treated with hydroxyurea (HU) for 19 h

Alternatively, cells were reeased after the hydroxyurea block and, 7 h after release, treated with doxorubicin for 1 h and subsequently grown in the presence
of nocodazode for 18 h Following these treatments, caffeine was added for the indicated time periods to allow recavery from the checkpoint-induced arrest 3

and 6 h before harvesting the cells. DNA content and ph

istone H3 positivity were determined. B, cells were treated as described in A and whole-cell

?saﬁe was used for Westem blotting with the indicated antibodies (C). Cells were treated as described in A, and percentage of apoptosis was determined by

ACS analysis, n.s, not ssgnificant; As, As,O,: NZ, necodazole,

that pPLK1 activation was paralleled by NOTCHI1 down-mod-
ulation when caffeine was added to induce recovery from a
DNA damage-induced G, arrest (Fig. 68). Notably, NOTCH1
does not seem to be instrumental for achieving a DNA
damage~induced arrest, because GSI-treated cells efficiently
arrested in response to DNA damage (Fig. 6A, seventh dia-
gram). Strikingly, when we examined the fate of the damaged
cells that are in the DNA damage-induced G; arrest or induced
to enter mitosis by the addition of caffeine in the presence of
GSI, we found that cell viability was severely affected (Fig 6C).
These resuits demonstrate that NOTCH]1 protects cells from
DNA damage-induced arrest and that PLK1-mediated degra-
dation of NOTCH1 may be essential for recovery from a DNA
damage-induced arrest.

NOTCH1 promotes inflammatory cytokine secretion in cancer
cells that undergo growth arrest in response to DNA damage

Induction of cell cycle arrest in response to DNA damage
represents a protective mechanism against harmful mutations
but also promotes apoptosis (14, 24). We found that NOTCH
signaling protects immortalized HaCaT cells from DNA
damage-induced apoptosis, Conversely, we observed that in
the squamous cell carcinoma cell line, SCCOZ22, induction of
DNA damage by doxorubicin treatment promotes a permanent
cell cycle arrest with no sign of apoptosis (Fig. 7 and data not

SASBMB

shown). In response to DNA damage, growth-arrested cancer
cells also develop a secretory phenotype that alters tissue
microenvironments and might stimulate tumor growth in vive
{25). Among the secreted factors, IL-6 and 1L-8 are of particular
interest. These cytokines have been shown to promote tumor-
igenesis by regulating processes assoclated with tumorigenesis
raging from cancer metabolism to metastasis (25, 26). There-
fore, we wondered whether NOTCHI during DNA damage-
induced G, checkpoint could be involved in such secretory
signaling. To test this, SCCO22 cells were treated with doxoru-
bicin to induce the G, damage checkpoint (Fig. 74). Later, cells
were treated with GS1 toinhibit NOCTH signaling (Fig. 7, Band
). As expected, we detected an increase of [L-6 and IL-8 in
doxorubicin-treated cells (Fig. 7C). Interestingly, GSI treat-
ment decreased both IL-6 and IL-8 expression (Fig. 7C) but not
TGFBI1 that has been associated with the development of a
secretory phenotype of cancer cells, Thus, these data support a
model in which the epithelia cancer cells, SCCO22, use Notch
signaling to support a secretory phenotype.

Discussion

NOTCHI activity plays pivotal roles in signaling for diverse
cellular process, such as cell differentiation, stem cell renewal,
proliferation, and transformation (1,8,27). NOTCH1 signaling
has been reported to have a contradictory role in cell transfor-

1 Biol, Chern. (2019) 294(47) 17541-17950 17947
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Figure 7. NOTCH1-dependent increased expression of IL-6 and IL-8 during DNA nduced growth arrest. SCCO22 cells were treated with

doxorubicin (DOX), following which either DMSO or GSI was added, and cells were maintain
te was used for Western blotting with the indicated antibodies. Additional samples present

analnlx B, cells were treated as described in A, and whole-cell
ont

n culture for a further 24 h. In A, cells were analyzed by FACS

gel were cropped as indicated by dashed lines. In C, cells were treated as described for A, and total RNA was used for quantitative RT-PCR with the

indicated probe.

mation (4, 8). However, a widely accepted model implies that
the impact of NOTCHI signaling is highly context-dependent,
and it can have opposite cffects in different systems. We have
used arsenite-induced malignant transformation of a human
epithelial cell line as an in vitro model to study the mechanisms
that can result in NOTCHI1 role and function alterations (12),
We previously demonstrated that whereas arsenite-mediated
apoptosis of immortalized keratinocytes was associated with
NOTCH]1 down-regulation, arsenite-mediated transformation
of these cells was characterized by increased NOTCH 1 stability
(12). We found that NOTCHI regulates cellular metabolism
and apoptosis, which in turn differentially impact cell prolifer-
ation and cell transformation (12). Consequently, the cellular
genetics/context may impinge on the antagonistic duality of
NOTCHI function. We presented evidence indicating that
FBXW7 is required for the differential expression of NOTCH1
during arsenite-mediated transformation, indicating that
kinases and biochemical pathways could be involved in
NOTCH1 phosphorylation in tumors. Given that NOTCHI1
stability and signaling are controlled by its phosphorylation
(21), the study of kinases that could be implicated in this post-
translational modification could help to elucidate the mecha-
nisms controlling NOTCHI1 dichotomy i cancer develop-
ment. In this study, the effects of 378 cellular kinase inhibitors
on NOTCHI transcriptional activity and protein stability after
arsenite treatment were investigated. Our findings indicate that
multiple kinases implicated in various cell signaling pathways
can participate in these outcomes: FAK, IKKB, PKA, ATM,
ATR, SRC, p38, m-TOR, GSK1, ¢-MET, CDK1, ALK, PLK1,

17948 | Bicy. Chem. (2019) 294{47) 17941-17950

AURKA/B, CSFIR VEGFR, and JAK. To understand how the
identified kinases might have an impact on NOTCHI1, we per-
formed a network analysis to investigate all possible direct and
indirect interactions among them. The central component of
the shortest path network was the protein PLK1, which s a
central regulator of cell division required for several events of
mitosis and cytokinesis (13, 14). Whereas in nondamaged cells,
the PLK1 pathway is involved in G,/M transition, PLK1 was
shown to be a direct target of the G, DNA damage checkpoint.
Indeed, in response to a wide range of DNA-damaging agents,
PLK1 was shown to be catalytically inactivated. Maoreover, this
Inhibition was shown to depend on functional ATM or ATR
(14). Such control of the cell cycle machinery may be critically
important to prevent a premature restart of the cell cycle fol-
lowing genotoxic stress, However, in addition to being a target
of the DNA damage checkpoint, PLK1 was also shown to regu-
late cell cycle progression after a damage-induced cell cycle
arrest. In this context, cells escape the DNA damage checkpoint
arrest in a process called “adaptation.” Such a mechanism al-
lows damaged cells to eventually divide and possibly survive
and undergo transformation (14, 15). Consistent with the above
observation, we found that when challenged with arsenite, cells
were G-arrested. The data presented here show that NOTCHI1
is a novel substrate of PLK1. Additionally, we found that in an
unperturbed cell cycle, PLK1 appears to be Involved In
NOTCHI down-modulation at the mitotic entry, Interestingly,
we observed an increase in the levels of Thr-210 PLK] expres-
sion, which indicates that PLKI, by facilitating tolerance to
arsenite-induced genotoxic stress, might favor arsenite-induce
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cell transformation. Notably, the coordination of this pathway
becomes critical for both DNA damage checkpoint and mitotic
entry in cells recovering from a DNA damage—-induced arrest
(28). Although its exact invelvement remains to be established,
in arsenite-induced transformation, NOTCHI1 represents a
checkpoint mediator targeted by PLK1 to silence the DNA
damage checkpoint in a condition in which damage persists for
long periods of time. Thus, PLK1 activation initiates an escape
program from checkpoint-mediated arrest prior to completion
of damage repair, NOTCHI Inactivation is part of the PLK1-
associated adaptation program to DNA damage that can result
in enhanced cell death (e.g. through mitotic catastrophe) but at
the same time may allow the propagation of defects in the
genome to the daughter cells that may contribute to cell trans-
formation. Although our observations necessitate further anal-
ysis to understand how deregulation of the NOTCH1 pathway
impacts signaling that responds to DNA damage, we provide
evidence that Notch signaling is altered but not abolished in
SCC cells. We found that NOTCH signaling might contribute
to the secretory phenotype of epithelial cancer cells. Thus, the
dual rofe of Notch in cancer biology is undoubtedly complex
and tumor type-independent. [t is important to recognize that
even in a single type of tumor, there is plasticity in Notch func-
tion that deserves greater attention.

Experimental procedures
Cell culture and transfection

HaGaT-S immortalized and HaCaT-R cells were described
previously (12), Culture cells 70~ 80% confluent were main-
tained in modified low-calcium medium and transfected using
the Lipofectamine transfection reagent (L-006119-00, Thermo
Scientific/Dharmacon (Lafayette, CO)) according to the man-
ufacturer’s instructions (Thermo Fisher Scientific). Cells were
analyzed at the indicated times after transfection by either RT-
PCR analysis or Western blotting, as Indicated (12, 29). SCCO22
were kindly provided by Dr. Caterina Missero (Universita degli
Studi di Napoli, Naples, Italy). HeLA and FaDu were kindly pro-
vided by Dr. Angelo Peschiaroli (CNR, Rome, Italy).

Reagents and immunoblotting

The following reagents were purchased from Santa Cruz Bio-
technology: Fbxw7 and tubulin, In addition, we used Notchl
Val-1744, Notchl DIEIL, PLK1 208G4, and PLKI1(Thr-210)
from Cell Signaling Technology (Beverly, MA). y-Secretase
inhibitor IX (DAPT), was purchased from Calbiochem (Merck
KGaA), dissolved in DMSO, and stored at —20 *C until use. All
cell extracts were prepared as described previously (30) and
according to the manufacturer's instructions for detection of
phospho-ERK (Cell Signaling Technology). The kinase library
of 378 structurally diverse, cell-permeable kinase inhibitors was
purchased from Selleckchem (Houston, TX) {catalogue no,
L1200) { Table S1).

Notchl1-ICD encodes the expression of human Notchl-IC
from amino acid 1757 to 2555 and has been described previ-
ously (9). GST-NOTCHI-IC plasmid encodes the GST-
Notch1-IC fusion protein encoding the mouse NOTCHI-IC
region 1753-2531 was kindly provided by Dr. Lendhal (Karo-
linska Institute, Stockholm, Sweden) and described previously

SASBMB
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(31). The plasmids containing mutations in Notchl-ICD
encoding the expression of human Notch1-1C from amino acid
1757 to 2555 were generated using the QuikChange II XL site-
directed mutagenesis kit {Thermo Fisher Scientific) and veri-
fied by sequencing.

Kinase library screening

Transient transfection/promoter activity assays were per-
formed using a Dual-Luciferase/Renilla reporter assay system
(Promega). All conditions were tested in triplicate samples, and
a 12xCSL-luciferase reporter vector responsive to NOTCH sig-
naling was co-transfected with either pcDNA3 as control or
NOTCHI-IC vector. At 24 h after transfection, cells were
treated with compounds in triplicate at 10 pM, and a luciferase
assay was conducted in the presence of 5 pm arsenite. The
results were normalized against Renilla luciferase. To control
for cytotoxic effect of the compounds, when the Renilla lucif-
erase activity was reduced to <<25% of the activity seen with the
vehicle-treated controls and the survival rate was less than 75%,
those compounds were excluded from further analysis. Those
compounds showing a =50% recovery of luciferase activity
were further tested in increasing amounts. In this second step,
each compound was tested in increasing amounts (1, 5, and 10
M) in the presence of 5 pat arsenite. All compounds were fur-
ther tested for their ability to rescue NOTCHI expression after
arsenite treatment by Western blotting at 10 uM in the pres-
ence/absence of 5 pM arsenite,

PLK1 kinase assay

For the PLK1 kinase assay, GST-Notchl fusion protein was
expressed in Escherichia coli BL21 strain and purified using stan-
dard procedures. PLK1 kinase assays were carried out using the
PLK1 activity assay reagent kit purchased form SignalChem (Rich-
mond, Canada) according to the manufacturer’s instructions.

Cell cycle analysis

To analyze mitotic entry, cells were fixed and stained with
propidium iodide and an antibody against phosphohistone H3
{Ser-10) using the FlowCellect™ cell cycle kit for G,/ M analy-
sis (EMD Millipore, Darmstadt, Germany). The percentages of
M-phase cells and cellular DNA content were determined by
flow cytometry using a FACSCalibur flow cytometer (BD
Biosciences).

Synchronization and recovery from DNA damage

HaCaT, SCCO22, FaDu, and Hel.a cells were grown in Dul-
becco’s modified Eagle’s medium and RPMI supplemented
with 10% fetal calf serum, 100 units/ml penicillin, and 100
ug/ml streptomycin. For the synchronization experiments,
cells were incubated in hydroxyurea (1.5 ma) for 19 hto arrest
cells at the G, /S transition. Where indicated, the G,/M DNA
damage checkpoint was activated by treating cells with 0.5
doxorubicin for 1 h at 7 h after release from a hydroxyurea
block. Doxorubicin was washed away thoroughly, and immedi-
ately after washing, nocodazole (250 ng/ml) was added to the
culture medium. 18 h after washing away doxorubicin, all cells
were arrested in G, as judged from FACS analysis. To inactivate
DNA damage signaling and allow mitotic entry, caffeine (5 mm)

1 Biol, Chern. (2019) 294(47) 17541-17950 17949
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was added to inhibit ATR and ATM checkpoint kinases, The
continuous presence of nocodazole prevented exit from mitosis
and allowed accumulation of cells in mitosis. To inactivate
NOTCHI signaling, GSi (5 pM) was added 30 min before doxo-
rubicin treatment and then maintained until cells were har-
vested for further analysis,

Author contributions—C.D. B, and C. T. formal analysis; C.D. B,
A Z,MF,G. M, S Cialfi, N. V., D. Benelli, and C. T. investigation;
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R.P,and L S. resources; D, Benelliand C. T. conceptualization: C, T.
data curation; C. T. funding acquisition: C. T. writing-original draft;
C.T. project administration; C. T, writing-review and editing.
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Figure S1. A) HaCaT cells were co-transfected with the NOTCH responsive promoter
12XCLS and the NOTCHI1-IC plasmid plus SuM As;0; and increasing amounts of
the indicated inhibitors. 1, 5 10 uM. As control cells were co-transfected with the
NOTCH responsive promoter 12XCLS and the pDNA3 plasmid plus SuM of the
indicated inhibitors.
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Figure S2. A) HaCaT cells were treated with either DMSO or 5SuM As,Os; alone or

in combination with the indicated inhibitors ( 10uM). Cell extracts were analyzed by
western blot.
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Figure S4. Direct In Vitro phosphorylation of Notch1 by PLK1.

A) Phosphorylation sites identified in NOTCHI-IC using KINEXUS and GPS-Polo
1.0 platform. (B-C) Evolutionary conservation of Ser1791 and Ser 2439 in the
Notchl-IC  sequence, analysis was performed by Kinexus platform
(http://www.phosphonet.ca) (D) GST-NOTCHI-IC 1754-2555 was incubated with or
without PLK1 followed by in vitro Kinase assays. Fractions of the same reactions
were analyzed by 7.5% SDS-PAGE. Experiment was performed in two replicates R1
and R2. E) NOTCHI-ICD was immunoprecipitated from HaCaT cells transfected
with either WT and NOTCHI-IC mutant protein and analyzed by in virro kinase
assays as indicated in D except that the assay reaction was analysed by spotting the
reaction mixture onto strips of P81 paper and analyzed in a scintillation counter. F)
HaCaT cells were transfected with plasmids expressing WT-NOTCHI-ICD and
mutant A1791/A2391-NOTCHI-ICD for 24 h, then treated with 100um
Cycloheximide for the indicated periods of time. The levels of NOTCHI in the cell
lysates were determined by Western blotting.

81



"

'
3
¥
s
i

(L]

-

?f

30" 2 h GM As

1w PATM

pp— Notaht Valt 744
- Noteht

- LK TRY0

) o o e PLKY

- VInoulin

¥ 86

Figure S5, PLK1 and NOTCHI expression are inversely correlated in in As,0,-
treated cells. A) HaCa'l cells were treated for 30 min or 24 hr with Arsenite, then
cells were collected and cell cycle analyzed by FACS. B) HaCaT cells were treated
with As;O: for 30 min or 24 hrs and analyzed by immunoblot with the indicated

antibodies.
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Figure S6. NOTCHI1 expression In G2 DNA Damage Arrest. A,B,) FaDu and
HeLa cells were left untreated (diagram 1) or treated with Hydroxyurea for 19 hrs
(diagram 2). Alternatively, cells were released from the HU block and either untreated
or treated after 7 hrs with Doxorubicin for | hr and subsequently grown in the
presence of Nocodazole for 18 hrs. Following these treatments, cells were collected at
the indicated time-points after release from G1/S, cell cycle analyzed by FACS, ()
FaDu and HeLa cells were treated as described in panel A, B and analyzed by western
blot with antibodies against the indicated proteins. Shown are the representative

results from at least 3 independent experiments.
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IV. CONCLUSIONS

Hailey-Hailey disease (HHD) is a rare autosomal dominant skin disorder
manifesting in the 3" to 4" decades of life. The genetics and pathophysiology of
this skin disorder have been linked to mutations in the ATP2C1 gene. The gene,
located on the long arm of chromosome 3, encodes the human secretory pathway
Ca?*/Mn?* ATPase, hSPCA. The loss of ATP2C1 in keratinocytes leads to the
loss of cell-to-cell adhesion (acantholysis) among the cells of the suprabasal
layers (Sudbrak R. et al., 2000; Hu Z. et al., 2000; Wilgram G., Caulfield J. and
Lever W., 1962). Moreover, even if rare, squamous/basal cell carcinomas and
melanomas arising in the skin lesions have been described (Chun S. et al., 1988;
Cockayne S.E. et al., 2000; Holst V. et al., 2000; Mohr M. et al., 2011).

There is no treatment known to be effective in reducing the cutaneous
manifestations of HHD. The Standard of Care (SOC) treatment consists in either
topical or oral administration of corticosteroids often used in combination with
topical/systemic antimicrobial agents. However, prolonged treatment course of
steroids is limited due to their side effects, most commonly skin atrophy. This last
aspect must be carefully considered because in HHD-patients lesion
development is associated with the simply friction of the skin and we found that
HHD-keratinocytes are characterized by wound defect. Additionally, patients

develop lesions refractory to corticosteroids.

In this line, the discovery of new therapies aimed to target the pathogenic
mechanism underlying the disease is undoubtedly an important goal, in order to
provide better and more efficient treatment conditions for HHD patients.

Unfortunately, researching on rare diseases such as Hailey-Hailey disease can
be challenging primarily due to the limited number of individuals selected to
participate in any given study and also due to ethical and psychological issues
that must be carefully considered. In addition, mouse models poorly recapitulate

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

In our works, we have explored the use of the yeast K. lactis as a tool to identify
specific compounds that target specific cellular phenotypes and obtain more

insight into mechanisms of disease pathology by probing the mechanisms
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involved in their action. Oxidative stress represents a hallmark of both
Kluyveromyces lactis lacking PMR1 and keratinocytes derived from the lesioned
areas of HHD patients and it could be associated with the decreased action of
the transcription factor NRF2 involved in the regulation of several detoxifying
factors. In addition to oxidative stress, HHD-derived keratinocytes are
characterized by deregulated cytokines production and decreased repair
properties.

In this context, we investigated the potential effects of compounds selected by a
yeast-based screening assay, in anin vitro model of HHD. We found that treatment
of ATP2C1-defective keratinocytes with the selected compounds, Kaempferol
and hypochlorous acid, contributed to up-regulation of Nrf2 improving the cellular
antioxidant response and the keratinocytes proliferation rate. Furthermore, we
provided evidences of hypochlorous acid efficacy also on the pattern of cytokines
produced. Notably, it was able to affect the deregulated cytokines expression by
differentially modulate TGFB1 and TGFB2 levels.

Our results indicate that molecules able to counteract oxidative stress and to
restore appropriate cytokines production and healing properties could be a
viable therapeutic approach for HHD.

Malignant transformation is a multi-step process during which genomic instability
and changes in the in the tissue microenvironment drive normal cells to a
cancerous phenotype. Although HHD is a rare disorder and our knowledge is
often related to few case reports, patients with squamous/basal cell carcinomas
arising in the skin lesions have been described. HHD derived keratinocytes are
characterized by an impaired DNA damage response which in turn is responsible
for accumulation of mutations. Notchl signaling plays a pivotal role in ATM and
DDR repression in HHD keratinocytes. In order to get a better understanding of
how Notchl is involved in the DDR, we identified a novel mechanism through
which Notchl takes part in the genotoxic stress response. We further
demonstrate that DNA damaged arrested cells employ the Notchl signaling to
protect them from damage-induced apoptosis and to release pro-inflammatory

cytokines.
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In summary, even though some aspects need to be more investigated, in the last
years, our research activity has been extremely focused on the study of HHD
contributing to increase the knowledge about its pathogenesis in particular on
molecular level. Using several model systems, such as epithelial cells, primary
human keratinocytes and yeast model, | have explored how loss of ATP2C1
function causes increased oxidative-stress, deregulation of Notch1l signaling and
how alteration of Notch1 plays a crucial role in DNA damage response. Thus, our
results indicate that an ATP2C1/NOTCH1 axis might be critical for keratinocytes
function and cutaneous homeostasis, suggesting a plausible model for the

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

1. DNA Damage Stress: Cui Prodest? (Verma N., Franchitto M., Zonfrili A.,
et al., 2019).
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Abstract: DNA is an entity shielded by mechanisms that maintain genomic stability and are essential
for living cells; however, DNA is constantly subject to assaults from the environment throughout
the cellular life span, making the genome susceptible to mutation and irreparable damage. Cells are
prepared to mend such events through cell death as an extrema ratio to solve those threats from a
multicellular perspective. However, in cells under various stress conditions, checkpoint mechanisms
are activated to allow cells to have enough time to repair the damaged DNA. In yeast, entry into
the cell cvcle when damage is not completely repaired represents an adaptive mechanism to cope
with stressful conditions. In multicellular organisms, entry into cell cycle with damaged DNA is
strictly forbidden. However, in cancer development, individual cells undergo checkpoint adaptation,
in which most cells die, but some survive acquiring advantageous mutations and selfishly evolve a
conflictual behavior. In this review, we focus on how, in cancer development, cells rely on checkpoint
adaptation to escape DNA stress and ultimately to cell death.

Keywords: cell cycle checkpoints; genomic instability; G2-arrest; cell death; repair of DNA
damage; adaptation

1. Introduction

While questionable, one of the most well-known and widely reported aspect in cancer biology is
the acquisition of genetic mutations that underhe cell transformation and tumor progression. From this
perspective, cell transformation is a genetic process of tumor cells adapted to stressful environmental
conditions; if to ‘cell adaptation” can be conferred the Darwinian concept to respond to life’s needs for
survival, the nature of what adaptation means for tumor cells is extremely elusive. Either physical
or chemical environmental agents can cause DNA damage and consequently genetic mutations that
promote cell transformation.

Examples of physical agents promoting mutations are ionizing radiation, ultraviolet light present in
sunlight which can promote the estimated rate of up to 10,000 DNA lesions per cell per day [1,2]; chemical
agents such as benzo{a}pyrene B(a)P, 7,12-dimethylbenz[a]anthracene (DMBA), that generate DNA
adducts, leading to mutations [3]. Beside exogenously, DNA damage can also occur endogenously
as cells divide, with tens of thousands events every day in each single cell [2]. Thus, DNA damage
might potentially affect the function of central regulators of many biological processes, ultimately
leading to cancer development. Additionally, infectious pathogens elicit an oncogenic spiral that
is one of the causes of cancer development [4]. If we assess the concept that ‘adaptation” means
the optimization of the phenotype whereby the organism acquires changes that increase its survival
and reproductive success, when this concept is applied to cell transformation it remains extremely
vague. Although this concept is suitable for viral carcinogenesis that hijacking cellular pathways

Int. [ Mol. S, 2019, 20, 1073; doi:10,3390/iims20051073 www.mdpi.com/pumal /ijms
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promotes the survival and proliferation of infected cells, in a multicellular organism, cells do not need
to adapt their phenotype to a non-permissive environment, Unquestionably, in multicellular organisms,
cells are immersed in growth conditions favorable to their replication. However, there is an obvious
difference in the relationship between adaptation and environment in unicellular versus multicellular
organisms. Life and replication in unicellular organisms are dependent on the conditions present
in the environment and they survive if they are able to adapt to environmental changes. In sharp
contrast, in multicellular organisms cell division is tightly regulated to control cell shape, tissue
patterns, and morphogenesis [5], although cells are typically immersed in permissive environmental
conditions. Preservation of the integrity of multicellular organisms relies on these extra layers of
developmental control that function to restrain cellular proliferation that may change in response to
environmental or intracellular stress signals. This implies that, as previously defined [6,7], cancer cells
arise from cells adapted to respond to holistic control system and the escape from these host defense
mechanisms represents an important strategy for cell transformation.

2. Cell Cycle Surveillance System

Genetic damage produced by either exogenous or endogenous mechanisms represents an ongoing
threat to the cell. To preserve genome integrity, eukaryotic cells have evolved repair mechanisms
specific for different types of DNA Damage (for an extensive review see [8,9]). However, regardless
of the type of damage a sophisticated surveillance mechanism, called DNA damage checkpoint,
detects and signals its presence to the DNA repair machinery, DNA damage checkpoint has been
functionally conserved throughout eukaryotic evolution, with most of the relevant players in the
checkpoint response highly conserved from yeast to human [10]. Checkpoints are induced to delay
cell eycle progression and to allow cells to repair damaged DNA (Figure 1). Once the damaged DNA
is repaired, the checkpoint machinery triggers signals that will resume cell cycle progression [11].
In cells, multiple pathways contribute to DNA repair, but independently of the specific pathway
involved, three phase are traditionally identified: Sensing of damage, signal, and downstream effects
(Figure 2). The sensor phase recognizes the damage and activates the signal transduction phase to select
the appropriate repair pathway. For example, cells pose at least four independent mechanisms for
repairing Double-Strand-Breaks (DSBs): Non-Homologous End-Joining (NHE]), either classic-NHE] or

alternative-NHE], Homologous Recombination (HR), and single-strand annealing (SSA) [1,10,12,13].

Furthermore, highlighting the complexity of the DNA damage response, in mammals, at least four, in
part, independent sensors can detect DSBs: Mre11-Rad50-Xrs2 (MRN), Poly ADP-Ribose polymerase
(PARP), Ku70/Ku80 and Replication protein A (RPA) that binds single stranded DNA permitting
the further processing of DSBs [1,14]. In the presence of DSBs, the activation of the DNA damage
response and the mobilization of the repair proteins give rise to the formation of nuclear foci at the
sites of damage. In yeast, the MRX-complex (Mre11-Rad3(0-Xrs2) is recruited at the site of DSBs [15].
Localization of MRX-complex to the damaged site is required to recruit and activate the protein kinase
Tell, which initiates DSBs signaling [13,16]. A similar mechanism is employed by MRN-complex in
mammal cells (in which Nbs1 is the mammalian ortholog of Xrs2). MRN-complex orchestrates the
cellular response to DBSs by physically interacting and activating the kinase Ataxia-Telangiectasia
Mutated (ATM, the mammalian ortholog of Tel1). The signal is transduced by ATM that phosphorylates
the histone variant Histone-2AX (H2AX) generating g-H2AX that promotes the recruitment of
Mediator of DNA-Damage Checkpoin 1 (MDC1) protein at the site of damage. MDC1 amplifies
the DNA-Damage Response (DDR) signal through the iterated recruitment of the MRN-ATM complex
at the damage site that further phosphorylates adjacent H2ZAX molecules extending the y-H2AX
mark [13,16]. Additionally, MDC1 functions as an interaction platform for other DDR components
including chromatin remodelers and ubiquitin ligase complexes [13,16]. The recruitment of these
factors is essential to create a more open and accessible chromatin conformation to facilitate access
at sites of DNA lesions and to allow ubiquitin-mediated accumulation of DNA repair factors, which
will ultimately contribute to DNA repair pathways [13,16,17]. An integral part of the DNA damage
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response is the parallel induction of repair mechanisms and reversible cell cycle arrest that delays cell
cycle progression to give cells time for DNA repair [11]. The Checkpoint kinases 1 and 2 (CHK1 and
CHK2) are key downstream effectors of DDR signaling as they promote cell cycle arrest. ATM/ATR
phosphorylate and activate the CHK1 and/or CHK2 kinase [18]. While CHK1 and CHK2 have
overlapping substrate preferences, they contribute differentially to the maintenance of the cell eycle
checkpoint. A central mechanism in the induction of the checkpoint-induced cell cycle arrest is the
inhibition of cyclin-dependent kinase(s) (Cdk). In this mechanism, ATM and CHK2 are required to both
stabilize and increase p53 DNA binding activity which in turn results in the induction of its several
transcriptional targets, among which the Cdk-inhibitor protein p21waf1 /cip [19,20]. A central target
involved in the activation of the cell cycle checkpoint mediated by both CHK1 and CHK2 is the Cdc25
family of phosphatases (Cdc25A, B and C) [9]. Cdks are in an inactive state when phosphorylated at
two inhibitory sites, Thr 14 and Tyr 15. Removal of these phosphates by Cdc25 phosphatases results in
the activation of CDKs and cell-cycle progression [9]. Thus, CHK1/2-mediated phosphorylation of
Cde25 proteins results in their functional inactivation, preventing CDKs dephosphorylation and
activation [9.21]. Owerall, in mammal cells, CHKI is thought to be the primary effector of the
G2/M phase checkpoints, whereas CHK1 and CHK2 exert a cooperative role in the intra-S and

G1/5 checkpoints [22].
DNA
Damage

Checkpoint

ardpdadr drdpapr

DNA Damage repaired Adaptation
Cell division Cell division
with unrepaired DNA

Figure 1. Cell fates following DNA Damage. Cell cycle checkpoint is induced by DNA damage.
Cell cycle entry occurs after the DN A damages have been fully repaired, or alternatively, cells have two
possible fates, to die or survive after a process of adaptation that allows cell division with unrepaired
DNA lesions.
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Figure 2. Schematic representation of the sensors, transducers and mediators involved in DNA damage
response (DDR) pathways. DNA damage response is sensed and repaired by multi-protein complexes.
Depending on the level of injury, the signaling triggered by the damage response will result in different
cellular fates.

3. After Event Cleaning Job: RELEASE of the DNA Damage Checkpoint
The DNA Damage response elicits the activation of a highly complex and synchronized network

of factors, such as kinases, phosphatases, transferases, and ligases [23-27]. Most of these enzymes add
to remove functional groups that reversibly change the proteins fate or function [23-27]. Thus, when
genome integrity is re-established the removal of these post-translational modifications is essential
for a rapid checkpoint silencing and cell cycle progression [13]. Distinct DNA damage checkpoints at
different stages of the cell cycle, such as G1/S, intra-S, and G2/M, have been described [25]. However,
the exact dynamic and molecular basis of the recovery phase still remains not entirely clear. Recently,
it has been shown that cell’s response to DSBs depends on its cell cycle phase and that checkpoint
dynamics are phase-dependent [25]. In the G1 phase, DBSs completely halt the cell cycle only in the
presence of high DNA damage levels. The most abrupt and complete halt to the cell cyele occurs during
G2/M, and interestingly, cell cycle arrest is linearly correlated with the amount of DNA damage [25].
The S phase checkpoint is the more permissive to DNA damage and allows cell cycle progression,
although at a greatly reduced rate [25]. However, multiple layers of complexity exist in order to
prevent cell cycle progression in the presence of damaged DNA. Cell cycle progression occurs in a
linear manner, in which each checkpoint functions as an additional layer of control of the previous
checkpoimnt. Thus, the G1 checkpoint is important in cells that have been exposed to DNA damage
in the Gl-phase, as well as for those that have been adapted from the G2 checkpoint [29]. In this
context, it is interesting to note that, conversely to the redundancy of factors and mechanisms that
share a temporal and overlapping function in response to DNA damage, checkpoint recovery relies
on the involvement of phase-specific factors [13]. The CDC258B is a S/G2 phosphatase that is thought
to play an essential role in activating CDK1-cyclin B complexes at the entry into mitosis ([13] and
references there in). CDC25B has been shown to cooperate with the polo-like kinase 1 (PLK1) in
promoting the cell cycle resumption in G2 phase after DNA damage. In addition, recovery of the
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G2 DNA damage checkpoint appears to be distinct from G1. Indeed, both PLK1 and Cdc25B are
not expressed in G1 and do not influence cell cycle resumption in G1 (Reference [13] and references
therein). Essentially the same activation pathways promote mitotic entry in an unperturbed cell cycle
and checkpoint recovery [30]. However, these pathways are thought to be differentially involved
in these two processes. PLK1 is not essential for mitotic entry in cells progressing through normal
cell cycles; it has been shown that the complete inhibition of PLK1 can only delay G2/M transition
leaving the importance of PLK1 for mitotic entry during unperturbed cell cycle controversy [13,31],
Conversely, it is well established that initiation of the DNA damage response repress pro-mitotic
machinery and leads to the inhibition of pro-mitotic kinases among which CDK1, Aurora A, and
PLK1 [32-34]. Additionally, the degradation of Cdc25 and Bora, as well as of several other proteins
involved in mitotic entry, is critical for cell cycle arrest [35,30]. While PLK1 is dispensable for the onset
of mitosis in an unperturbed cell cycle, in sharp contrast PLK], is essential for mitotic entry following
recovery from DNA Damage-induced cell cycle arrest [37], Cell cycle re-entry relies on the Aurora-A
kinase and its co-factor Bora, which phosphorylates PLK1 at Thr210 in its activation loop; thus, PIk1 is
activated and promotes mitotic entry by stimulating cyclin B1-Cdk1 activation [25,20,37,38]. PLK1 can
promote cyclinBl /CDK1 activation by several mechanisms. Early works in Xenopus have established
that PIx1 (PLKI) phosphorylates and activates Cdc25C, and this activates the Cyclin B-CDK1 complex.
In vertebrates, the Cde25 paralogues (Cde25A, B and C), all have been shown to be target of PLK1
activity [39], but it remains poorly characterized, with Cdc25 phosphatase(s) the substrate of PLK1
during the G2 recovery. However, it has been suggested that G2 recovery is dependent on the specific
isoform Cdc25B, which is stabilized after damage, while Cdc25A expression is reduced [37,40]. Beside
its implication in the re-activation of cyclin-B1-CDK1 complex, PLK1 controls the silencing of DDR
signals by inactivating the ATM/CHK2 pathway. Within the DNA damage response mechanism,
53BP1 is an adaptor protein required to tether several checkpoint components at the damaged sites,
including CHK2 and ATM. In PLK1-mediated inactivation of the DNA damage checkpoint, it has
been shown that PLK1 phosphorylated 53BP1 that thus fails to form foci after DNA damage [41].
Additionally, it has been shown that PLK1 also directly phosphorylates and inactivates CHK2 [41].
Thus, PLK1 negatively regulates the ATM-CHK2 branch of the DNA damage to inactivate checkpoint
signaling and to control checkpoint duration [41]. Similarly, PLK1 negatively controls Claspin and
CHKI and the inactivation of these components results in a shutdown of the checkpoint [42-44].
Specifically, phosphorylation of Claspin by PLK1 creates a docking site for B-TrCP protein, resulting in
the efficient ubiquitin-mediated degradation of this protein [42—H]. In conclusion, PLK1 is capable
of dnving entry into mitosis after DNA damage-induced cell cycle arrest and to promote checkpoint
silencing and recovery.

4. DNA Damage and the Balance between Survival and Death

A central question in cells responding to DNA damage is how DDR pathway controls cell fate
decision. The accepted paradigm implies that the level of damage may trigger different responses;
thus, low-level promotes the initiation of repair and the activation of survival mechanisms, whereas
high-levels promote cell death. This concept includes the tacit assumption that, if the damage is
irreparable, cells undergo apoptosis; however, there currently is not a clear biochemical mechanism for
how cells distinguish between reparable and irreparable DNA damage. Evidence suggests that cells
respond to DNA damage by simultaneously activating DNA repair and cell death pathways [45,46];
p53 protein and its functional ambiguity might play a central role in this context, given the ability of
P33 to control the transcription of genes involved in either survival or death [47]. p53 influences several
pathways, which are essential for progression through the cell cycle, including G, /S, Gy /M and spindle
assembly checkpoints [458]. Thus, it is not surprising that several signaling pathways can converge on
P53 to control cellular outcomes. Among them, PLK1 was shown to physically bind to p53 inhibiting
its transactivation activity, as well as its pro-apoptotic function [49]. As mentioned above, upon DNA
damage, ATM/ATR alone lead to phosphorylation of several hundreds of proteins, among them
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P53 [50]. The Mouse Double Minute 2 protein (MDM2) represents one of the predominant and critical E3
ubiquitin ligase for p33, responsible for the dynamic regulation of p53 function [51-54]. MDM2 mediates
P53 ubiquitination through a RING domain (Really Interesting New Gene domain). Additionally,
P53 and MDM2 function in a negative feedback loop, in which MDM2 transcription is activated by p53
and under normal stress conditions, MDM2 maintains low levels of p53 protein [51-54]. Furthermore,
it has been observed that MDM2 binds to the promoters of p53-responsive genes and form a complex
with p53 by interacting with its transactivation domain, thus MDM2 mediates histone ubiquitylation and
transcriptional repression of p53 targets genes [51-54]. Upon DNA damage, ATM/ATR either directly or
through CHK1/CHK2 phosphorylate p53 (Reference [46] and references there in). Similarly, it has been
shown that ATM phosphorylates MDM2 (References [46,55] and references therein); phosphorylation
of p53 and MDM2 in response to DNA damage by ATM/CHK1 /CHK2 is thought to abrogate the
MDM2-p53 protein-protein interaction leading to p53 stabilization and activation. (References [46,55]
and references therein). In this context, it is thought that a low-level of DNA damage causes a
transiently expression and response of p53 whereas a higher-level of DNA damage leads to sustained
p53 activation. Thus, upon DNA damage cell fate is determined by tunable threshold of p53. Previous
studies have indicated that p53 may selectively contribute to the differential expression of prosurvival
and pro-apoptotic genes, due to the higher affinity of p53 for its binding sites in promoter associated
with cell cycle arrest, e.g p21/CDKN1A and lower affinity for those associated with apoptosis [47].
It has been shown that both pro-arrest and pro-apoptotic p53 target genes are expressed proportionally
to the p53 expression levels [47]. It is conceivable that, upon DNA damage triggering apoptosis, cells
must reach the pro-apoptotic threshold of p53 activity, whose level is determined by expression levels
of p53 itself. Interestingly, it has been shown that lowering this pro-apoptotic threshold with inhibitors
of antiapoptotic Bel-2 family proteins sensitized cells to p53-induced apoptosis [47]. DNA damage can
activate both p53 and Nuclear Factor kappa-light-chain-enhancer of activated B cells (NF-xB). A model
describing the crosstalk between p53 and NF-xB was proposed by Puszynski and co-workers [56].
This work suggested that the diverse outcome of the p53 /NF-kB crosstalk in balancing survival and
death depended on the dynamic context of p33 and NF-kB pathways activation, It has been proposed
that NF-xB activation preceding p53 activation render cells more resistant to DNA damage-related
death [56]. Remarkably, data from gain and loss of function approaches demonstrated that sustained
anti-apoptotic NF-xB activity in tumors might depend on mutant p53 activity [57]. Thus, the regulation
of p53 and its downstream effects are likely to be dependent on its interaction with other signal
transduction pathways, which may influence the final response to p53 activation. In addition to the
above-discussed mechanisms that control p53°s duality in cell fate, site-specific phosphorylation of p53
also seems to be important in promoting its pro-apoptotic function. It has been observed that promoter
selectivity of p53 is regulated by post-translational modifications [55]. In this context, the increased
affinity of p53 to the regulatory regions of pro-apoptotic genes is related to its phosphorylation at
serine-46 (serd6) [55]. Thus, in stress-conditions, phosphorylation of p53 at S46 regulates its pro-death
function through the induction of apoptotic genes such as NOXA [59] PTEN [60] and TP53AIPT [61].
Several kinases phosphorylate p33 on 5-46 either directly (HIPK2, p38, PKCS, and DYRK2) or indirectly
through ATM/ATR, with the effect to promote upregulation of pro-apoptotic p53-target genes [62-66].
In addition to its role as regulator of the cell fate of genomically compromised cells, several studies
have shown that p53 also directly impacts the activity of various DNA-repair pathways [67]. Thus,
p33 appears a multitasking factor providing protection from cancer development by maintaining
genome stability. In conclusion, p53 is a central component of the signaling network activated by
the DNA damage response and the tight regulation and balance of its activity must be maintained to
preserve the dynamic principle of the damage checkpoint.

5. Molecular Mechanisms of Checkpoint Adaptation

Cells have evolved a complex network to maintain the integrity of the genome. An essential event
in the DNA damage response is represented by the cell cycle arrest that allows cells to repair damaged
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DNA before entering the subsequent phases of the cell cycle [11]. Thus, the expected consequence in the
presence of DNA damage is that cell cycle re-entry will only occur following DNA repair [11]. However,
cells can enter into cell cycle before repairing their DN A through a mechanism originally described
as checkpoint adaptation [65-70], While in mammal cells the molecular mechanism of checkpoint
adaptation has remained controversial and largely unknown until recently, it has been extensively
studied in Xenopus and yeast. Since the checkpoint adaptation and checkpoint recovery mechanism
share keys factors, it is not surprising that components of the checkpoint adaptation response are
highly conserved throughout the eukaryotic evolution [10]. In the yeast S. cerevisiae, analysis of
deletion mutants indicates that multiple factors are involved in checkpoint adaptation, among them:
Cdc5 (PLK1), Tell (ATM), and Mecl (ATR) [16]. In response to different kinds of DNA damage,
checkpoint activation promotes the recruitment of Tell /Mec] to the lesion site [15]. The Tell /Mecl
kinases directly phosphorylate the adaptor proteins Rad% and Mrcl that are able to recruit and
to activate the checkpoint Kinase Rad53, the structural homolog of human CHK2, but considered
functionally similar to CHK1 [71]. Phosphorylation of Rad53 as well as that of CHK1 promotes cell
cycle arrest [15,71-73]. Several observations indicate that inhibition of Rad53 plays a crucial role in
the control of the adaptation process; in particular, Rad53 over-activation was observed in diverse
adaptation-defective mutants [73]. Moreover, it has been shown that Cdc5-mediated phosphorylation
of Rad53 is required for checkpoint adaptation [74]; consistently with the finding that a dominant
negative Rad53 mutant was shown to bypass the requirement of cdc5, in a cdc5 adaptation-defective
mutant [73]. Finally, Rad53 de-phosphorylation mediated by both the phosphatases Ptc2 and Ptc3 has
been shown to bypass the DNA damage checkpoint [65,72,75]. Thus, most of the common pathways
involved in checkpoint adaptation inhibit Rad53 to promote entry into the cell cycle.

A consistent link between the Plx1 (PLK1) and Chkl1 has been also observed in Xenopus laevis [76].
Persistent replication stress promotes the interaction between Claspin and Pix1, which causes the
phosphorylation and release of Claspin from the chromatin and thereby Chk1 inactivation [76].
While checkpoint adaptation has been extensively studied in both lower and higher eukaryotes,
its existence in mammal cells has long been considered controversial [10,77]. However, soon after
the studies cited above, several authors reported a similar type of functional interaction between
PLK1 and CHK1 in human cells. Overall these studies depict a model in which PLK1 phosphorylates
and promotes SCF#TCF ubiquitin ligase-mediated processing of Claspin, thereby promoting CHK1
de-phosphorylation and inactivation [43,44,75], Based on these studies, PLKT has attracted a lot
of interest for understanding the molecular mechanism controlling checkpoint adaptation. Thus,
a number of experimental observations have provided mechanistic insight into the involvement of
PLK1 in checkpoint adaptation. Interestingly, was observed that in the presence of DNA damage PLKI
degradation is required to achieve a proper G2 arrest [79], consistently with previous observations
indicating that sustained PLK1 activity following DNA damage increases the fraction of mitotic
cells [33]. In addition to Claspin, it was shown that in checkpoint adaptation WEE1 kinase is a direct
downstream target of PLK1 (Reference [37] and references there in) WEEL negatively regulates entry
into mitosis by promoting the phosphorylation of CDK1, thus inhibiting the CDK1/cyclin B complex.
PLK1 phosphorylates and leads to degradation WEEL, thereby promoting entry into mitosis [Reference
37 and references therein]. The requirement of PLK1 activity in cells entering in mitosis it has been
elegantly confirmed by using a fluorescence-based probe for PLK1 activity at single cell level [S0].
It has been reported that increased PLK1 activity is detected in cells entering mitosis in unperturbed
cell cycle and when cells recover from DNA damage checkpoint by addition of caffeine that force a
shutdown of the checkpoint [25,80,51]. An interesting observation arising from these studies is that,
once PLK1 activity increases beyond a certain level, it overrides damage checkpoint regardless of
whether DNA damage persists [50].

However, while a number of studies favor the notion of a central role of PLK1 to drive checkpoint
adaptation, likely there are multiple factors that contribute to the DNA damage recovery. CDK1 is a
key regulator of mitotic entry, and as discussed above, PLK1 itself can phosphorylate it. Thus, itis
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likely that signaling pathways able to influence Cyclin B/CDK1 activity in conjunction with PLK1
potentially might regulate adaptation [15,16,37].

6. Consequences of Checkpoint Adaptation

Cell cycle checkpoints and DNA repair mechanisms are important processes to maintain the
integrity of the genome and the faithful transfer of genetic information to daughter cells [10].
This surveillance mechanism provides time to repair the damage, and only when repair has been
successful, the checkpoint is extinguished and cells re-enter into the cell cycle [1,10,12,46,77 52 53]
In unicellular organisms, if DNA repair is not possible, cells can overcome DNA Damage through
checkpoint adaptation [15,21,71,77,84]. Interestingly, mounting evidence indicates that this concept
is not only found in unicellular eukaryotes like yeast but it might be extended also in multicellular
organisms [10,16,76,77 55]. While the critical determinants of the outcomes of checkpoint adaptation are
not yet precisely understood, checkpoint adaptation has several possible consequences. For instance
most cells that undergo checkpoint adaptation die, whereas some cells survive; surviving cells face two
different fates: Some cells will die in subsequent phases of the cell cycle, but a small number of cells
will survive and divide with damaged DNA [References [85-87] and references there in]. In line with
this model, it has been demonstrated that in repair-defective diploid yeast, nearly all cells undergo
checkpoint adaptation, resulting in the generation of aneuploid cells with whole chromosome losses
that have acquired resistance to the initial genotoxic challenge [51]. An important consequence of
this finding was the demonstration that adaptation inhibition, either pharmacologically or genetically,
drastically reduces the occurrence of resistant cells [87-89]. Thus, both in unicellular and multicellular
organisms checkpoint adaptation might represent a mechanism that increases cells survival and
increases the risk of propagation of damaged DNA to daughter cells [56,587,89]. Understanding
this aspect is particularly important as a weakened checkpoint, it has been shown, enhances both
spontaneous and carcinogen-mediated tumorigenesis [90,91]. Additionally, DNA damaging agents are
widely used in oncology to treat many forms of cancer [92]. Unfortunately, resistance to these agents
can result from a variety of factors that significantly reduce their efficacy in cancer therapy [97]. There is
evidence that checkpoint adaptation may drive the selection of therapy-resistant cells (Reference [92]
and references therein)., A better understanding of the mechanisms that determine either survival or
death following checkpoint adaptation might provide insight into the potential mechanisms for the
failure of cancer therapies, thereby facilitating further improvement of current cancer treatments,

7. Future Directions

Cancer is often regarded as an asexual evolution in which cancer cells arise through the
sequential acquisition of beneficial mutations that should confer an increased fitness to the adapted
cells [44-96], Checkpoint adaptation serves as a mechanism by which cells become adapted to stressful
conditions [16,77,54,55,589,92]. As described above, in this process the interaction between DNA
repair pathways and cell cycle checkpoints determines cell fate decision and prevents neoplastic
transformation. Preservation of integrity of multicellular organisms relies on these extra layers of
developmental control. While the nature of what adaptation means for tumor cells i a multicellular
organism remains puzzling, several observations indicate that the DNA Damage response may also
affect the biology of the surrounding cellular microenvironment (for review see Reference [97]). In this
process, the DNA damage response in cancer cells produces a paracrine signaling to induce changes in
nearby microenvironment. However, DNA-damage response plays a crucial role, not only in cancers,
but also in a wide variety of hereditary as well as non-genetic diseases [958-102]. A better understanding
of how the DDR-driven signals are regulated and received by the surrounding microenvironment
could represent an opportunity to understand how the systemic homeostasis controls cell fitness.

Funding: This resaerch was funded by the Associazione Italiana per la Ricerca sul Cancro, AIRC and by the
Ttalian Ministry of Education, University and Research—Dipartimenti di Eccellenza—L. 232/2016, The APC was
funded by Associazione Malati di Hailey-Halley Disease, A AMA HHD-Onlus.

94



Int. |. Maoi. Sci, 2019, 20, 1073 9of 13

Conflicts of Interest: The authors declare no conflict of interest.

References

L

10.

11

12

14.

15.

16.
17.

18

19.

21

24

Ciccia, A,; Elledge, S.J. The DNA damage response: Making it safe to play with knives. Mol. Cell 2010, 40,
179-204. [CrossRef] [PubMed]

Hoeijmakers, . H. DNA damage, aging, and cancer. N. Engl. |. Mad. 2009, 361, 1475-1485. [CrossRef]
[PubMed]

Basu, AK. DNA Damage, Mutagenesis and Cancer. Il J. Mol. Sci. 2018, 19, 970. [CrossRef] [PubMed)
Yasunaga, |.1; Matsuoka, M. Oncogenic spiral by infectious pathogens: Cooperation of multiple factors in
cancer development. Cancer Sci. 2018, 109, 24-32. [CrossRef] [PubMed]

Rue, I’; Martinez Arias, A. Cell dynamics and gene expression control in tissue homeostasis and development.
Mol. Syst. Biol. 2015, 11, 792 [CrossRef] [PubMed]

Chigira, M. Selfish cells in altruistic cell society—A theoretical oncology. Int, J. Oncol. 1993, 3, 441455,

[CrossRef] [PubMed]

Hersh, EM.; Gutterman, J.U.; Mavligit, G.M. Cancer and host defense mechanisms. Patiobiol. Annu. 1975, 5,
133-167. [PubMed]

Burgess, R.C; Misteli, T. Not All DDRs Are Created Equal: Non-Canonical DNA Damage Responses. Cell
2015, 162, 944-947, [CrossRef] [PubMed]

Donzelli, M.; Draetta, G.F. Regulating mammalian checkpoints through Cde25 inactivation. EMBO Rep.
2003, 4, 671-677. [CrassRef] [PubMed]

Harrison, J.C.; Haber, | E. Surviving the breakup: The DNA damage checkpoint. Anmse. Rev. Genel. 2006, 44,
200-235. [CrossRef] [PubMed]

Bartek, |.; Lukas, . DNA damage checkpoints: From initlation to recovery or adaptation. Cuerr. Opin, Cell Biol
2007, 19, 238-245. [CrossRef] [PubMed]

Chaudhury, L; Koepp, D.M. Recovery from the DNA Replication Checkpoint. Genes 2016, 7, M. [CrossRef]
[PubMed]

Shaltiel, L A; Krenning, L.; Bruinsma, W,; Medema, R H, The same, only different—DN A damage checkpoints
and their reversal throughout the cell cycle. J. Cell Sci. 2015, 128, 607-620. [CrossRef] [PubMed)

Cannan, W..; Pederson, D.S, Mechanisms and Consequences of Double-Strand DNA Break Formation in
Chromatin. [ Cell. Physiol. 2016, 231, 3<14, [CrossRef] [PubMed]

Baldo, V; Liang. ].; Wang, G.; Zhou, H. Preserving Yeast Genetic Heritage through DNA Damage Checkpoint
Regulation and Telomere Maintenance. Biomolecules 2002, 2, 505-523, [CrossRef] [PubMed]

Syljuasen, R.G. Checkpoint adaptation in human cells. Oncogene 2007, 26, 5833-5839. [CrossRef] [PubMed]
Uckelmann, M; Sixma, TK, Histone ubiquitination in the DNA damage response, DNA Repair 2017, 56,
92-101. [CrossRef] [PubMed]

Bartek, J.; Lukas, |. Chkl and Chk2 kinases in checkpoint control and cancer. Cancer Cell 2008, 3, 421-429.
[CrossRef]

Harper, | W, Adami, G.R; Wei, N Keyomarsi, K; Elledge, S.J. The p21 Cdk-interacting protein Cipl s a
potent inhibitor of G1 cyclin-dependent kinases. Cell 1993, 75, 805-816. [CrossRef]

Harper, W, Elledge, S.J.; Keyomarsi, K; Dynlacht, B.; Tsai, LH.; Zhang, P; Dobrowolski, S.; Bai, C;
Connell-Crowley, L; Swindell, E.; et al. Inhibition of cyclin-dependent kinases by p21. Mol. Biol. Cell 1995, 6,
387400, [CrossRef] [PubMed)

Stracker, TH.; Usui, T; Petrini, [.H. Taking the time to make important decisions: The checkpoint effector
kinases Chk1and Chk2 and the DNA damage response. DNA Repair 2009, 8, 1047-1054. [CrossRef] [PubMed]
Niida, H.; Murata, K.; Shimada, M.; Ogawa, K. Ohta, K.; Suzuki, K. Fujigaki, H.; Khaw, A K ; Banerjee, B.;
Hande, M.P; et al. Cooperative functions of Chk1 and Chk2 reduce tumour susceptibility in vivo. EMBO J.
2010, 29, 3558-3570), [CrassRef] [PubMed]

Gong, F; Clouaire, T.; Aguirrebengoa, M.; Legube, G.; Miller, K M. Histone demethylase KDM5A regulates
the ZMYNDS-NuRD chromatin remodeler to promote DNA repaic | Cell Biol. 2017, 216, 19591974,
[CrossRef] [PubMed]

Liu, C; Vyas, A.; Kassab, M.A_; Singh, A K_; Yu, X. The role of poly ADP-ribosylation in the first wave of
DNA damage response. Nudeic Acids Res. 2017, 45, 8129-8141. [CrossRef] [PubMed]

95



int. |. Mol. Sci, 2019, 20, 1073 1ot 13

25.

26.

31

37.

41,

45,

Macurck, L; Lindgvist, A; Lim, D.; Lampson, M.A_; Klompmaker, R.; Freire, R.: Clouin, C; Taylor, §.5.;
Yaffe, M.B.; Medema, RH. Polo-like kinase-1 is activated by aurora A to promote checkpoint recovery, Notun
2008, 455, 119-123, [CrossRef] [PubMed])

Nie, M.; Boddy, M.N. Cooperativity of the SUMO and Ubiquitin Pathways in Genome Stability. Biomolecsdes
2016, 6, 14, [CrossRef] [PubMed]

Pickna-Przybylska, D.; Bambara, R.A; Balakrishnan, L. Acetylation regulates DNA repair mechanisms in
human cells. Cell Cycle 2016, 13, 1306-1517. [C rossRef] [ PubMed|

Chao, HLX.; Poovey, CE; Privette, AA,; Grant, G.D.; Chao, H.Y; Cook, |.G.; Purvis, |.E, Orchestration of
DNA Damage Checkpoint Dynamics across the Human Cell Cycle. Cell Syst. 2017, 5, 45459.¢5. [CrossRel]
[PubMed]

Giunta, S.; Belotserkovskaya, R.; Jackson, S.F. DNA damage signaling in response to double-strand breaks
during mitosis. [. Cal Biol, 2010, 190, 197-207. [CrossRef] [PubMed]

Lindqvist, A.; de Bruijn, M.; Macurek, L; Bras, A.; Mensinga, A; Bruinsma, W, Voets, O.; Kranenburg, O;
Medema, RH. Wipl confers G2 checkpoint recovery competence by counteracting p53-dependent
transcriptional repression. EMBO [. 2009, 28, 3196-3206. [CrossRef] [PubMed)

Pintard, L; Archambault, V. A unified view of spatio-temporal control of mitotic entry: Polo Kinase as the
key. Open Biol. 2018, 8, 180114, [CrossRef] [PubMed ]

Lock, R.B,; Ross, W.E. Possible role for p34cde2 kinase in etoposide-induced cell death of Chinese hamster
ovary cells. Cancer Res. 1990, 50, 3767-3771. [PubMed]

Smits, VA, Klompmaker, R; Amaud, L; Rijksen, G.; Nigg, E.A.; Medema, R.H. Polo-like kinase-1 is a targel
of the DNA damage checkpoint. Nat. Cell Biol, 2000, 2, 672-676. [CrossRef] [PubMed]

Smits, VA, Klompmaker, R.; Vallentus, T.; Rijksen, G.; Makela, T.P; Medema, RH. p21 inhibits Thrl61
phosphorylation of Cde2 to enforce the G2 DNA damage checkpoint. |, Biol. Clhem. 2000, 275, 30638-30643.
[CrossRef] [PubMed)

Falck, [.; Lukas, C; Protopopova, M; Lukas, |; Selivanova, G; Bartek, J. Functional impact of concomitant
versus alternative defects in the Chk2-p53 tumour suppressor pathway. Oncegene 2001, 20, 5503-5510.
[CrossRef] [PubMed]

Qin, B,; Gao, B, Yu, |.; Yuan, |; Lou, Z. Ataxia telangiectasia-mutated- and Rad3-related protein regulates the
DNA damage-induced G2/M checkpoint through the Aurora A cofactor Bora protein. [. Biol. Chem. 2013,
288, 16139-16144. [CrossRef] [PubMed]

Van Vugt, M.A; Bras, A.; Medema, R H. Polo-like kinase-1 controls recovery from a G2 DN A damage-induced
arrest in mammalian cells. Mal. Cell 2004, 15, 799-811. [CrossRef] [PubMed|

Archambault, V.; Carmena, M. Polo-like kinase-activating kinases: Aurora A, Auwrora B and what else?
Cell Cucle 2012, 11, 1490-1495. [CrossRef] [PubMed]

Sur, S.; Agrawal, D.K. Phosphatases and kinases regulating CDC25 activity in the cell cycle: Clinical
imphications of CDC25 overexpression and potential treatment strategies. Mol Cell, Biochem. 2016, 416,
3346, [CrossRef] [PubMed]

Jullien, 1D.; Bugler, B, Dozier, C.; Cazales, M.; Ducommun, B. Identification of N-terminally truncated stable
nuclear isoforms of CDC25B that are specifically involved in G2/M checkpoint recovery. Caicer Res. 2011,
71, 1968-1977. [CrossRef] [PubMed |

Van Vugt, M.A; Gardino, A.K.; Linding. R.; Ostheimer, G.).; Reinhardt, HC,; Ong, SE; Tan, CS,; Miao, H;
Keezer, SM; L, ] etal. A mitotic phosphorylation feedback network connects Cdkl, Plk1, 538P1, and Chk2
toinactivate the G(2)/M DNA damage checkpoint. PLoS Bied, 2010, 8, ¢1000287, [CrossRef] [P'ubMed]
Freire, R; van Vugt, M.A; Mamely, I; Medema, R H. Claspin: Timing the cell cycle arrest when the genome
is damaged. Cell Cycle 2006, 5, 2831-2834. [CrossRel] [PubMed]

Mamely, L; van Vugt, MA; Smits, VA Semple, |.1; Lemmens, B.; Perrakis, A; Medema, R H,; Freire, R.
Polo-like kinase-1 controls proteasome-dependent degradation of Claspin during checkpoint recovery.
Curr. Biol. 2006, 16, 1950-1955, [CrossRef] [PubMed]

Peschiaroli, A.; Dorrello, NV, Guardavaccaro, D.; Venere, M.; Halazonetis, T.; Sherman, N.E.; Pagano, M.
SCFbetaTrCP-mediated degradation of Claspin regulates recovery from the DNA replication checkpoint
response. Mal. Cell 2006, 23, 319-329. [CrossRef] [PubMed]

Borges, HL; Linden, R.; Wang, .Y. DNA damage-induced cell death: Lessons from the central nervous
system, Cell Res. 2008, 18, 17-26, [CrossRef] [PubMed)

96



Int. . Mal. Sci. 2019, 20, 1073 110£13

46,

47,

5L

52,

57,

61,

Roos, W.P; Thomas, A.D,; Kaina, B. DNA damage and the balance between survival and death in cancer
biology. Nat. Rev, Cancer 2016, 16, 20-33. [CrossRef] [PubMed]

Kractkova, M. Akird, G.; George, A.; Sachidanandam, R,; Aaronson, S.A. A threshold mechanism mediates
p53 cell fate decision between growth arrest and apoplosis. Cell Denth Differ. 2013, 20, 576-588. [CrossRel]
[PubMed)

Engeland, K. Cell cycle arrest through indirect transcriptional repression by p53: | have a DREAM.
Cell Denthr Differ, 2018, 25, 114-132. [CrossRef] [PubMed)

Ando, K.; Ozaki, T; Yamamoto, H.; Furuya, K.; Hosoda, M.; Hayashi, S.; Fukuzawa, M.; Nakagawara, A,
Polo-like kinase 1 (PIk1) inhibits p33 function by physical interaction and phosphorylation, [. Biol. Chemt,
2004, 279, 25549-25561. [CrossRef] [PubMed)

Marechal, A.; Zou, L. DNA damage sensing by the ATM and ATR kinases. Cold Sprang Harb. Perspect. Biol,
2013, 5, a012716, [CrossRef] [PubMed]

Sullivan, K.D.; Galbraith, M.D.; Andrysik, Z.; Espinosa, .M. Mechanisms of transcniptional regulation by
P53, Cell Death Differ. 2018, 25, 133-143. [CrossRef] [PubMed]

Minsky, N.; Oren, M. The RING domain of Mdm2 mediates histone ubiquitylation and transcriptional
repression. Mol. Cell 2004, 16, 631-639. [CrossRef] [PubMed)

Tang, Y.; Zhao, W;; Chen, Y; Zhao, Y.; Gu, W. Acetylation s indispensable for p53 activation, Cell 2008, 133,
612-626, [CrossRef] [PubMed)

Shi, D; Gu, W. Dual Roles of MDM2 in the Regulation of p53: Ubiquitination Dependent and Ubiquitination
Independent Mechanisms of MDM2 Repression of p53 Activity, Genes Cancer 2012, 3, 240-248, [CrossRef]
[PubMed]

Cheng, Q.; Chen, . Mechanism of p53 stabilization by ATM after DNA damage. Cell Cyele 2010, 9, 472-478,
[CrossRef] [PubMed]

Puszynski, K ; Bertolusso, R.; Lipniacki, T. Crosstalk between p53 and nudear factor-B systems: Pro- and
anti-apoptotic functions of NE-B. [ET Syst. Bial. 2009, 3, 356-367. [CrossRef] [PubMed]

Schneider, G; Henrich, A., Greiner, G.; Wolf, V.; Lovas, A, Wieczorek, M.; Wagner, T, Reichardt, 5.;
von Werder, A; Schmid, RM.; et al. Cross talk between stimulated NF-xB and the tumor suppressor p53.
Oncogene 2010, 29, 2795-2806. [CrossRef] [PubMed]

Pietsch, E.C.; Sykes, SM.; McMahon, S.B.; Murphy, M.E. The p53 family and programmed cell death,
Oncogene 2008, 27, 6307-6521. [CrossRef] [PubMed]

Ichwan, S.J; Yamada, S, Sumrefkanchanakif, ; Tbrahim-Auerkan, E; Eto, K; Tkeda, M.A. Defect in serine 46
phosphorylation of p53 contributes to acquisition of p53 resistance in oral squamous cell carcinoma cells,
Oncogene 2006, 25, 1216-1224. [CrossRef] [PubMed]

Mavyo, LD Seo, ¥.R.; Jackson, M.W,; Smith, M.L.; Rivera Guzman, |.; Korgaonkar, C.K,; Donner, DB.
Phasphorylation of human p53 at serine 46 determines promoter selection and whether apoptosis s
attenuated or amplified. J. Biol. Chiem. 2005, 280, 25953-25959. [CrossRef] [PubMed)

Oda, K.; Arakawa, H.; Tanaka, T Matsuda, K; Tanikawa, C.; Mori, T.; Nishimori, H.; Tamai, K.; Tokino, T.;
Nakamura, Y.; et al. p5S3AIPI, a potential mediator of p53-dependent apoptosis, and its regulation by
Ser-46-phosphorylated p53. Cell 2000, 102, 849-862. [CrossRef]

Bulavin, D.V; Saito, S.; Hollander, M.C; Sakaguchi, K.; Anderson, CW.; Appella, E.; Fornace, A |, Ir.
Phosphorylation of human p53 by p38 kinase coordinates N-terminal phosphorylation and apoptosis in
response to UV radiation. EMBO [. 1999, 18, 6845-6854. [CrossRed] [PubMed]

Hofmann, T.G; Moller, A.; Sirma, H.; Zentgraf, H,; Tava, Y.; Droge, W.; Will, H.; Schmitz, M.L. Regulation of
p53 activity by its interaction with homeodomain-interacting protein kinase-2. Naf. Cell Biol. 2002, 4, 1-10,
[CrossRef] [PubMed]

Taira, N.; Nihira, K.; Yamaguchi, T.; Miki, Y.; Yoshida, K. DYRK2 is targeted to the nucleus and controls p53
via Serd6 phosphorylation in the apoptotic respanse to DNA damage. Mol Cefl 2007, 25, 725-738, [CrossRef]
[PubMe]

Toczyski, D.P; Galgoczy, D] Hartwell, LFL CDC5 and CKII control adaptation to the yeast DNA damage
checkpoint. Cell 1997, 90, 1097-1106. [CrossRef]

Yoshida, K.; Liu, H.; Miki, Y. Protein kinase C delta regulates Ser46 phosphorylation of p53 tumor suppressor
in the apoptotic response to DNA damage. |. Biol. Chemt, 2006, 281, 5734-5740. [CrossRef] [PubMed]

97



Int, [ Mal, Sci, 2019, 20, W73 120f 13

67.

g8

74

g 2 2 N

=

¥F & FE BB

Williams, A B.; Schumacher, B. p53 in the DNA-Damage-Repair Process. Cold Spring Harb, Perspect, Med.
2016, 6, al26070. [CrossRef] [PubMed]

Paulovich, A.G.; Margulies, R.U; Garvik, BM.; Hartwell, L.H. RAD9, RAD17, and RAD24 are required
for S phase regulation in Saccharomyces cerevisiae in response to DNA damage. Genetics 1997, 145, 45-62
[PubMed]

Paulovich, A.G.; Toczyski, D.P; Hartwell, LH. When checkpomnts fail. Cell 1997, 88, 315-321. [CrossRef]
Sandell, L.L; Zakian, V.A. Loss of a yeast telomere: Arrest, recovery, and chromosome loss. Cell 1993, 75,
729-739. [CrossRef]

Pardo, B.; Crabbe, L; Pascro, P Signaling pathways of replication stress in yeast. FEMS Yeast Res 2017, 17
[CrossRef] [PubMed]

Leroy, C; Lee, S.E;; Vaze, MB.; Ochsenbein, F; Guerois, R; Haber, ] E.; Marsolicr-Kergoat, M.C. PP2C
phosphatases Pte2 and Pte3 are required for DNA checkpoint inactivation after a double-strand break.
Mal, Cell 2003, 11, 827-835, [CrossRef]

Pellicioli, A.; Lee, S.E.; Lucea, C; Folani, M.; Haber, |.E. Regulation of Ssccharomyces Rad53 checkpoint
kinase during adaptation from DNA damage-induced G2/M arrest. Mol. Cell 2001, 7, 293-300. [CrossRef]
Vidanes, GM.; Sweeney, ED; Galicia, S; Cheung, 5; Doyle, |LP; Durocher, D.; Toczyski, D.P CDCS inhibits
the hyperphasphorylation of the checkpoint kinase Rad53, leading to checkpoint adaptation, PLoS Biol. 2010,
8, €1000286, [CrossRef] [PubMed]

Guillemain, G.; Ma, E.; Mauger, 5. Miron, S; Thai, R.; Guerois, R.; Ochsenbein, F; Marsolier-Kergoat, M.C.
Mechanisms of checkpoint kinase Rad53 inactivation after a double-strand break in Saccharomyces cerevisiae.
Mal. Cell. Biol. 2007, 27, 3378-3389. [CrossRef] [PubMed)

Yoo, HY.; Kumagai, A; Shevchenko, A; Shevehenko, A; Dunphy, WG, Adaptation of a DNA replication
checkpaint response depends upon inactivation of Claspin by the Polo-like kinase. Cell 2004, 117, 575-588.
[CrossRef]

Lupardus, PJ.; Cimprich, KA. Checkpoint adaptation; molecular mechanisms uncovered, Cell 2004, 117,
555-556. [CrossRef] [PubMed)|

Mailand, N; Bekker-Jensen, S.; Bartek, |.; Lukas, | Destruction of Claspin by SCFbetaTrCP restrains Chk1
activation and facilitates recovery from genotoxic stress. Mol. Cell 2006, 23, 307-318. [CrossRel] [PubMed]
Bassermann, F; Frescas, D.; Guardavaccaro, D.; Busino, L.; Peschiaroli, A ; Pagano, M. The Cdel4B-Cdhi-Plk]
axis controls the G2 DNA-damage-response checkpoint. Cell 2008, 134, 256-267. [CrossRef] [PubMed]
Liang, H.; Esposito, A, De, S.; Ber, S.; Collin, P; Surana, U.; Venkitaraman, A.R. Homeostatic control of
polo-like kinase-1 engenders non-genetic heterogeneity in G2 checkpont fidelity and timing. Nat. Commn.
2014, 5, 4048, [CrossRef] [PubMed]

Jaiswal, H.; Benada, J.; Mullers, E.; Akopyan, K Burdova, K.; Koolmeister, T; Helleday, T; Medema, RH.;
Macurek, L; Lindqvist, A. ATM/Wip]1 activities at chromatin control PIk1 re-activation to determine G2
checkpoint duration. EMBO J. 2017, 36, 2161-2176. [CrozsRef] [PubMed]

Bartek, | ; Lukas, |. DNA repair: Damage alert. Nature 2003, 421, 486488, [CrossRef] [PubMed]

Van Vugt, M.A; Bras, A Medema, RH, Restarting the cell cycle when the checkpoint comes to 4 halt.
Cancer Res. 2005, 65, 037-740, [CrossRef] [PubMed]

Bender, K.; Vydzhak, O; Klermund, | Busch, A Grimm, S; Luke, B. Checkpoint adaptation in
repair-deficient cells drives aneuploidy and resistance to genotoxic agents. BioRxiv 2018, [CrossRef]

Lewis, CW; Golsteyn, R.M. Cancer cells that survive checkpoint adaptation contain micronuclei that harbor
damaged DNA. Cell Cycle 2016, 15, 3131-3145, [CrossRef] ['ubMed]

Kubara, PM.; Kerneis-Golsteyn, S.; Studeny, A.; Lanser, B.B.; Meijer, L; Golsteyn, R M. Human cells enter
mitosis with damaged DNA after treatment with pharmacological concentrations of genotoxic agents.
Biochem. |, 2012, 446, 373-381. [CrossRef] [PubMed]

Swift, LH,; Golsteyn, R.M. Cytotoxic amounts of cisplatin induce either checkpoint adaptation or apoptosis
in a concentration-dependent manner in cancer cells. Biof. Cell 2016, 108, 127-148. [CrossRef] [IP'ubMed]
Galgoczy, D )., Toczyski, DT Checkpoint adaptation precedes spontaneous and damage-induced genomic
instability in yeast. Mal. Cell. Biol. 2001, 21, 1710-1718. [CrossRef] [PubMed]

Syljuasen, R.G. Jensen, S.; Bartek, |.; Lukas, J. Adaptation to the ionizing radiation-induced G2 checkpoint
occurs in human cells and depends on checkpoint kinase 1 and Polo-like kinase 1 kinases, Cancer Res. 2006,
66, 10253-10257. [CrossRef] [PubMed]

98



Inb. ). Mal. S5¢1.2019, 20, 1073 130413

9,

100,

101,

102,

Jiang, X.;; Wang, J; Xing, L; Shen, H; Lian, W; Yi, L; Zhang, D; Yang, H. Liu, |; Zhang, X.
Sterigmatocystin-induced checkpoint adaptation depends on Chkl in immortalized human gastric epithelial
cells in vitro. Arch, Toxicol, 2017, 91, 259-270, [CrossRef] [PubMed)

Weaver, B.A.; Cleveland, D.W. Decoding the links between mitosis, cancer, and chemotherapy: The mitotic
checkpoint, adaptation, and cell death. Cancer Cell 2005, 8, 7-12. [CrossRef] [PubMed]

Swift, LH.; Golsteyn, R M. Genotoxic anti-cancer agents and their relationship to DNA damage, mitosis, and
checkpoint adaptation in proliferating cancer cells. Inf. . Mol, Sci. 2014, 15, 3403-3431. [CrossRet | [PubMed)
Choi, ].S.; Berdis, A. Combating resistance to DNA damaging agents. Oncascience 2018, 5, 134-136. [PubMed]
Sproulfske, K.; Merlo, LM.; Gerrish, PJ.; Maley, C.C.; Sniegowski, PD. Cancer in light of experimental
evolution. Curr. Biol. 2012, 22, R762-R771. [CrossRef] [PubMed]

Taylor, T.B; Johnson, L].; Jackson, RW,; Brockhurst, M.A; Dash, PR. First steps in experimental cancer
evolution. Eval. Appl, 2013, 6, 535-548, [CrossRef] [PubMed)

Taylor, T.B; Wass, AV, Johnson, LJ.; Dash, P. Resource competition promotes tumour expansion in
experimentally evolved cancer. BMC Eval. Biol. 2017, 17, 268, [CrossRef] [PubMad)

Malaguin, N.; Carrier-leclerc, A Dessureault, M., Rodier, £ DDR-mediated crosstalk between
DNA-damaged cells and their microenvironment. Front, Genel 2015, 6, 94 [CrossRef] [PubMed]

Cialfi, S.; Le Pera, L; De Blasio, C.; Manano, G.; Palermo, R.; Zoafnlli, A Uccelletts, D.; Palleschi, C.;
Biolcati, G; Barbieri, 1. et al. The loss of ATP2CT impairs the DNA damage response and induces altered
skin homeostasis: Consequences for epidermal biology in Hailey-Hailey disease. Ser. Rep. 2016, 6, 31567,
[CrossRef] [PubMed)

Horwitz, E; Krogvold, L.; Zhitomirsky, S.; Swisa, A.; Fischman, M.; Lax, T.; Dahan, T Hurvitz, N.;
Weinberg-Corem, N; Klochendler, A ; et al. f-Cell DNA Damage Response Promotes Ialet Inflammation in
Type 1 Diabetes. Diabetes 2018, 67, 2305-2318. [CrossRef] [PubMed]

Milanese, C.; Cerri, S; Ulusoy, A, Gomati, S.V,; Plat, A.; Gabnels, S.; Blandini, E; Di Monte, DA
Hoeijmakers, ). H; Mastroberardino, PG, Activation of the DNA damage response in vivo in synucleinopathy
maodels of Parkinson’s disease. Cell Deuth Dis, 2018, 9, 818, [CrossRef] [PubMed]

Waller, R.; Murphy, M.; Garwood, C.J.; lennings, L; Heath, P.R; Chambers, A Matthews, EE; Brayne, C;
Ince, PG Wharton, S8, et al. Metallothionein-1/11 expression associates with the astrocyte DNA damage
response and not Alzheimer-type pathology in the aging brain. Glis 2018, 66, 2316-2323, [CrossRef]
[PubMed]

Wang, H.; Li, S, Oaks, |; Ren, |.; Li, L; Wi, X, The concerted roles of FANCM and Rad52 in the protection of
common fragile sites, Nat. Commeun. 2018, 9, 2791, [CrossRef] [PubMed]

O © 2019 by the authors. Licensee MDPL, Basel, Switzerland. This article is an open access
@ =/ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.ong/licenses /by /4.0/),

99



VI. REFERENCES

Aberg, Karin M., Emoke Racz, Martin J. Behne, and Theodora M. Mauro. “Involucrin Expression Is
Decreased in Hailey—Hailey Keratinocytes Owing to Increased Involucrin MRNA Degradation.” Journal
of Investigative Dermatology 127, no. 8 (August 2007): 1973-1979.

Afshar, Maryam, and Richard L. Gallo. “Innate Immune Defense System of the Skin.” Veterinary
Dermatology 24, no. 1 (2013): 32-e9.

Aithal, Madhuri G. S., and Narayanappa Rajeswari. “Role of Notch Signalling Pathway in Cancer and
Its Association with DNA Methylation.” Journal of Genetics 92, no. 3 (December 2013): 667-675.

Allen, Terence D., and Christopher S. Potten. “Desmosomal Form, Fate, and Function in Mammalian
Epidermis.” Journal of Ultrastructure Research 51, no. 1 (April 1975): 94-105.

Allenspach, Eric J., Ivan Maillard, Jon C. Aster, and Warren S. Pear. “Notch Signaling in Cancer.”
Cancer Biology & Therapy 1, no. 5 (September 13, 2002): 466—-476.

Arora, Harleen, Fleta N. Bray, Jessica Cervantes, and Leyre A. Falto Aizpurua. “Management of
Familial Benign Chronic Pemphigus.” Clinical, Cosmetic and Investigational Dermatology 9 (2016):
281-290.

Artavanis-Tsakonas, S. “Notch Signaling: Cell Fate Control and Signal Integration in Development.”
Science 284, no. 5415 (April 30, 1999): 770-776.

Ascano, Janice M., Levi J. Beverly, and Anthony J. Capobianco. “The C-Terminal PDZ-Ligand of
JAGGEDL Is Essential for Cellular Transformation.” Journal of Biological Chemistry 278, no. 10 (March
7,2003): 8771-8779.

Bachelez, Hervé, Béatrice Flageul, Laurent Degos, Laurence Boumsell, and Armand Bensussan.
“TCR I'd Bearing T Lymphocytes Infiltrating Human Primary Cutaneous Melanomas.” Journal of
Investigative Dermatology 98, no. 3 (March 1992): 369-374.

Barrick, Doug, and Raphael Kopan. “The Notch Transcription Activation Complex Makes Its Move.”
Cell 124, no. 5 (March 2006): 883—885.

Bauer, S. “Activation of NK Cells and T Cells by NKG2D, a Receptor for Stress-Inducible MICA.”
Science 285, no. 5428 (July 30, 1999): 727-729.

Behne, Martin J., Chia-Ling Tu, Ida Aronchik, Ervin Epstein, Graham Bench, Daniel D. Bikle, Tullio
Pozzan, and Theodora M. Mauro. “Human Keratinocyte ATP2C1 Localizes to the Golgi and Controls
Golgi Ca2+ Stores.” Journal of Investigative Dermatology 121, no. 4 (October 2003): 688—694.

Ben-Porath, Ittai, and Robert A. Weinberg. “When Cells Get Stressed: An Integrative View of Cellular
Senescence.” Journal of Clinical Investigation 113, no. 1 (January 1, 2004): 8-13.

Bensimon, A., A. Schmidt, Y. Ziv, R. Elkon, S.-Y. Wang, D. J. Chen, R. Aebersold, and Y. Shiloh.
“ATM-Dependent and -Independent Dynamics of the Nuclear Phosphoproteome After DNA Damage.”
Science Signaling 3, no. 151 (December 7, 2010): rs3—rs3.

Berridge, Michael J. “A Tale of Two Messengers.” Nature 365, no. 6445 (September 1993): 388-389.
Bertrand, Fred E., C. William Angus, William J. Partis, and George Sigounas. “Developmental

Pathways in Colon Cancer: Crosstalk between WNT, BMP, Hedgehog and Notch.” Cell Cycle 11, no.
23 (December 2012): 4344—-4351.

100



Bikle, Daniel D, Zhongjian Xie, and Chia-Ling Tu. “Calcium Regulation of Keratinocyte Differentiation.”
Expert Review of Endocrinology & Metabolism 7, no. 4 (July 2012): 461-472.

Biolcati, G., C. Aurizi, L. Barbieri, S. Cialfi, I. Screpanti, and C. Talora. “Efficacy of the Melanocortin
Analogue Nle4-D-Phe7-a-melanocyte-stimulating Hormone in the Treatment of Patients with Hailey—
Hailey Disease.” Clinical and Experimental Dermatology 39, no. 2 (March 2014): 168-175.

Blanpain, Cédric, and Elaine Fuchs. “Epidermal Homeostasis: A Balancing Act of Stem Cells in the
Skin.” Nature Reviews Molecular Cell Biology 10, no. 3 (March 2009): 207-217.

Bos, Jan D, Ingrid Zonneveld, Pranab K Das, Suze R Krieg, Chris M van der Loos, and Martien L
Kapsenberg. “The Skin Immune System (SIS): Distribution and Immunophenotype of Lymphocyte
Subpopulations in Normal Human Skin.” Journal of Investigative Dermatology 88, no. 5 (May 1987):
569-573.

Bray, Sarah J. “Notch Signalling: A Simple Pathway Becomes Complex.” Nature Reviews Molecular
Cell Biology 7, no. 9 (September 2006): 678-689.

Brini, Marisa, and Ernesto Carafoli. “Calcium Pumps in Health and Disease.” Physiological Reviews
89, no. 4 (October 2009): 1341-1378.

Brody, |. “The Ultrastructure of the Tonofibrils in the Keratinization Process of Normal Human
Epidermis.” Journal of Ultrastructure Research 4, no. 3—4 (December 1960): 264—297.

Callewaert, G., J.B. Parys, H. De Smedt, L. Raeymaekers, F. Wuytack, J. Vanoevelen, K. Van Baelen,
A. Simoni, R. Rizzuto, and L. Missiaen. “Similar Ca 2+ -Signaling Properties in Keratinocytes and in
COS-1 Cells Overexpressing the Secretory-Pathway Ca 2+ -ATPase SPCA1.” Cell Calcium 34, no. 2
(August 2003): 157-162.

Campisi, Judith, and Fabrizio d’Adda di Fagagna. “Cellular Senescence: When Bad Things Happen
to Good Cells.” Nature Reviews Molecular Cell Biology 8, no. 9 (September 2007): 729-740.

Chandel, N. S., E. Maltepe, E. Goldwasser, C. E. Mathieu, M. C. Simon, and P. T. Schumacker.
“Mitochondrial Reactive Oxygen Species Trigger Hypoxia-Induced Transcription.” Proceedings of the
National Academy of Sciences 95, no. 20 (September 29, 1998): 11715-11720.

Chun, S. I., K. C. Whang, and W. P. D. Su. “Squamous Cell Carcinoma Arising in Hailey-Hailey
Disease.” Journal of Cutaneous Pathology 15, no. 4 (July 1988): 234—-237.

Cialfi, S., C. Oliviero, S. Ceccarelli, C. Marchese, L. Barbieri, G. Biolcati, D. Uccelletti, et al. “Complex
Multipathways Alterations and Oxidative Stress Are Associated with Hailey-Hailey Disease: Molecular
Pathways Involved in Hailey-Hailey Disease.” British Journal of Dermatology 162, no. 3 (March 2010):
518-526.

Cialfi, Samantha, Salvatore Calabro, Matteo Franchitto, Azzurra Zonfrilli, Isabella Screpanti, and
Claudio Talora. “Hypotonic, Acidic Oxidizing Solution Containing Hypochlorous Acid (HCIO) as a
Potential Treatment of Hailey-Hailey Disease.” Molecules 24, no. 24 (December 4, 2019): 4427.

Cialfi, Samantha, Loredana Le Pera, Carlo De Blasio, Germano Mariano, Rocco Palermo, Azzurra
Zonfrilli, Daniela Uccelletti, et al. “The Loss of ATP2C1 Impairs the DNA Damage Response and
Induces Altered Skin Homeostasis: Consequences for Epidermal Biology in Hailey-Hailey Disease.”
Scientific Reports 6, no. 1 (August 30, 2016): 31567.

Ciccia, Alberto, and Stephen J. Elledge. “The DNA Damage Response: Making It Safe to Play with
Knives.” Molecular Cell 40, no. 2 (October 2010): 179-204.

Cockayne, S.E., D.M. Rassl, and S.E. Thomas. “Squamous Cell Carcinoma Arising in Hailey-Hailey
Disease of the Vulva.” British Journal of Dermatology 142, no. 3 (March 2000): 540-542.

101



Coppé, Jean-Philippe, Pierre-Yves Desprez, Ana Krtolica, and Judith Campisi. “The Senescence-
Associated Secretory Phenotype: The Dark Side of Tumor Suppression.” Annual Review of Pathology:
Mechanisms of Disease 5, no. 1 (January 2010): 99-118.

Cordle, Jemima, Christina RedfieldZ, Martin Stacey, P. Anton van der Merwe, Antony C. Willis, Brian
R. Champion, Sophie Hambleton, and Penny A. Handford. “Localization of the Delta-like-1-Binding
Site in Human Notch-1 and Its Modulation by Calcium Affinity.” Journal of Biological Chemistry 283,
no. 17 (April 25, 2008): 11785-11793.

De Blasio, Carlo, Azzurra Zonfrilli, Matteo Franchitto, Germano Mariano, Samantha Cialfi, Nagendra
Verma, Saula Checquolo, et al. “PLK1 Targets NOTCH1 during DNA Damage and Mitotic
Progression.” Journal of Biological Chemistry 294, no. 47 (November 22, 2019): 17941-17950.

Demaria, Marco, Naoko Ohtani, Sameh A. Youssef, Francis Rodier, Wendy Toussaint, James R.
Mitchell, Remi-Martin Laberge, et al. “An Essential Role for Senescent Cells in Optimal Wound Healing
through Secretion of PDGF-AA.” Developmental Cell 31, no. 6 (December 2014): 722-733.

Deng, Hao, and Heng Xiao. “The Role of the ATP2C1 Gene in Hailey—Hailey Disease.” Cellular and
Molecular Life Sciences 74, no. 20 (October 2017): 3687—-3696.

Dhitavat, Jittima, Leonard Dode, Natalie Leslie, Anavaj Sakuntabhai, Sarah Macfarlane, Ruth
MacSween, Eric Saihan, and Alain Hovnanian. “Acrokeratosis Verruciformis of Hopf Is Caused by
Mutation in ATP2A2: Evidence That It Is Allelic to Darier's Disease.” Journal of Investigative
Dermatology 120, no. 2 (February 2003): 229-232.

Doi, Hisao, Masa-Aki Shibata, Kimihiro Kiyokane, and Yoshinori Otsuki. “Downregulation of TGFf3
Isoforms and Their Receptors Contributes to Keratinocyte Hyperproliferation in Psoriasis Vulgaris.”
Journal of Dermatological Science 33, no. 1 (October 2003): 7-16.

Dotto, G. Paolo. “Crosstalk of Notch with P53 and P63 in Cancer Growth Control.” Nature Reviews
Cancer 9, no. 8 (August 2009): 587-595.

Duhen, Thomas, Rebekka Geiger, David Jarrossay, Antonio Lanzavecchia, and Federica Sallusto.
“Production of Interleukin 22 but Not Interleukin 17 by a Subset of Human Skin-Homing Memory T
Cells.” Nature Immunology 10, no. 8 (August 2009): 857—-863.

Elias, Peter M. “Structure and Function of the Stratum Corneum Extracellular Matrix.” Journal of
Investigative Dermatology 132, no. 9 (September 2012): 2131-2133.

Elsholz, Floriana, Christian Harteneck, Walter Muller, and Kristina Friedland. “Calcium - a Central
Regulator of Keratinocyte Differentiation in Health and Disease.” European Journal of Dermatology
24, no. 6 (November 2014): 650-661.

Facucho-Oliveira, J. M., J. Alderson, E. C. Spikings, S. Egginton, and J. C. St. John. “Mitochondrial
DNA Replication during Differentiation of Murine Embryonic Stem Cells.” Journal of Cell Science 120,
no. 22 (November 15, 2007): 4025—-4034.

Faget, Douglas V., Qihao Ren, and Sheila A. Stewart. “Unmasking Senescence: Context-Dependent
Effects of SASP in Cancer.” Nature Reviews Cancer 19, no. 8 (August 2019): 439-453.

Ficociello, G., E. Zanni, S. Cialfi, C. Aurizi, G. Biolcati, C. Palleschi, C. Talora, and D. Uccelletti.
“Glutathione S-Transferase ©-Subunit as a Phenotypic Suppressor of Pmrl A Strain, the
Kluyveromyces Lactis Model for Hailey-Hailey Disease.” Biochimica et Biophysica Acta (BBA) -
Molecular Cell Research 1863, no. 11 (November 2016): 2650—2657.

Ficociello, Graziella, Azzurra Zonfrilli, Samantha Cialfi, Claudio Talora, and Daniela Uccelletti. “Yeast-
Based Screen to Identify Natural Compounds with a Potential Therapeutic Effect in Hailey-Hailey
Disease.” International Journal of Molecular Sciences 19, no. 6 (June 20, 2018): 1814.

102



Finnson, Kenneth W., Praveen R. Arany, and Anie Philip. “Transforming Growth Factor Beta Signaling
in Cutaneous Wound Healing: Lessons Learned from Animal Studies.” Advances in Wound Care 2,
no. 5 (June 2013): 225-237.

Finnson, Kenneth W., Sarah McLean, Gianni M. Di Guglielmo, and Anie Philip. “Dynamics of
Transforming Growth Factor Beta Signaling in Wound Healing and Scarring.” Advances in Wound
Care 2, no. 5 (June 2013): 195-214.

Fidza, Ulla-Maj, and Alfonso Martinez Arias. “Cell and Molecular Biology of Notch.” Journal of
Endocrinology 194, no. 3 (September 2007): 459-474.

Foggia, Lucie, and Alain Hovnanian. “Calcium Pump Disorders of the Skin.” American Journal of
Medical Genetics 131C, no. 1 (November 15, 2004): 20-31.

Foury, Francoise. “Human Genetic Diseases: A Cross-Talk between Man and Yeast.” Gene 195, no.
1 (August 1997): 1-10.

Fuchs, Elaine. “Finding One’s Niche in the Skin.” Cell Stem Cell 4, no. 6 (June 2009): 499-502.

Fuchs, Elaine, and Srikala Raghavan. “Getting under the Skin of Epidermal Morphogenesis.” Nature
Reviews Genetics 3, no. 3 (March 2002): 199-209.

Gartner, Leslie P., James L. Hiatt, and Leslie P. Gartner. Color Atlas and Text of Histology. 6th ed.
Philadelphia: Wolters Kluwer Health/Lippincott Williams & Wilkins, 2014.

Gegotek, Agnieszka, and Elzbieta Skrzydlewska. “The Role of Transcription Factor Nrf2 in Skin Cells
Metabolism.” Archives of Dermatological Research 307, no. 5 (July 2015): 385-396.

Girolomoni, Giampiero., Ponciano D. Cruz, and Paul R. Bergstresser. “Internalization and Acidification
of Surface HLA-DR Molecules by Epidermal Langerhans Cells: A Paradigm for Antigen Processing.”
Journal of Investigative Dermatology 94, no. 6 (June 1990): 753—760.

Hailey, Howard, and Hugh Hailey. “FAMILIAL BENIGN CHRONIC PEMPHIGUS: REPORT OF
THIRTEEN CASES IN FOUR GENERATIONS OF A FAMILY AND REPORT OF NINE ADDITIONAL
CASES IN FOUR GENERATIONS OF A FAMILY.” Southern Medical Journal 33, no. 5 (May 1940):
477-481.

Haines, Nicola, and Kenneth D. Irvine. “Glycosylation Regulates Notch Signalling.” Nature Reviews
Molecular Cell Biology 4, no. 10 (October 2003): 786—797.

. “Glycosylation Regulates Notch Signalling.” Nature Reviews Molecular Cell Biology 4, no. 10
(October 2003): 786—797.

Hamanaka, Robert B, and Navdeep S Chandel. “Mitochondrial Metabolism as a Regulator of
Keratinocyte Differentiation.” Cellular Logistics 3, no. 2 (May 2013): e25456.

Hamanaka, Robert B., and Navdeep S. Chandel. “Mitochondrial Reactive Oxygen Species Regulate
Cellular Signaling and Dictate Biological Outcomes.” Trends in Biochemical Sciences 35, no. 9
(September 2010): 505-513.

Hamm, Henning. “Hailey-Hailey Disease: Eradication by Dermabrasion.” Archives of Dermatology
130, no. 9 (September 1, 1994): 1143.

Hanel, Kai, Christian Cornelissen, Bernhard Luscher, and Jens Baron. “Cytokines and the Skin
Barrier.” International Journal of Molecular Sciences 14, no. 4 (March 26, 2013): 6720-6745.

Hennings, H, and K Holbrook. “Calcium Regulation of Cell-Cell Contact and Differentiation of
Epidermal Cells in Culture *1An Ultrastructural Study.” Experimental Cell Research 143, no. 1
(January 1983): 127-142.

103



Ho, Allen W., and Thomas S. Kupper. “T Cells and the Skin: From Protective Immunity to Inflammatory
Skin Disorders.” Nature Reviews Immunology 19, no. 8 (August 2019): 490-502.

Holst, Valerie A., Kevaghn P. Fair, Barbara B. Wilson, and James W. Patterson. “Squamous Cell
Carcinoma Arising in Hailey-Hailey Disease.” Journal of the American Academy of Dermatology 43,
no. 2 (August 2000): 368-371.

Hori, K., A. Sen, and S. Artavanis-Tsakonas. “Notch Signaling at a Glance.” Journal of Cell Science
126, no. 10 (May 15, 2013): 2135-2140.

Hu, Zhilan, Jeannette M. Bonifas, Jenna Beech, Graham Bench, Takako Shigihara, Hideoki Ogawa,
Shigaku lkeda, Theodora Mauro, and Ervin H. Epstein. “Mutations in ATP2C1, Encoding a Calcium
Pump, Cause Hailey-Hailey Disease.” Nature Genetics 24, no. 1 (January 2000): 61—-65.

Ito, Keisuke, Atsushi Hirao, Fumio Arai, Keiyo Takubo, Sahoko Matsuoka, Kana Miyamoto, Masako
Ohmura, et al. “Reactive Oxygen Species Act through P38 MAPK to Limit the Lifespan of
Hematopoietic Stem Cells.” Nature Medicine 12, no. 4 (April 1, 2006): 446-451.

Kaniji, Suman, and Hiranmoy Das. “Advances of Stem Cell Therapeutics in Cutaneous Wound Healing
and Regeneration.” Mediators of Inflammation 2017 (2017): 1-14.

Kellermayer, Richard. “Hailey-Hailey Disease as an Orthodisease of PMR1 Deficiency in
Saccharomyces Cerevisiae.” FEBS Letters 579, no. 10 (April 11, 2005): 2021-2025.

Konstantinopoulos, P. A., D. Spentzos, E. Fountzilas, N. Francoeur, S. Sanisetty, A. P. Grammatikos,
J. L. Hecht, and S. A. Cannistra. “Keap1 Mutations and Nrf2 Pathway Activation in Epithelial Ovarian
Cancer.” Cancer Research 71, no. 15 (August 1, 2011): 5081-5089.

Kopan, Raphael, and Ma. Xenia G. llagan. “The Canonical Notch Signaling Pathway: Unfolding the
Activation Mechanism.” Cell 137, no. 2 (April 2009): 216-233.

Langerhans, Paul. “Ueber die Nerven der menschlichen Haut.” Archiv fir Pathologische Anatomie und
Physiologie und fur Klinische Medicin 44, no. 2-3 (September 1868): 325-337.

Larouche, Jacqueline, Sumit Sheoran, Kenta Maruyama, and Mikaél M. Martino. “Immune Regulation
of Skin Wound Healing: Mechanisms and Novel Therapeutic Targets.” Advances in Wound Care 7,
no. 7 (July 2018): 209-231.

Lefort, Karine, and G.Paolo Dotto. “Notch Signaling in the Integrated Control of Keratinocyte
Growth/Differentiation and Tumor Suppression.” Seminars in Cancer Biology 14, no. 5 (October 2004):
374-386.

Madison, Kathi C. “Barrier Function of the Skin: ‘La Raison d’Etre’ of the Epidermis.” Journal of
Investigative Dermatology 121, no. 2 (August 2003): 231-241.

Manca, Sonia, Armando Magrelli, Samantha Cialfi, Karine Lefort, Roberto Ambra, Maurizio Alimandi,
Gianfranco Biolcati, et al. “Oxidative Stress Activation of MiR-125b Is Part of the Molecular Switch for
Hailey-Hailey Disease Manifestation: Molecular Mechanisms in Hailey-Hailey Disease.” Experimental
Dermatology 20, no. 11 (November 2011): 932-937.

Marechal, A., and L. Zou. “DNA Damage Sensing by the ATM and ATR Kinases.” Cold Spring Harbor
Perspectives in Biology 5, no. 9 (September 1, 2013): a012716—-a012716.

Masek, Jan, and Emma R. Andersson. “The Developmental Biology of Genetic Notch Disorders.”
Development 144, no. 10 (May 15, 2017): 1743-1763.

Matsuoka, S. “Linkage of ATM to Cell Cycle Regulation by the Chk2 Protein Kinase.” Science 282, no.
5395 (December 4, 1998): 1893-1897.

104



Matsuoka, S., B. A. Ballif, A. Smogorzewska, E. R. McDonald, K. E. Hurov, J. Luo, C. E. Bakalarski,
et al. “ATM and ATR Substrate Analysis Reveals Extensive Protein Networks Responsive to DNA
Damage.” Science 316, no. 5828 (May 25, 2007): 1160-1166.

McMahon, M., K. Itoh, M. Yamamoto, S. A. Chanas, C. J. Henderson, L. I. McLellan, C. R. Wolf, C.
Cavin, and J. D. Hayes. “The Cap’n’Collar Basic Leucine Zipper Transcription Factor Nrf2 (NF-E2 P45-
Related Factor 2) Controls Both Constitutive and Inducible Expression of Intestinal Detoxification and
Glutathione Biosynthetic Enzymes.” Cancer Research 61, no. 8 (April 15, 2001): 3299-3307.

Merkel, Fr. “Tastzellen und Tastkérperchen bei den Hausthieren und beim Menschen.” Archiv fir
Mikroskopische Anatomie 11, no. S1 (December 1875): 636—652.

Micaroni, M, G Giacchetti, R Plebani, G G Xiao, and L Federici. “ATP2C1 Gene Mutations in Hailey—
Hailey Disease and Possible Roles of SPCA1 Isoforms in Membrane Trafficking.” Cell Death &
Disease 7, no. 6 (June 2016): e2259—-e2259.

Miller, Lloyd S., and Robert L. Modlin. “Toll-like Receptors in the Skin.” Seminars in Immunopathology
29, no. 1 (April 18, 2007): 15-26.

Missero, C., E. Calautti, R. Eckner, J. Chin, L. H. Tsai, D. M. Livingston, and G. P. Dotto. “Involvement
of the Cell-Cycle Inhibitor Cipl/WAF1 and the E1A-Associated P300 Protein in Terminal
Differentiation.” Proceedings of the National Academy of Sciences 92, no. 12 (June 6, 1995): 5451—
5455.

Missiaen, Ludwig, Leonard Dode, Jo Vanoevelen, Luc Raeymaekers, and Frank Wuytack. “Calcium
in the Golgi Apparatus.” Cell Calcium 41, no. 5 (May 2007): 405-416.

Mistry, Devendra S., Yifang Chen, and George L. Sen. “Progenitor Function in Self-Renewing Human
Epidermis Is Maintained by the Exosome.” Cell Stem Cell 11, no. 1 (July 2012): 127-135.

Mohr, Melinda R., Gulsun Erdag, Amber L. Shada, Michael E. Williams, Craig L. Slingluff, and James
W. Patterson. “Two Patients With Hailey-Hailey Disease, Multiple Primary Melanomas, and Other
Cancers.” Archives of Dermatology 147, no. 2 (February 1, 2011): 211.

Nguyen, Alan V., and Athena M. Soulika. “The Dynamics of the Skin’s Immune System.” International
Journal of Molecular Sciences 20, no. 8 (April 12, 2019): 1811.

Nguyen, B.-C. “Cross-Regulation between Notch and P63 in Keratinocyte Commitment to
Differentiation.” Genes & Development 20, no. 8 (April 5, 2006): 1028-1042.

Nguyen, Truyen, Paul Nioi, and Cecil B. Pickett. “The Nrf2-Antioxidant Response Element Signaling
Pathway and Its Activation by Oxidative Stress.” Journal of Biological Chemistry 284, no. 20 (May 15,
2009): 13291-13295.

Nicolas, Michael, Anita Wolfer, Kenneth Raj, J. Alain Kummer, Pleasantine Mill, Mascha van Noort,
Chi-chung Hui, Hans Clevers, G. Paolo Dotto, and Freddy Radtke. “Notch1 Functions as a Tumor
Suppressor in Mouse Skin.” Nature Genetics 33, no. 3 (March 2003): 416-421.

Niessen, Carien M. “Tight Junctions/Adherens Junctions: Basic Structure and Function.” Journal of
Investigative Dermatology 127, no. 11 (November 2007): 2525-2532.

Nomura, Takashi, Kenji Kabashima, and Yoshiki Miyachi. “The Panoply of ART Cells in the Skin.”
Journal of Dermatological Science 76, no. 1 (October 2014): 3-9.

Nowell, C., and F. Radtke. “Cutaneous Notch Signaling in Health and Disease.” Cold Spring Harbor
Perspectives in Medicine 3, no. 12 (December 1, 2013): a017772-a017772.

Ntziachristos, Panagiotis, Jing Shan Lim, Julien Sage, and lannis Aifantis. “From Fly Wings to

105



Targeted Cancer Therapies: A Centennial for Notch Signaling.” Cancer Cell 25, no. 3 (March 2014):
318-334.

Okunade, Gbolahan W., Marian L. Miller, Mohamad Azhar, Anastasia Andringa, L. Philip Sanford,
Thomas Doetschman, Vikram Prasad, and Gary E. Shull. “Loss of the Atp2c1 Secretory Pathway Ca
2+ -ATPase (SPCA1) in Mice Causes Golgi Stress, Apoptosis, and Midgestational Death in
Homozygous Embryos and Squamous Cell Tumors in Adult Heterozygotes.” Journal of Biological
Chemistry 282, no. 36 (September 7, 2007): 26517-26527.

Paolo Dotto, G. “Signal Transduction Pathways Controlling the Switch Between Keratinocyte Growth
and Differentiation.” Critical Reviews in Oral Biology & Medicine 10, no. 4 (July 1999): 442—-457.

Pasparakis, Manolis, Ingo Haase, and Frank O. Nestle. “Mechanisms Regulating Skin Immunity and
Inflammation.” Nature Reviews Immunology 14, no. 5 (May 2014): 289-301.

Pastar, Irena, Olivera Stojadinovic, Natalie C. Yin, Horacio Ramirez, Aron G. Nusbaum, Andrew
Sawaya, Shailee B. Patel, Laiqua Khalid, Rivkah R. Isseroff, and Marjana Tomic-Canic.
“Epithelialization in Wound Healing: A Comprehensive Review.” Advances in Wound Care 3, no. 7
(July 2014): 445-464.

Penn, Jack W., Adriaan O. Grobbelaar, and Kerstin J. Rolfe. “The Role of the TGF-B Family in Wound
Healing, Burns and Scarring: A Review.” International Journal of Burns and Trauma 2, no. 1 (2012):
18-28.

Proksch, Ehrhardt, Johanna M. Brandner, and Jens-Michael Jensen. “The Skin: An Indispensable
Barrier.” Experimental Dermatology 17, no. 12 (December 2008): 1063—-1072.

Rangarajan, A. “Notch Signaling Is a Direct Determinant of Keratinocyte Growth Arrest and Entry into
Differentiation.” The EMBO Journal 20, no. 13 (July 2, 2001): 3427-3436.

*Rangarajan, Annapoorni, Ruchi Syal, Suganya Selvarajah, Oishee Chakrabarti, Apurva Sarin, and
Sudhir Krishna. “Activated Notch1 Signaling Cooperates with Papillomavirus Oncogenes in
Transformation and Generates Resistance to Apoptosis on Matrix Withdrawal through PKB/Akt.”
Virology 286, no. 1 (July 2001): 23-30.

Reinhardt, H. Christian, Aaron S. Aslanian, Jacqueline A. Lees, and Michael B. Yaffe. “P53-Deficient
Cells Rely on ATM- and ATR-Mediated Checkpoint Signaling through the P38MAPK/MK2 Pathway for
Survival after DNA Damage.” Cancer Cell 11, no. 2 (February 2007): 175-189.

Rinnerthaler, Mark, Maria Karolin Streubel, Johannes Bischof, and Klaus Richter. “Skin Aging, Gene
Expression and Calcium.” Experimental Gerontology 68 (August 2015): 59-65.

Roth, Sarah A., Maren Simanski, Franziska Rademacher, Lena Schréder, and Jurgen Harder. “The
Pattern Recognition Receptor NOD2 Mediates Staphylococcus Aureus —Induced IL-17C Expression
in Keratinocytes.” Journal of Investigative Dermatology 134, no. 2 (February 2014): 374-380.

Rudolph, Hans K., Adam Antebi, Gerald R. Fink, Catherine M. Buckley, Thomas E. Dorman, JoAnn
LeVitre, Lance S. Davidow, Jen-i Mao, and Donald T. Moir. “The Yeast Secretory Pathway Is
Perturbed by Mutations in PMR1, a Member of a Ca2+ ATPase Family.” Cell 58, no. 1 (July 1989):
133-145.

Sakuntabhai, Anavaj, Victor Ruiz-Perez, Simon Carter, Nick Jacobsen, Susan Burge, Sarah Monk,
Melanie Smith, et al. “Mutations in ATP2A2, Encoding a Ca2+ Pump, Cause Darier Disease.” Nature
Genetics 21, no. 3 (March 1999): 271-277.

Schéafer, Matthias, and Sabine Werner. “Nrf2—A Regulator of Keratinocyte Redox Signaling.” Free
Radical Biology and Medicine 88 (November 2015): 243-252.

106



Senoo, Makoto, Filipa Pinto, Christopher P. Crum, and Frank McKeon. “P63 |s Essential for the
Proliferative Potential of Stem Cells in Stratified Epithelia.” Cell 129, no. 3 (May 2007): 523-536.

Sherman, Mara H., Craig H. Bassing, and Michael A. Teitell. “Regulation of Cell Differentiation by the
DNA Damage Response.” Trends in Cell Biology 21, no. 5 (May 2011): 312—-319.

Shibata, T., T. Ohta, K. I. Tong, A. Kokubu, R. Odogawa, K. Tsuta, H. Asamura, M. Yamamoto, and
S. Hirohashi. “Cancer Related Mutations in NRF2 Impair Its Recognition by Keap1-Cul3 E3 Ligase
and Promote Malignancy.” Proceedings of the National Academy of Sciences 105, no. 36 (September
9, 2008): 13568-13573.

Smolka, M. B., C. P. Albuquerque, S.-h. Chen, and H. Zhou. “Proteome-Wide Identification of in Vivo
Targets of DNA Damage Checkpoint Kinases.” Proceedings of the National Academy of Sciences 104,
no. 25 (June 19, 2007): 10364—-10369.

Stingl, G., E. C. Wolff-Schreiner, W. J. Pichler, F. Gschnait, W. Knapp, and K. Wolff. “Epidermal
Langerhans Cells Bear Fc and C3 Receptors.” Nature 268, no. 5617 (July 1977): 245-246.

Sudbrak, R. “Hailey-Hailey Disease Is Caused by Mutations in ATP2C1 Encoding a Novel Ca2+
Pump.” Human Molecular Genetics 9, no. 7 (April 12, 2000): 1131-1140.

Talora, Claudio, Antonio F. Campese, Diana Bellavia, Maria Pia Felli, Alessandra Vacca, Alberto
Gulino, and Isabella Screpanti. “Notch Signaling and Diseases: An Evolutionary Journey from a Simple
Beginning to Complex Outcomes.” Biochimica et Biophysica Acta (BBA) - Molecular Basis of Disease
1782, no. 9 (September 2008): 489-497.

Tchernev, Georgi, and José Carlos Cardoso. “Familial Benign Chronic Pemphigus (Hailey-Hailey
Disease): Use of Topical Immunomodulators as a Modern Treatment Option.” Revista médica de Chile
139, no. 5 (May 2011): 633-637.

Ton, Van-Khue, Debjani Mandal, Cordelia Vahadiji, and Rajini Rao. “Functional Expression in Yeast of
the Human Secretory Pathway Ca 2+, Mn 2* -ATPase Defective in Hailey-Hailey Disease.” Journal of
Biological Chemistry 277, no. 8 (February 22, 2002): 6422—6427.

Toulon, Antoine, Lionel Breton, Kristen R. Taylor, Mayer Tenenhaus, Dhaval Bhavsar, Caroline
Lanigan, Ross Rudolph, Julie Jameson, and Wendy L. Havran. “A Role for Human Skin—Resident T
Cells in Wound Healing.” Journal of Experimental Medicine 206, no. 4 (April 13, 2009): 743-750.

Uccelletti, Daniela, Francesca Farina, Paolo Pinton, Paola Goffrini, Patrizia Mancini, Claudio Talora,
Rosario Rizzuto, and Claudio Palleschi. “The Golgi Ca ?* -ATPase KIPmrlp Function Is Required for
Oxidative Stress Response by Controlling the Expression of the Heat-Shock Element HSP60 in
Kluyveromyces Lactis.” Molecular Biology of the Cell 16, no. 10 (October 2005): 4636—4647.

Uccelletti, Daniela, Patrizia Mancini, Francesca Farina, Stefania Morrone, and Claudio Palleschi.
“Inactivation of the KIPMR1 Gene of Kluyveromyces Lactis Results in Defective Cell-Wall
Morphogenesis.” Microbiology 145, no. 5 (May 1, 1999): 1079-1087.

Uchi, Hiroshi, Hiroshi Terao, Tetsuya Koga, and Masutaka Furue. “Cytokines and Chemaokines in the
Epidermis.” Journal of Dermatological Science 24 (December 2000): S29-S38.

Van Baelen, Kurt, Leonard Dode, Jo Vanoevelen, Geert Callewaert, Humbert De Smedt, Ludwig
Missiaen, Jan B. Parys, Luc Raeymaekers, and Frank Wuytack. “The Ca2+/Mn2+ Pumps in the Golgi
Apparatus.” Biochimica et Biophysica Acta (BBA) - Molecular Cell Research 1742, no. 1-3 (December
2004): 103-112.

Vauclair, Sophie, Michael Nicolas, Yann Barrandon, and Freddy Radtke. “Notch1 Is Essential for
Postnatal Hair Follicle Development and Homeostasis.” Developmental Biology 284, no. 1 (August
2005): 184-193.

107



Verma, Nagendra, Matteo Franchitto, Azzurra Zonfrilli, Samantha Cialfi, Rocco Palermo, and Claudio
Talora. “DNA Damage Stress: Cui Prodest?” International Journal of Molecular Sciences 20, no. 5
(March 1, 2019): 1073.

Vermezovic, Jelena, Marek Adamowicz, Libero Santarpia, Alessandra Rustighi, Mattia Forcato,
Caterina Lucano, Lucia Massimiliano, et al. “Notch Is a Direct Negative Regulator of the DNA-Damage
Response.” Nature Structural & Molecular Biology 22, no. 5 (May 2015): 417-424.

Wang, Xiao-Jing, Gangwen Han, Philip Owens, Yasmin Siddiqui, and Allen Guanqun Li. “Role of
TGFB-Mediated Inflammation in Cutaneous Wound Healing.” Journal of Investigative Dermatology
Symposium Proceedings 11, no. 1 (September 2006): 112-117.

Watanabe, Sugiko, Shimpei Kawamoto, Naoko Ohtani, and Eiji Hara. “Impact of Senescence-
Associated Secretory Phenotype and Its Potential as a Therapeutic Target for Senescence-Associated
Diseases.” Cancer Science 108, no. 4 (April 2017): 563-569.

Weinberg, F., R. Hamanaka, W. W. Wheaton, S. Weinberg, J. Joseph, M. Lopez, B. Kalyanaraman,
G. M. Mutlu, G. R. S. Budinger, and N. S. Chandel. “Mitochondrial Metabolism and ROS Generation
Are Essential for Kras-Mediated Tumorigenicity.” Proceedings of the National Academy of Sciences
107, no. 19 (May 11, 2010): 8788-8793.

Wickett, R. Randall, and Marty O. Visscher. “Structure and Function of the Epidermal Barrier.”
American Journal of Infection Control 34, no. 10 (December 2006): S98-S110.

Wilgram, George F., James B. Caulfield, and Walter F. Lever. “An Electronmicroscopic Study of
Acantholysis and Dyskeratosis in Hailey and Hailey’s Disease**From the Department of Dermatology,
Tufts University; and Department of Pathology, Massachusetts General Hospital, Harvard University,
Boston, Mass.” Journal of Investigative Dermatology 39, no. 5 (November 1962): 373—-381.

Williams, Ifor R., and Thomas S. Kupper. “Immunity at the Surface: Homeostatic Mechanisms of the
Skin Immune System.” Life Sciences 58, no. 18 (March 1996): 1485-1507.

Xiao, Tong, Zhu Yan, Shengxiang Xiao, and Yumin Xia. “Proinflammatory Cytokines Regulate
Epidermal Stem Cells in Wound Epithelialization.” Stem Cell Research & Therapy 11, no. 1 (December
2020): 232.

Yanes, Oscar, Julie Clark, Diana M Wong, Gary J Patti, Antonio Sdnchez-Ruiz, H Paul Benton, Sunia
A Trauger, Caroline Desponts, Sheng Ding, and Gary Siuzdak. “Metabolic Oxidation Regulates
Embryonic Stem Cell Differentiation.” Nature Chemical Biology 6, no. 6 (June 2010): 411-417.

Yang, Annie, Mourad Kaghad, Daniel Caput, and Frank McKeon. “On the Shoulders of Giants: P63,
P73 and the Rise of P53.” Trends in Genetics 18, no. 2 (February 2002): 90-95.

Yin, Hui, Xiangyong Li, Shilian Hu, Tao Liu, Baohong Yuan, Hongbiao Gu, Qian Ni, Xiaofan Zhang,
and Fang Zheng. “IL-33 Accelerates Cutaneous Wound Healing Involved in Upregulation of
Alternatively Activated Macrophages.” Molecular Immunology 56, no. 4 (December 2013): 347-353.

Zaba, Lisa C., James G. Krueger, and Michelle A. Lowes. “Resident and ‘Inflammatory’ Dendritic Cells
in Human Skin.” Journal of Investigative Dermatology 129, no. 2 (February 2009): 302—308.

Zhou, Rongbin, Amir S. Yazdi, Philippe Menu, and Jirg Tschopp. “A Role for Mitochondria in NLRP3
Inflammasome Activation.” Nature 469, no. 7329 (January 13, 2011): 221-225.

Zoltowska, Katarzyna Marta, and Oksana Berezovska. “Dynamic Nature of Presenilin1/y-Secretase:
Implication for Alzheimer’s Disease Pathogenesis.” Molecular Neurobiology 55, no. 3 (March 2018):
2275-2284.

108



