
A
B
C
D
E
F
G

UNIVERS ITY OF OULU  P.O.B . 7500   F I -90014  UNIVERS ITY OF OULU F INLAND

A C T A  U N I V E R S I T A T I S  O U L U E N S I S

S E R I E S  E D I T O R S

SCIENTIAE RERUM NATURALIUM

HUMANIORA

TECHNICA

MEDICA

SCIENTIAE RERUM SOCIALIUM

SCRIPTA ACADEMICA

OECONOMICA

EDITOR IN CHIEF

PUBLICATIONS EDITOR

Professor Mikko Siponen

University Lecturer Elise Kärkkäinen

Professor Hannu Heusala

Professor Olli Vuolteenaho

Senior Researcher Eila Estola

Information officer Tiina Pistokoski

University Lecturer Seppo Eriksson

Professor Olli Vuolteenaho

Publications Editor Kirsti Nurkkala

ISBN 978-951-42-8999-6 (Paperback)
ISBN 978-951-42-9000-8 (PDF)
ISSN 0355-3221 (Print)
ISSN 1796-2234 (Online)

U N I V E R S I TAT I S  O U L U E N S I S

MEDICA

ACTA
D

D
 1001

AC
TA

 Pekka Leinonen

OULU 2008

D 1001

Pekka Leinonen

CALCIUM SIGNALING
IN EPITHELIUM
SPECIAL FOCUS ON HAILEY-HAILEY AND
DARIER DISEASES, NEUROFIBROMATOSIS 1
AND TRANSITIONAL CELL CARCINOMA

FACULTY OF MEDICINE,
INSTITUTE OF BIOMEDICINE, DEPARTMENT OF ANATOMY AND CELL BIOLOGY,
INSTITUTE OF CLINICAL MEDICINE, DEPARTMENT OF DERMATOLOGY AND VENEREOLOGY,
UNIVERSITY OF OULU     





A C T A  U N I V E R S I T A T I S  O U L U E N S I S
D  M e d i c a  1 0 0 1

PEKKA LEINONEN

CALCIUM SIGNALING
IN EPITHELIUM
Special focus on Hailey-Hailey and Darier diseases, 
neurofibromatosis 1 and transitional cell carcinoma

Academic dissertation to be presented, with the assent of
the Faculty of Medicine of the University of Oulu, for
public defence in Auditorium A101 of the Department of
Anatomy and Cell Biology (Aapistie 7 A), on January 9th,
2009, at 12 noon

OULUN YLIOPISTO, OULU 2008



Copyright © 2008
Acta Univ. Oul. D 1001, 2008

Supervised by
Professor Juha Peltonen
Professor Aarne Oikarinen
Doctor Timo Korkiamäki

Reviewed by
Professor Ilkka Harvima
Professor Timo Reunala

ISBN 978-951-42-8999-6 (Paperback)
ISBN 978-951-42-9000-8 (PDF)
http://herkules.oulu.fi/isbn9789514290008/
ISSN 0355-3221 (Printed)
ISSN 1796-2234 (Online)
http://herkules.oulu.fi/issn03553221/

Cover design
Raimo Ahonen

OULU UNIVERSITY PRESS
OULU  2008



Leinonen, Pekka, Calcium signaling in epithelium. Special focus on Hailey-Hailey
and Darier diseases, neurofibromatosis 1 and transitional cell carcinoma
Faculty of Medicine, Institute of Biomedicine, Department of Anatomy and Cell Biology,
Institute of Clinical Medicine, Department of Dermatology and Venereology, University of
Oulu, P.O.Box 5000,  FI-90014 University of Oulu, Finland 
Acta Univ. Oul. D 1001, 2008
Oulu, Finland

Abstract

This study utilized normal and defective epithelial cell cultures and epidermal skin samples to
examine intra- and intercellular calcium signaling. The main interests of this thesis were Hailey-
Hailey disease (HHD), Darier disease (DD), neurofibromatosis 1 (NF1) and transitional cell
carcinoma (TCC).

HHD and DD diseases are rare autosomal dominant skin disorders characterized by
dissociation of epidermal keratinocytes (acantholysis) at the suprabasal layer of the epidermis.
HHD and DD diseases are caused by mutations in the genes encoding the calcium pumps in the
Golgi apparatus (hSPCA1) and endoplasmic reticulum (SERCA2b), respectively. Due to these
mutations calcium uptake into the Golgi apparatus or ER is diminished, which is believed to cause
abnormal cell junction protein processing and dissociation of keratinocytes. This study utilized
electron probe microanalysis (EPMA) and demonstrated for the first time that lesional areas of
HHD and DD and non-lesional areas of DD epidermis display abnormally low calcium content in
the basal cell layer. Furthermore, ATP mediated calcium signaling was impaired in cultured HHD
and DD keratinocytes and epidermal ATP receptor localization was disrupted. In conclusion, these
results suggest that the low calcium content in the basal cell layer is the reason for suprabasal
ruptures in HHD but not necessarily in DD lesions, and that abnormal ATP receptor localization
contributes to the calcium signaling defects. 

NF1 deficient keratinocytes display abnormally low resting cytosolic calcium levels and it has
been suggested that the calcium concentration in the lumen of the endoplasmic reticulum is
decreased. This study demonstrated that NF1 keratinocytes rely mostly on ATP mediated calcium
signaling while normal keratinocytes rely mostly on gap junctional intercellular communication
(GJIC). 

Studies with TCC cells have demonstrated that gap junctions participate in intercellular
calcium wave propagation. This thesis demonstrated that the ATP mediated pathway was also
operational in calcium wave propagation in normal uroepithelial and TCC cell cultures.
Furthermore, impaired calcium wave propagation in the TCC cell culture could be improved
through PKC α/βI –isoenzyme inhibition with Gö6976. Gö6976 treatment increased connexin 26
clustering at plasma membrane but did not alter expression level of the protein.

This thesis contains a wide repertoire of calcium detection techniques including a new cutting-
edge technology for elemental calcium detection of epidermal samples. These techniques can be
used for molecular specific analysis of calcium signaling in epithelial cells.

Keywords: benign familial chronic pemphigus, calcium signaling, calcium-transporting
ATPases, electron probe microanalysis, epithelial cells, fluorescent dyes, keratosis
follicularis, neurofibromatosis 1, transitional cell carcinoma
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[Ca2+]e extracellular calcium concentration 
[Ca2+]ER calcium concentration inside the endoplasmic reticulum 
[Ca2+]Golgi calcium concentration in the lumen of the Golgi apparatus 
[Ca2+]i intracellular calcium concentration 
ADP adenosine diphosphate 
AM acetoxymethyl 
ATP adenosine triphosphate 
BFTC  bladder female transitional carcinoma 
Ca2+ calcium ion 
cADPR cyclic adenosine diphosphate ribose 
CaM calmodulin 
cAMP cyclic adenosine monophosphate 
CaR calcium sensing receptor 
CICR calcium induced calcium release 
CRAC calcium release activated calcium channel 
Cx connexin 
DAG diacylglycerol 
DD Darier disease 
DNCB dinitrochlorobenzene 
EF hand motif calcium-binding motifs composed of two helixes E and F 

joined by a loop 
EGTA ethylene glycol-bis-(2-aminoethyl)-N,N,N’,N’-tetraacetic acid 
EPMA electron probe microanalysis 
ER endoplasmic reticulum 
ERp57 endoplasmic reticulum protein 57 
FRAP fluorescence recovery after photobleaching 
GJIC gap junctional intercellular communication 
HeLa cervical cancer cells taken from Henrietta Lacks 
HHD Hailey-Hailey disease 
hSPCA1 human secretory-pathway calcium ATPase type 1 
hSPCA1+/– cells cultured from patients with benign familial chronic 

pemphigus (Hailey-Hailey disease) 
ICRAC electrical current resulting from calcium release activated 

calcium channel activation 
IP3 inositol 1,4,5-trisphosphate 
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IP3R inositol trisphosphate receptor 
IP4 inositol tetrakisphosphate 
kDa kilodalton 
MCU mitochondrial calcium uniporter 
MDCK cells  Madin-Darby canine kidney cells 
MDR multidrug resistance 
mRNA messenger ribonucleic acid 
Na+/Ca2+ sodium/calcium-exchanger 
Na+/K+  sodium/potassium pump 
NF1 neurofibromatosis 1 
NF1+/- cells cultured from patients with neurofibromatosis 1 
P2X ionotropic purinergic receptor 
P2Y metabotropic purinergic receptor 
PIP2 phosphatidylinositol 4,5-biphosphate 
PIXE proton induced X-ray emission 
PKC protein kinase C 
PLC phospholipase C 
PMCA plasma membrane calcium ATPase 
RyR ryanodine-sensitive calcium release channel 
SERCA Sarco(endo)plasmic reticulum calcium ATPase 
SERCA2+/- cells cultured from patients with keratosis follicularis (Darier 

disease) 
shRNA small hairpin ribonucleic acid 
siRNA small interfering ribonucleic acid 
SR sarcoplasmic reticulum 
STIM1 stromal interaction molecule 1 
TCC transitional cell carcinoma 
TRAM2 translocation-associated membrane protein 2 
TRPC transient receptor potential channel 
UDP-glucose uridine diphosphate-glucose 
UPR unfolded protein response 
UTP uridine 5’-triphosphate 
VGCC voltage-gated calcium channel 
XRMA X-ray microanalysis 
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1 Introduction 

Calcium is a key regulator of epithelial cell function and behavior. Changes in 
cytosolic calcium concentrations control transcription, cell junction formation, 
vesicle secretion and cellular proliferation. To maintain the proper function of the 
epithelium a complex calcium regulatory system including calcium pumps, 
calcium buffering proteins and ion channels is needed. If the regulatory system 
fails, the normal functioning of the cells is altered leading to various clinical 
symptoms. Even though the human genome contains a wide variety of genes 
encoding calcium concentration regulating molecules, there are only a few 
inherited diseases caused by defects in these genes. A possible explanation for this 
could be that the normal functioning of calcium regulation is mandatory for cell 
survival and a defect in this system would be lethal. Another possibility is that 
other compensatory mechanisms can overcome the dysfunction of a defective 
calcium regulating molecule. 

The present study investigated calcium signaling in epithelial cells with 
normal or mutant genotypes. More specifically, Hailey-Hailey disease (HHD) 
with hSPCA1+/−, Darier disease (DD) with SERCA2+/− and neurofibromatosis 1 
(NF1) with NF1+/− genotype keratinocytes were cultured and used in calcium 
signaling studies. Furthermore, epidermal skin samples from normal, HHD and 
DD patients were obtained to study elemental calcium content of keratinocytes in 
situ. In addition, normal uroepithelial and transitional cell carcinoma (TCC) cells 
were cultured and intra- and intercellular calcium signaling was studied. 
Epithelial cell cultures and tissue samples were found to be a useful means to 
study calcium signaling and specific molecular alterations in diseases with 
affected epithelium. 
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2 Review of the literature 

2.1 Calcium signaling in epidermis and urothelium 

The intracellular calcium concentration ([Ca2+]i) regulates various basic cell 
functions in many cell types including transcription, vesicle transport, adhesion 
and motility (Rapp et al. 1981; Berridge 1993; Ghosh and Greenberg 1995; 
Berridge 1997; Dolmetsch et al. 1997). In epithelial cells an increase in the extra- 
or intracellular calcium concentration induces the differentiation of the cells 
(Pillai and Bikle 1991) and activation of several signaling pathways. Intracellular 
calcium signals in epithelial cells are usually biphasic where the first elevation is 
fast followed by a prolonged plateau. Biphasic elevation is thought to represent 
the release of calcium (Ca2+) from two different sources; first, the release of 
stored intracellular calcium into the cytosol and second, the influx of free 
extracellular calcium into the cell (Clapham 2007). 

2.1.1 Intracellular calcium signaling 

Free [Ca2+]i in non stimulated keratinocytes cultured in low calcium medium 
(0.07mM) has been shown to be as low as 30–88 nM (Nakagaki et al. 1990; 
Kruszewski et al. 1991; Hu et al. 2000). That is 10 000–20 000 times less than in 
the extracellular space and in the plasma (1.1–1.4 mM) (Breitwieser 2008). 
Besides the high calcium gradient across the plasma membrane there is a negative 
resting membrane potential between the inside and outside of the cell increasing 
the driving force of Ca2+ from extracellular space into the cytosol. In order to 
preserve the high calcium gradient across the plasma membrane, epithelial cells 
need an active regulatory system for Ca2+-transport. This regulatory system 
includes calcium pumps and ion exchangers in the plasma membrane or in the 
membranes of the intracellular stores (Mooren and Kinne 1998). 

The primary mechanism of [Ca2+]i regulation in non-excitable cells like 
epithelial cells involves the activation of plasma membrane calcium ATPases 
(PMCAs) instead of passive sodium/calcium-exchangers (Na+/Ca2+) (Hildmann et 
al. 1982). While Na+/Ca2+ effectively remove massive amounts of calcium from 
cells with high amplitude calcium changes (for example heart cells), adenosine 
triphosphate (ATP) driven PMCAs more accurately maintain a constant [Ca2+]i in 
epithelial cells. Two other important calcium ATPases expressed in epithelial cells 
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are the sarco(endo)plasmic reticulum calcium ATPase type 2a and 2b (SERCA2a 
and b) (Sakuntabhai et al. 1999) and the human secretory-pathway calcium 
ATPase type 1 (hSPCA1) (Hu et al. 2000). These three different types of pumps 
all remove Ca2+ from the cytosol with the help of ATP hydrolysis. The PMCA 
pump transfers Ca2+ to the extracellular space (Schatzmann 1966), SERCA2b 
pumps Ca2+ into the endoplasmic reticulum (ER) (Wuytack et al. 1984) and the 
Golgi apparatus (Taylor et al. 1997; Lin et al. 1999), and hSPCA1 pumps Ca2+ 
into the Golgi apparatus (Behne et al. 2003). In addition, a SERCA2c splice 
variant is expressed in epithelial cells, but its importance for calcium signaling 
remains to be elucidated (Gelebart et al. 2003). Mitochondria and the nuclear 
envelope have also been shown to participate in intracellular calcium signaling 
but their role in epithelial cell calcium signaling remains unclear. The calcium 
concentration inside mitochondria is as low as 200 nM in Henrietta Lacks (HeLa) 
cells being close to that in the cytosol. Despite the low steady-state calcium level, 
mitochondrial calcium uniporter (MCU) activation can increase the calcium 
concentration in mitochondria six fold (Rizzuto et al. 1993). MCU is activated 
when a release of Ca2+ from the ER close to mitochondria induces a high local 
calcium concentration (Csordas et al. 1999; Alonso et al. 2006). Thus 
mitochondria may diminish the local positive feedback of calcium on the opening 
of inositol triphosphate receptors (IP3R). The nucleus itself does not function as 
an intracellular calcium store but the nuclear envelope is able to sequester calcium 
through unknown calcium ATPases (Nicotera et al. 1990). In addition, the nuclear 
envelope can release calcium into the nucleus through IP3R opening with 
similarities to ER depletion (Marchenko et al. 2005). However, the exact 
regulatory mechanism behind nuclear calcium signaling is under debate. 

The secondary mechanism to maintain low [Ca2+]i in epithelial cells is 
Na+/Ca2+exchange. The exchangers work with the help of a negative resting 
membrane potential and a sodium gradient across the plasma membrane 
established by sodium/potassium (Na+/K+) pumps (Fig.1). 
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Fig. 1. Maintenance of low intracellular calcium concentration ([Ca2+]i) in epithelial 
cells is organized through active and passive calcium transportation systems. The 
active transportation system includes plasma membrane calcium ATPases (PMCA), 
Sarco(endo)plasmic reticulum calcium ATPase type 2 (SERCA2), human secretory-
pathway calcium ATPase type 1 (hSPCA1), mitochondrial calcium uniporter (MCU) and 
nuclear calcium pumps (calcium ATPases). The passive system includes the 
sodium/calcium-exchanger (Na+/Ca2+). 

Low [Ca2+]i is probably needed since free Ca2+ would bind to important 
phosphate compounds, such as ATP, which would interfere with energy 
metabolism (Clapham 1995). Secondly low [Ca2+]i enables transient elevations of 
[Ca2+]i important for amplitude and frequency coded messaging (Berridge 1997). 
Intracellular calcium signals are formed when low [Ca2+]i rapidly increases three- 
or four-fold followed by oscillation or maintained increase. The increase of 
[Ca2+]i is caused by the opening of calcium channels in the plasma membrane or 
in membranes of internal calcium stores. In epithelial cells, several stimuli can 
activate the opening of calcium channels: a ligand like ATP (Suter et al. 1991) 
binding to ionotropic (P2X) (Korngreen et al. 1998) or metabotropic (P2Y) 
purinergic receptors (Dixon et al. 1999) in the plasma membrane, extracellular 
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Ca2+ binding to calcium sensing receptors (CaR) (Tu et al. 1999), inositol 1,4,5-
trisphosphate (IP3) binding to IP3R at membranes of intracellular calcium stores 
(Berridge 1993) and perhaps also at the plasma membrane (Dellis et al. 2006), 
mechanical activation of stretch activated cation channels like the transient 
receptor potential channel (TRPC) 1 (Christensen 1987; Maroto et al. 2005), or 
emptying of internal stores launching the opening of calcium release activated 
calcium channels (CRACs) (Sage 1992). In addition, some evidence indicates that 
inositol tetrakisphosphate (IP4) can modulate calcium signaling through an 
unknown receptor (Zhu et al. 2000). In epithelial cells the most important calcium 
signaling pathway is most likely the activation of CaR by extracellular calcium, 
which regulates the differentiation of the cells and thus transcription and various 
other cellular functions (Tu et al. 2004) (Fig.2). 

The ryanodine receptor is a homotetrameric calcium channel that is opened in 
response to various activators including the endogenous ligand, cyclic adenosine 
diphosphate ribose (cADPR) (Lee 1996). Ryanodine-sensitive calcium release 
channels (RyR) were first identified in the sarcoplasmic reticulum (SR) of skeletal 
and cardiac muscle cells (Fleischer et al. 1985; Pessah et al. 1985). Later corneal 
epithelial cells were also shown to express functional RyR protein contributing to 
calcium induced calcium release (Socci et al. 1993). Bhat et al. (2002) found a 
putative amino acid signaling sequence in the RyR protein directing it to the ER 
membrane (Bhat and Ma 2002). However, the true importance of the RyR channel 
in intracellular calcium signaling in epithelial cells remains to be elucidated. 

Although several molecules can lead to the release of calcium from the ER or 
Golgi apparatus, the best characterized initiator is IP3. IP3 is generated from 
phosphatidylinositol 4,5-bisphosphate (PIP2) after phopholipase C (PLC) 
activation. PIP2 disintegrates into IP3 and diacylglycerol (DAG) which in turn 
activates protein kinase C (PKC) (Nishizuka 1992). An intracellular calcium 
signal is initiated when IP3 diffuses through the cytosol and binds to IP3R on the 
membrane of the ER (Berridge 1993) and trans-Golgi (Pinton et al. 1998; 
Vanoevelen et al. 2004; Tu et al. 2007). The binding of IP3 to IP3R changes the 
conformation of the receptor protein and leads to the formation of a calcium 
channel (Ferris et al. 1989; Maeda et al. 1991). These IP3R calcium channels 
enable Ca2+ to flow from the ER and Golgi into the cytosol. This results in the 
opening of CRACs in the plasma membrane (Putney 1990; Hoth and Penner 1992) 
and leads to calcium influx from the extracellular space creating a characteristic 
electrical current (ICRAC). Since the discovery of electrical currents several cell-
specific ICRACs have been described from keratinocytes (Fatherazi et al. 2003). 
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There have been several attempts to explain the connection between 
intracellular calcium stores and CRACs. These theories include the diffusion of a 
second messenger, conformational coupling of a calcium sensing receptor of 
intracellular calcium stores, vesicular fusion and removal of Ca2+ inhibition in the 
proximity of CRACs (Parekh and Putney 2005). However, recently a study 
demonstrated that the stromal interaction molecule 1 (STIM1) is a key protein in 
calcium influx regulation in human T cells. STIM1 localizes in the ER membrane 
but translocates to the plasma membrane when the calcium concentration inside 
the endoplasmic reticulum ([Ca2+]ER) is decreased during intracellular calcium 
signaling. STIM1 is able to bind calcium so it is believed that detachment of the 
protein from calcium is the initiator of the translocation. After translocation 
STIM1 binds to the CRAC protein complex and enables its opening leading to 
calcium influx and a characteristic ICRAC (Zhang et al. 2005). In addition, the 
structure of the CRACs was discovered when the ORAI1 protein was 
characterized and shown to form the calcium pore in the plasma membrane 
(Prakriya et al. 2006). However, it is still unclear whether the calcium influx 
mechanism described in human T cells applies to epithelial cells. 

There is also evidence that TRPCs could be structural proteins of calcium 
influx complexes. Unlike CRACs they are non-selective Ca2+-permeable cation 
channels and are activated by G-protein coupled and tyrosine phosphorylated 
receptors (Worley et al. 2007). The knockdown of TRPC1 with small hairpin 
ribonucleic acid (shRNA) has been shown to inhibit calcium influx only partially 
while small interfering ribonucleic acid (siRNA) treatment against ORAI1 mRNA 
completely prevents calcium influx (Ong et al. 2007). In addition, high expression 
of the TRPC gene can disconnect the TRPC proteins from intracellular store 
control (Vazquez et al. 2003). Thus, it is not yet clear how TRPCs participate in 
gating of calcium influx.  

Calcium influx through voltage-gated calcium channels (VGCCs) has been 
acknowledged as an important calcium influx pathway and an activator of 
calcium induced calcium release (CICR) in excitable cells like smooth muscle 
cells. A recent study, however, has demonstrated that one type of VGCC, the 
L-type calcium channel, is also expressed in human epidermis and the channel is 
able to initiate a rise in [Ca2+]i in keratinocytes in a voltage dependent manner 
(Denda et al. 2006). Furthermore, some evidence exists that NMDA-type 
glutamate receptors are expressed in human keratinocytes and are able to initiate 
calcium influx (Fuziwara et al. 2003). However, the final importance of different 
VGCCs in calcium metabolism of epithelial cells remains to be elucidated. 
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Fig. 2. Various stimuli can initiate intracellular calcium signaling. For example 
increased pressure activates stretch activated cation channels, the emptying of 
intracellular calcium stores activates calcium release activated calcium channels 
(CRACs), increased extracellular calcium activates calcium sensing receptors (CaRs) 
and extracellular adenosine triphosphate (ATP) activates metabotropic (P2Y) and 
ionotropic (P2X) purinergic receptors. In addition endogenous second messengers 
like inositol 1,4,5-trisphosphate (IP3) and cyclic adenosine diphosphate ribose (cADPR) 
can activate inositol trisphosphate receptors (IP3Rs) and ryanodine-sensitive calcium 
release channels (RyR), respectively. The most important intracellular calcium stores 
in epithelial cells are the endoplasmic reticulum (ER) and Golgi apparatus. 

2.1.2 Intracellular calcium stores 

Intracellular calcium stores contain a high concentration of calcium that is 
released into the cytosol after the initial stimulus of an intracellular calcium signal. 
In epithelial cells the calcium concentration is 400–550 µM in the [Ca2+]ER 
(Miyawaki et al. 1997; Alonso et al. 1998) and 300 µM in the lumen of Golgi 
apparatus ([Ca2+]Golgi) (Pinton et al. 1998). For long time it was thought that the 
ER is the main calcium store in epithelial cells but recent studies have shown that 
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the Golgi apparatus also functions in calcium regulation (Hu et al. 2000; Sudbrak 
et al. 2000). 

In addition to intracellular calcium signaling, high luminal calcium inside the 
ER (Burdakov et al. 2005) and Golgi apparatus (Carnell and Moore 1994; Austin 
and Shields 1996; Duncan and Burgoyne 1996) play an important role in the 
regulation of protein synthesis and post-translational modification. To date, 
however, it is not known how calcium concentration changes inside intracellular 
calcium stores influence protein processing. 

2.1.3 Intracellular calcium binding proteins 

Intracellular calcium signals activate various pathways depending on cell type, 
the initial stimulus and the environment. In epithelial cells, intracellular calcium 
signaling is usually mediated through the binding of Ca2+ to three different groups 
of proteins. These groups are 1) calcium storage proteins, 2) EF hand motif 
containing proteins and 3) Ca2+/phospholipid binding proteins. 

An important calcium storage protein in epithelial cells is calreticulin. 
Calreticulin binds Ca2+ with a high capacity and low affinity but functions also as 
a chaperone to folding proteins inside the ER (Trombetta and Parodi 2003). It is 
abundantly expressed and found in each human cell type containing ER (Gelebart 
et al. 2005). Recent studies have also detected calreticulin in the plasma 
membrane where it can induce immune reactions in autoimmune patients 
(Johnson et al. 2001). 

One EF hand motif containing protein in epithelial cells is calmodulin (CaM). 
Calmodulin is a fast reacting protein that transmits calcium induced messages to 
several proteins inside the cell. These targets include, for example, ion pumps 
(PMCA), Ca2+/CaM-dependent protein kinases and phosphatases (calcineurin) 
(Ashby and Tepikin 2002). Its four EF-hand motifs bind calcium, which causes 
rapid conformational changes of the protein (Ikura 1996). Other known EF hand 
motif containing proteins in epithelial cells are calpains (Miyachi et al. 1986). 
The mammalian m- and µ-calpains are cytosolic calcium dependent proteases 
(Friedrich 2004). 

Ca2+/phospholipid binding proteins in epithelial cells include annexins (Munz 
et al. 1997) and synaptotagmins (Musch et al. 2007). Annexins contribute to 
intracellular vesicular transport by binding actin cytoskeleton and trafficking 
proteins (Futter and White 2007), and synaptotagmins participate in Ca2+- and 
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cyclic adenosine monophosphate (cAMP) -induced endocytosis (Musch et al. 
2007). 

2.1.4 Extracellular calcium concentration 

Elevation of the extracellular calcium concentration ([Ca2+]e) induces the 
differentiation of cultured keratinocytes (Hennings et al. 1980; Kruszewski et al. 
1991). High [Ca2+]e also induces the formation of cornified envelope through 
transglutaminase activation (Peterson et al. 1983). Ultrastructural ion-capture 
studies of human epidermis have also shown that the calcium content of the 
superficial parts of the epidermis is high, which explains why proliferating basal 
cells start to differentiate when they migrate toward the epidermal surface 
(Menon et al. 1985). The epidermal calcium gradient was confirmed later by 
more sophisticated studies with elemental analyses of human skin (Forslind 1987; 
Pallon et al. 1996; Forslind et al. 1997). These studies have led to the conclusion 
that a linear calcium gradient causes the typical multilayered cell structure 
observed in histological sections of human epidermis. The prevailing dogma is 
the following: Extracellular calcium concentration regulates functioning of 
keratinocytes and the formation of the epidermis. 

In urothelial cell culture, elevation of [Ca2+]e causes functional changes in 
cells similar to those in keratinocyte culture. More specifically, a culture medium 
with a low (0.1 mM) calcium concentration prevents stratification of the 
urothelium and induces proliferation of urothelial cells, while elevation of [Ca2+]e 
prevents proliferation and increases the number of large flat cells, whichdetach as 
sheets (Chlapowski 1989). 

Epithelial cells sense changes of [Ca2+]e with calcium-sensing receptors (CaR) 
(Oda et al. 1998). CaRs are located at the plasma membrane and at the trans-
Golgi complex (Tu et al. 2007). Stimulation of CaRs with the selective activator 
NPS R-467 enhances the activation of differentiation genes and increases the 
[Ca2+]i response after [Ca2+]e elevation (Tu et al. 1999). In addition, a knock out 
mouse model of the CaR gene demonstrated that CaR−/− epidermis suffered from 
differentiation defects of basal cells (Tu et al. 2004), and that cultured 
keratinocytes showed an impaired [Ca2+]i response when stimulated with [Ca2+]e 
elevation (Oda et al. 2000). These results indicate that CaR is an important 
regulator of epithelial cells by sensing the [Ca2+]e level. 
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2.1.5 Detecting calcium concentration of cells and epidermis 

The [Ca2+]i of cultured epithelial cells can be measured using calcium sensing 
probes. Several calcium binding probes are available with different properties. 
Fura-2 acetoxymethyl (AM) is a probe that requires dual wave length excitation 
(340 nm and 380 nm) and single wave length detection (510 nm) (Grynkiewicz et 
al. 1985). When excited at 340 nm, the calcium concentration is proportional to 
the intensity of the dye fluorescence, whereas when excited at 380 nm, the 
calcium concentration is inversely proportional to fluorescence intensity. The 
advantage of dual wave length excitation is the ability to form ratio images which 
do not suffer from fluorescence bleaching like single fluorescence detection. Thus, 
when the decrease of fluorescence intensity in both 340- and 380-channels is 
constant the ratio image does not change. The ratio image calculated from 340 nm 
and 380 nm channel images can be converted to present [Ca2+]i with the help of 
Grynkiewicz’s formula [Ca2+]i = Kd ((R − Rmin)/(Rmax − R)) B (Grynkiewicz et al. 
1985) where Kd represents the dissociation value of CaFura-2, R equals the 
340/380 fluorescence ratio measured in the experiment, and Rmin and Rmax are the 
340/380 ratios of intensities in calcium free and calcium saturated environments, 
respectively. However the use of the formula requires calibration of fura-2 AM in 
the specific cell type used in the study. Calibration of fura-2 AM is done by 
measuring the fluorescence intensities in an intracellular environment of >10 µM 
and 0 nM [Ca2+]i for both excitation channels. High [Ca2+]i can be achieved for 
example with 10 µM ionomycin, a ionophore that allows high extracellular 
calcium to flow into the cytosol without breaking the cells. After this, [Ca2+]i can 
be abolished by chelating free calcium with 10 mM ethylene glycol-bis-(2-
aminoethyl)-N,N,N',N'-tetraacetic acid (EGTA). Between these limits, every 
intensity value measured can be converted to present [Ca2+]i (Williams and Fay 
1990) (Fig.3). 
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Fig. 3. Presentation of calibration method using ionomycin and ethylene glycol-bis-(2-
aminoethyl)-N,N,N',N'-tetraacetic acid (EGTA): the fluorescence intensity trace of fura-
2 acetoxymethyl (AM) loaded keratinocytes excited at 340 nm and 380 nm wave 
lengths and detected at 510 nm wave length. 

Fura-2 can be loaded into epithelial cells by adding 1–10 µM dye in the AM ester 
form to the culture medium. Fura-2 AM is non-fluorescent and can permeate the 
plasma membrane. Inside a cell it is cleaved by non-specific esterases to yield an 
active calcium detector molecule with fluorescent abilities. The esterase-
activating-fluorescence mechanism reduces the background noise significantly, 
which improves the signal-noise ratio. 

The calcium concentration of the epidermis can be detected as a percentage 
of weight with particle probe analysis (Ingram et al. 1972; Forslind et al. 1997). 
The two well defined particle probe analysis methods are X-ray microanalysis 
(XRMA) and proton induced X-ray emission (PIXE) (Malmqvist et al. 1983). 
XRMA is based on an electron probe while PIXE consists of a proton probe. The 
resolution is higher with the XRMA method than with the PIXE method but 
XRMA has a lower detection limit of 100–200 parts per million (ppm) while in 
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PIXE analysis the detection limit is 1 ppm. In addition XRMA measures 
elemental composition only on the surface of a sample while PIXE values are 
averaged for a specimen ~30 µm thick. Because of the averaging, the PIXE 
method cannot give cell layer specific elemental compositions (Forslind et al. 
1997). 

Since calcium plays an important role in the formation of epidermis, XRMA 
and PIXE methods have been utilized to study epidermal calcium distribution in 
different skin disorders. In psoriasis, increased calcium levels have been detected 
in lesional areas when compared to non-lesional areas (Burkhart and Burnham 
1983), and non-lesional psoriatic epidermis shows increased calcium content 
when compared to normal samples (Grundin et al. 1985). In atopic skin, the 
calcium concentration is also markedly increased when compared to normal 
epidermis (Pallon et al. 1996). Similar to atopic skin, epidermal injury with 10 % 
dinitrochlorobenzene (DNCB) solution increased the calcium content in 
keratinocytes (Lindberg 1982). In addition one study also shows impaired 
calcium gradient formation in skin disease caused by a mutation in the gene 
coding for the calcium pump in the Golgi apparatus (Behne et al. 2003). However 
the final consensus of calcium’s role of in the pathogenesis of skin diseases 
remains to be elucidated. 

2.1.6 Intercellular calcium signaling 

Intercellular calcium signals, also known as calcium waves, are propagated when 
the [Ca2+]i in one cell increases and induces the same phenomenon in the 
neighboring cells. Several stimuli can initiate calcium waves including a 
mechanical stimulus, glutamate application, electrical activity and angiotensin II 
(Cornell-Bell et al. 1990; Sandberg et al. 1990; Sanderson et al. 1990; 
Nedergaard 1994). A widely used stimulus in research is the mechanical 
stimulation of one cell with a computer driven micromanipulator. In epithelial 
cells, a mechanical stimulus activates two different intercellular calcium signaling 
pathways known as 1) gap junctional intercellular communication (GJIC) 
(Boitano et al. 1998) and 2) extracellular, ATP-mediated, communication (Frame 
and de Feijter 1997). 
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Gap junctional intercellular communication (GJIC) 

GJIC operates through gap junctions that allow diffusion of small molecules like 
cAMP, IP3 and Ca2+ from one cell to another. Gap junctions are formed of two 
hemi-channels (connexons) joining together from adjacent plasma membranes. 
Connexons are formed of six similar or different connexin proteins named 
homomeric or heteromeric connexons, respectively. Connexin proteins are named 
according to their molecular weight in kilodaltons. In humans, 21 different 
connexin genes have been identified (Sohl and Willecke 2003) and seven of these 
have been shown immunohistologically to be expressed in the epidermis. 
Epidermal connexin (Cx) proteins include Cx26, 30, 31, 32, 40, 43 and 45 with 
different expression patterns in different cell layers (Di et al. 2001). Urothelium 
expresses only connexin 26 and 43 (Grossman et al. 1994). 

In epithelial cells, GJIC plays an important role in intercellular calcium 
signaling. Sanderson suggested in 1995 that the mechanical stimulus of one cell 
in cell culture initiates a reaction cascade that includes PLC activation and 
generation of IP3. IP3 can then launch the elevation of [Ca2+]i in the stimulated 
cell and diffuse through gap junctions into the neighboring cells transmitting the 
intercellular calcium signaling command. This theory was supported by the 
results that calcium waves are propagated even if there was no [Ca2+]i elevation in 
the primary cell, and that IP3 alone could set up a calcium wave (Sanderson et al. 
1990). 

ATP mediated calcium waves 

Although GJIC is usually the primary intercellular calcium signaling pathway, 
studies with mast and mammary cells have shown that there is also another route 
for calcium waves (Enomoto et al. 1992; Osipchuk and Cahalan 1992). This 
pathway is called ATP mediated intercellular calcium signaling, which includes 
rapid ATP secretion through hemi-channels of gap junctions into the extracellular 
space after cell stimulation (Arcuino et al. 2002). The opening of hemi-channels 
is thought to be induced by a decrease in local [Ca2+]e (Li et al. 1996), which is 
congruent with the finding that decreased [Ca2+]e stimulates the release of 
cytosolic ATP into the extracellular space (Cotrina et al. 1998). The released ATP 
initiates elevation of [Ca2+]i in the neighboring cells by activating P2-type 
purinergic receptors as demonstrated by a study with gap junction deficient 
epithelial cells (Frame and de Feijter 1997). 
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P2-type purinergic receptors are divided into two main classes, P2Y and P2X 
receptor families (Ralevic and Burnstock 1998). P2X receptors can be activated 
only by ATP but P2Y activators also include adenosine diphosphate (ADP), 
uridine 5’-triphosphate (UTP) and uridine diphosphate -glucose (UDP-glucose). 
The receptor subtypes expressed in human keratinocytes include the P2Y subtypes 
P2Y1, P2Y2 and P2Y4 (Dixon et al. 1999; Burrell et al. 2003) and the P2X subtypes 
P2X1, P2X4, P2X5 and P2X7 (Inoue et al. 2005). Thus, the cytosolic calcium rise 
seen in epithelial cells after ATP stimulation could be due to both 1) G-protein 
coupled PLC activation followed by IP3 formation and the release of intracellular 
calcium stores and 2) a direct flow of calcium ions from the extracellular space 
through P2X channels. 

ATP mediated extracellular calcium waves can function with or without GJIC. 
Although ATP mediated calcium waves have been found in many cell culture 
studies, the significance of the ATP mediated pathway for intercellular calcium 
signaling in different epithelial cells is still unknown. (Fig.4) 
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Fig. 4. Molecular signaling pathways and the propagation of calcium waves in 
epithelial cell cultures. Inositol 1,4,5-trisphosphate (IP3) and ATP are the transmitting 
molecules in calcium wave propagation. IP3 is involved in the gap junctional 
intercellular communication (GJIC) and ATP in the ATP mediated calcium waves. 

Detecting intercellular calcium signals 

Intercellular calcium signaling can be studied with the help of fluorescent dyes 
like fluo-3 AM and calcein. Fluo-3 AM has different binding properties and easier 
equipment requirements with single wave length excitation than the previously 
discussed fura-2 AM, but is based on a similar loading method. However, fluo-3 
AM does not enable accurate [Ca2+]i measurement, only a non-bleaching time 
scan of relative calcium changes. Calcein on the other hand is not a calcium 
fluorescent dye but a universal fluorescent probe which can be used to study, for 
example, gap junctional communication. A method often used to study GJIC with 
calcein is fluorescence recovery after photobleaching (FRAB), where cells are 
cultured on a culture dish and loaded with calcein. Calcein can be loaded into 
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cells with the same method as fura-2 AM and fluo-3 AM. Calcein loaded cells are 
monitored with confocal microscopy, and at a given time the fluorescence of a 
selected cell is bleached with a laser. The recovery of the fluorescence in the 
bleached cell is monitored during 10–15 minutes and the speed of fluorescence 
recovery represents the functional efficiency of the gap junctional communication. 
A lack of fluorescence recovery relates to non-functional GJIC (Fig.5). 

GJIC can also be studied in fura-2 AM or fluo-3 AM loaded cell cultures by 
blocking the ATP mediated calcium wave propagation with ATP dephosphorylase, 
apyrase (Isakson et al. 2001), or an ATP receptor antagonist, suramin (Frame and 
de Feijter 1997). The ATP dephosphorylase degrades secreted ATP before it 
activates the P2X and P2Y receptors on the plasma membrane of neighboring cells, 
while the ATP receptor antagonist blocks the receptor and disables the ATP 
binding. Thus these reagents prevent ATP mediated calcium waves leaving the 
GJIC the only functional intercellular calcium signaling pathway. 

ATP mediated calcium waves can be studied in fura-2 AM or fluo-3 AM 
loaded cell cultures by blocking GJIC with the universal gap junction blockers, 
1-heptanol and 18α-glycyrrhetinic acid (Klepeis et al. 2001), or with specific 
connexin mimetic peptides, Gap 26, Gap27 and Gap 36 (Boitano and Evans 2000). 
Universal GJIC blockers result in total GJIC block while connexin mimetic 
peptides block only gap junctions containing a specific part of the extracellular 
loops I or II of the selected connexin protein. Thus, because the connexin mimetic 
peptides pair only with a specific connexin protein, they enable more accurate 
interpretations. 
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Fig. 5.  Representative illustration of monolayer epithelium loaded with calcein 
fluorescent dye. To study gap junctional intercellular communication (GJIC) cells are 
monitored with confocal microscopy and the fluorescence of one selected cell in the 
center is bleached with a laser after 1 minute detection. Fluorescence recovery after 
photobleaching (FRAP) is observed during the 5 minute surveillance period. 

2.2 Hailey-Hailey disease 

Hailey-Hailey disease (HHD) is a blistering skin dermatosis and it was first 
described in 1939 by Hailey and Hailey (Hailey and Hailey 1939). Hailey-Hailey 
disease, also known as familial benign chronic pemphigus (Palmer 1962) usually 
appears in adulthood as vesicles, crusted erosions and painful fissures (Burge 
1992). Its histological appearance is characterized by separation of suprabasal 
cells (acantholysis) (Metze et al. 1996). Lesions are most commonly presented in 
the flexural areas such as in axilla, neck, groin and perineum. The prevalence of 
Hailey-Hailey disease is unknown, but is lower than 1:2000 and thus HHD is 
considered to be a rare skin disease. The clinical phenotype may vary from severe 
to mild but even the mild form may affect the quality of life (Harris et al. 1996). 
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Typically the symptoms of this skin disease fluctuate between exacerbation and 
remission phases. 

2.2.1 ATP2C1 gene 

The genetic defect behind Hailey-Hailey disease is a mutation in one allele of the 
ATP2C1 gene encoding a calcium pump protein of the Golgi apparatus, hSPCA1 
(Hu et al. 2000; Sudbrak et al. 2000). To date over 90 mutations causing Hailey-
Hailey disease have been described throughout the ATP2C1 gene without any 
indication of a hotspot area (Hamada et al. 2008). The gene is found in 
chromosome locus 3q21 and comprises a 30kb segment with 28 exons. The gene 
transcript product can be spliced into four different variants, ATP2C1a–d (Hu et 
al. 2000; Sudbrak et al. 2000; Fairclough et al. 2003). Gene expression seems to 
be regulated through transcription factors Sp1 and YY1 (Kawada et al. 2005). 
Studies on the influence of high extracellular calcium induced differentiation on 
the genes’ messenger ribonucleic acid (mRNA) levels in keratinocyte cultures 
have yielded inconsistent results (Mayuzumi et al. 2005; Yoshida et al. 2006). 

2.2.2 hSPCA1 calcium pump protein 

hSPCA1 protein is a calcium ATPase localized at the membrane of the Golgi 
apparatus. In epidermis, hSPCA1 protein localization is confined to basal cells 
and it is believed to participate in the regulation of keratinocyte differentiation 
(Yoshida et al. 2006). hSPCA1 contains only one calcium binding site similar to 
that of the SERCA’s Ca2+ site II, but it is also able to take part in manganese 
binding and transport (Ton et al. 2002). Based on amino acid sequence analysis, 
hSPCA1 is assumed to have all the 10 transmembrane segments found in 
SERCA1 (Missiaen et al. 2007). However, the final structure of the protein 
remains to be elucidated. hSPCA1 is expressed in various tissues including 
epidermis (Hu et al. 2000) and has four different protein products, designated 
hSPCA1a–d according to their mRNA counterparts. The predicted molecular 
weights for the different isoforms are 100.4, 102.9, 96.8 and 103.9 kilodalton 
(kDa), respectively. To date it is unknown whether these splice variants have 
different functional roles in calcium signaling.  

hSPCA1 protein quantitation analyses have shown that the amount of the 
protein in the steady-state is decreased in Hailey-Hailey keratinocytes while 
mRNA levels and protein direction to the Golgi complex remain unaltered (Behne 
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et al. 2003; Fairclough et al. 2003). These observations have led to the conclusion 
that Hailey-Hailey disease could be due to hSPCA1 instability rather than a 
synthesis failure. The clinical symptoms of Hailey-Hailey disease are restricted to 
the epidermis although the hSPCA1 protein is normally expressed in various 
human tissues (Hu et al. 2000). The reason for this could be that hSPCA1 is the 
main regulator of [Ca2+]Golgi in keratinocytes while other tissues depend on 
SERCA pumps (Callewaert et al. 2003; Van Baelen et al. 2003). 

2.2.3 Cell adhesion proteins 

In lesional Hailey-Hailey epidermis, the desmosomal cell junction proteins, such 
as desmogleins, plakoglobin, desmoplakins, desmocollins and plakophilins, are 
localized abnormally. They are distributed diffusely in the cytosol or as clusters 
around the nucleus (Gottlieb and Lutzner 1970; Tada and Hashimoto 1998; 
Hakuno et al. 2000). In addition, the cytoskeleton proteins attached to 
desmosomal structure molecules display abnormal immunolabeling (Gottlieb and 
Lutzner 1970; Bergman et al. 1992; Metze et al. 1996; Hakuno et al. 2000). In 
normal keratinocyte cultures the desmosomal proteins are localized at plasma 
membranes attaching the cytokeratin skeletons of adjacent keratinocytes to each 
other (Hino et al. 1982). 

Labeling of adherens junction proteins has demonstrated partially abolished 
plasma membrane immunoreactivity. In addition, some acantholytic cells have 
displayed abnormal localization of adherence junction attaching cytoskeleton 
proteins. (Metze et al. 1996; Tada and Hashimoto 1998; Hakuno et al. 2000) One 
in vitro study demonstrated that cytosolic ATP-levels were decreased in Hailey-
Hailey keratinocytes, which also impaired actin organization (Aronchik et al. 
2003).  

In addition there is evidence that P-cadherin junction proteins are 
overexpressed in the epidermis of Hailey-Hailey patients indicating disturbed 
differentiation and proliferation of keratinocytes (Hakuno et al. 2001). To date, no 
studies have been published concerning the distribution of tight junction proteins 
in Hailey-Hailey epidermis. 

2.2.4 Defective calcium signaling 

Keratinocytes with hSPCA1 haploinsufficiency have been shown to display low 
[Ca2+]i and impaired response to raised [Ca2+]e (Hu et al. 2000). hSPCA1 
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deficiency has also been associated with a decreased ability of the Golgi 
apparatus to sequester calcium in keratinocyte cultures (Behne et al. 2003). In 
addition, two studies have indicated a diminished epidermal calcium gradient by 
electron probe elemental analysis (Hu et al. 2000; Behne et al. 2003). Although 
convincing evidence exists that hSPCA1 haploinsufficiency leads to impaired 
calcium signaling in keratinocytes, it is unclear whether this dominantly inherited 
disease also influences calcium signaling in non-epithelial cells. 

Suprabasal clefting due to desmosome-keratin filament formation defects and 
perhaps actin formation disruption characterize the epidermal histology of Hailey-
Hailey disease in lesional areas. In addition, it is known that high extracellular 
Ca2+ induces the formation of adherens junctions and desmosomes through the 
activation of actin polymerization (Vasioukhin et al. 2000). Thus, it has been 
hypothesized that altered calcium homeostasis is the reason for impaired cell 
junction formation resulting in the clinical manifestations seen in Hailey-Hailey 
disease. However, studies comparing calcium metabolism in keratinocytes from 
non-lesional and lesional skin area are lacking, and thus the evidence for the role 
of calcium in lesion formation remains to be elucidated. 

2.3 Darier disease 

Darier (Darier-White) disease (DD) also known as keratosis follicularis was first 
described in 1889 by Darier and White independently. The onset of the disease is 
after puberty with the appearance of warty papules affecting mostly seborrheic 
areas of trunk, flexures, scalp and forehead. Pits in the palmo-plantar area and 
defects in nails are also distinctive for the disease. Its histological appearance 
resembles that seen in Hailey-Hailey disease with an additional feature of 
dyskeratosis (Sakuntabhai et al. 1999). The phenotype of the disease can vary 
from mild to severe and include also mucosal lesions. Darier disease has an 
estimated prevalence of 1:100000 in Scandinavia (Svendsen and Albrectsen 1959). 
Sun, heat and sweating exacerbate the symptoms and secondary infections are 
common. In addition, mild mental retardation and epilepsy has been found in 
certain Darier families (Burge and Wilkinson 1992; Sakuntabhai et al. 1999). 

2.3.1 ATP2A2 gene 

ATP2A2 is an important gene for cell survival as has been revealed by a knock-
out mouse model (Periasamy et al. 1999). The genetic defect causing Darier 
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disease has been shown to be a mutation in one allele of the ATP2A2 gene 
encoding a calcium pump protein in the ER membrane, SERCA2 (Sakuntabhai et 
al. 1999). To date over 140 mutations causing Darier disease have been described 
throughout the ATP2A2 gene with no hotspot areas (Miyauchi et al. 2006). 
However, it has been demonstrated that only 50 % of the clinically confirmed 
patients carry a defect in one of their ATP2A2 alleles raising the possibility that 
other unidentified regulatory genes may participate in the manifestation of the 
disease (Ikeda et al. 2003). One theory is that the genes coding for proteins 
essential for calcium regulation inside the ER (IP3R, calreticulin) could be 
involved (Muller et al. 2006). The mutations detected in Darier patients include 
missense mutations (50%), in-frame insertions or deletions (8%), premature 
termination codons (35%) and splice site mutations (7%) (Hovnanian 2004). 

The ATP2A2 gene is located in the chromosome region 12q23–24.1 and 
comprises 21 exons and 76 kb. The gene transcript can be spliced into three 
different variants named ATP2A2a–c (Gelebart et al. 2003). Expression of the 
gene is induced through Sp1 promoter activation (Takagi et al. 2008). In addition, 
differentiation induced by high extracellular calcium upregulates the expression 
of the ATP2A2 gene in keratinocyte cultures (Mayuzumi et al. 2005). 

2.3.2 SERCA2b calcium pump protein 

The human SERCA protein family is formed of three different subtypes, 
SERCA1–3, with several splicing variants. SERCA1 is expressed in muscle cells, 
SERCA2 in cardiac/skeletal muscle or in epidermis and SERCA3 in almost every 
other cell type except keratinocytes. The SERCA2 protein is a calcium ATPase 
localized in the ER membrane. In epidermis, SERCA2 localizes to all cell layers 
but primarily to the basal cells (Sheridan et al. 2002). Three different mRNAs 
encode protein products named SERCA2a–c. The first two are expressed in 
keratinocytes although it seems that SERCA2b is more essential for epidermal 
calcium regulation than SERCA2a. The expression levels of SERCA2b are 10–
100 times higher than the expression levels of the isoform SERCA2a in non-
muscle cell types (Wu et al. 1995). Furthermore SERCA2b’s expression in 
epidermis is higher when compared to SERCA2a (Ruiz-Perez et al. 1999; Tavadia 
et al. 2004). Some Darier disease specific mutations also affect the gene region 
important only for SERCA2b formation. (Dhitavat et al. 2003; Ikeda et al. 2003). 
In addition, kinetic analyses have demonstrated that SERCA2b is more sensitive 
to cytosolic calcium induced activation than SERCA2a (Dode et al. 2003). 
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Together these findings have led to a theory that a defect in the SERCA2b 
isoform leads to Darier disease pathogenesis. 

The size of the SERCA2b protein is 110 kDa (Lytton and MacLennan 1988). 
The secondary structure model (Miyauchi et al. 2006) constructed from the 
primary amino acid sequence of SERCA2 (Lytton and MacLennan 1988) contains 
11 transmembrane segments. Comparison of the conserved regions of SERCA2b 
and another calcium pump protein, SERCA1a, has demonstrated two calcium 
binding sites, Ca2+ sites I and II in SERCA2b, although the final atomic structure 
of SERCA2b is still lacking. SERCA2b is known to interact with several 
endogenous and some exogenous proteins with different consequences. 
SERCA2b inhibitors include calnexin (Roderick et al. 2000), calreticulin 
(Camacho and Lechleiter 1995), phospholamban (Verboomen et al. 1992), 
sarcolipin (Vangheluwe et al. 2006) and thapsigargin, (Lytton et al. 1991) 
thapsigargin being the only exogenous inhibitor. Other endogenously produced 
SERCA2 binding regulator proteins are the endoplasmic reticulum protein 57 
(ERp57) (Li and Camacho 2004), translocation-associated membrane protein 2 
(TRAM2) (Stefanovic et al. 2004) and desmoplakin (Dhitavat et al. 2003). 
SERCA2 itself can also regulate its activity through dimerization (Ahn et al. 
2003). Phospholamban, sarcolipin and TRAM2 have not been demonstrated to be 
expressed in epithelial cells. 

Darier disease mutations seem to affect the functional properties of SERCA2 
protein more frequently than the expression level, although both alterations are 
common (Ahn et al. 2003; Dode et al. 2003; Miyauchi et al. 2006). In addition to 
abnormal expression and pumping capabilities, Darier disease mutations can 
modulate the ability of SERCA to detect [Ca2+]ER (Sato et al. 2004). 
Haploinsufficiency has been thought to be the pathomechanism behind Darier 
disease although some mutations also seem to impair the function of the normal 
protein counterpart indicating that a dominant negative mechanism may be 
involved (Ahn et al. 2003). 

Although SERCA2b, the impaired protein in DD, is expressed in every cell 
type, only skin manifestations occur (Sakuntabhai et al. 1999). One theory 
suggests that the vulnerability of keratinocytes to haploinsufficiency is due to 
exposure of skin to ultraviolet radiation (Szigeti and Kellermayer 2006). Another 
theory proposes that only keratinocytes lack ubiquitously expressed calcium 
signaling molecules such as SERCA3 (Tavadia et al. 2004). However, the reason 
for which mutations in SERCA2b affect only keratinocytes is still not known. 
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2.3.3 Cell adhesion proteins 

Lesional epidermis from Darier patients displays an abnormal distribution of 
desmosomal junction proteins such as desmogleins, plakoglobin, desmoplakins, 
desmocollins and plakophilins (Tada and Hashimoto 1998; Hakuno et al. 2000). 
The proteins in acantholytic cells are localized diffusely in the cytosol and not to 
the plasma membrane as in normal epidermis. Lesional Darier epidermis also 
shows disrupted organization of intermediate filaments (Burge et al. 1988; 
Hakuno et al. 2000). Keratinocyte cultures established from uninvolved and 
involved epidermis display loss of plasma membrane localization of 
desmoplakins and desmogleins in acantholytic cells (Burge et al. 1991). 
Furthermore, impaired formation of desmosomal junction complexes is due to a 
failure in protein translocation to the plasma membrane. In normal keratinocyte 
cultures, trafficking of desmoplakins I/II, desmoglein I and desmocollins II/III to 
the plasma membrane was prevented when the SERCA-pump was inactivated 
with thapsigargin. However, the elevation of [Ca2+]i induced by ionophore did not 
affect the trafficking of the proteins in normal keratinocytes (Dhitavat et al. 2003). 
Thus, the results suggest that impaired trafficking of desmoplakin in Darier 
epidermis is due to disrupted SERCA2 rather than abnormal calcium levels. 
However the interaction locus and the binding mechanism are still unclear. 

The plasma membrane localization of the adherens junction proteins 
E-cadherin and β-catenin is partly abolished in lesional areas of Darier epidermis 
(Burge and Schomberg 1992; Tada and Hashimoto 1998; Hakuno et al. 2000). 

Furthermore, one study demonstrated that P-cadherin, a junction protein in 
epidermis, is overexpressed in the epidermis of Darier patients, which may be 
linked to defects in cell differentiation and proliferation. (Hakuno et al. 2001). So 
far, tight junction protein distribution has not been studied in Darier epidermis. 

2.3.4 Defective calcium signaling 

Calcium inside the ER is known to participate in intracellular calcium signaling 
but is crucial also for protein sorting and folding, post-translational processing 
and functioning of luminal chaperone proteins (Berridge 2002). In Darier disease, 
a mutation in the SERCA2 gene results in a defective calcium pump protein that 
induces altered calcium concentrations inside the ER (Miyauchi et al. 2006). Low 
[Ca2+]ER impairs the processing of desmosomal junction proteins, which inhibits 
cell junction formation. (Dhitavat et al. 2003). This is in agreement with 
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immunohistological findings that show desmosomal protein complexes clustered 
inside Darier keratinocytes. In addition, there is some evidence that inactive 
SERCA also alters tight junction formation in Madin-Darby canine kidney 
(MDCK) cells (Stuart et al. 1996). 

One study has also demonstrated that [Ca2+]i in Darier keratinocytes is not 
altered when compared to normal keratinocytes. This study also showed that a 
thapsigargin induced increase in [Ca2+]i is weak in Darier keratinocytes when 
extracellular calcium is abolished indicating low calcium stores inside the ER. 
When the extracellular calcium was increased to 0.06mM the elevation of [Ca2+]i 
was more pronounced than in normal keratinocytes suggesting that calcium influx 
sensitivity is increased in Darier keratinocytes (Foggia et al. 2006). This is in 
agreement with earlier results which indicated that emptying of the ER initiates 
calcium influx through CRACs. In addition, aberrant [Ca2+]ER has been connected 
to the accumulation of protein inside the ER associated with the unfolded protein 
response (UPR) (Zhang and Kaufman 2004). The UPR induces upregulation of 
SERCA2 transcription while the translation rate of other proteins is decreased. It 
has been speculated that increased apoptosis seen in Darier keratinocyte cultures 
(Muller et al. 2006) could be due to an impaired UPR response (Hovnanian 2004).  

Abnormal cellular calcium metabolism has been demonstrated also in 
lesional skin of a dog model resembling Darier disease in humans. The study 
showed defective calcium signaling in keratinocytes from both healthy and 
lesional skin. Thus, it has been suggested that defective SERCA2b is enough to 
impair calcium regulation but is not alone sufficient to cause lesion formation. 
One theory suggests that abnormal calcium levels induce an increased number of 
mutations in local skin areas which would lead to skin manifestations (Muller et 
al. 2006). This theory is supported by findings that squamous cell carcinoma is 
linked to defects in the ATP2A2 and ATP2A3 genes (Korosec et al. 2008), and 
that squamous cell carcinomas are found in some Darier patients (Slasky and 
Deutsch 1983; Dolci et al. 2004). Another study demonstrated upregulation of the 
Golgi’s calcium pump, hSPCA1, in Darier keratinocytes suggesting compensation 
for impaired SERCA2b (Foggia et al. 2006). However, histological findings do 
not support this observation; in contrast, decreased hSPCA1 labeling was 
observed in lesional Darier epidermis (Porgpermdee et al. 2005). Although Darier 
mutations have demonstrated altered calcium signaling in keratinocytes, no 
studies have been published concerning calcium metabolism in other cell types. 
This is surprising because SERCA2b is expressed in every cell type (Sakuntabhai 
et al. 1999). 
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2.4 Neurofibromatosis 1 (NF1) 

Neurofibromatosis 1 (NF1), is an autosomal dominant heritable neurocutaneous 
disease with skeletal involvement. NF1 synonyms include von Recklinghausen's 
disease, and peripheral neurofibromatosis and the incidence of the disease is 
~1:2600–1:3500 world wide (Lammert et al. 2005). The hallmarks of NF1 include 
neurofibromas, café-au-lait patches, Lisch nodules of the iris, and specific skeletal 
lesions. NF1 is caused by a mutation in the NF1 gene coding for the large 327 kDa 
protein, neurofibromin. Neurofibromin is an inactivator of the Ras signaling molecule 
regulating cellular differentiation. However, neurofibromin’s role in regulating cell 
behavior can not be entirely explained by inactivation of Ras (Evans et al. 2004). 

2.4.1 Defective calcium signaling 

Intracellular calcium metabolism is impaired in NF1 deficient (NF1+/−) 
keratinocytes . More specifically, Korkiamäki et al. demonstrated that [Ca2+]i in 
resting NF1+/− keratinocytes is abnormally low being approximately 30 nM. 
Normal keratinocytes displayed a [Ca2+]i of 80 nM. Depletion of ER calcium with 
thapsigargin caused impaired [Ca2+]i elevation in NF1 deficient keratinocytes in 
calcium free medium when compared to normal keratinocytes. Thus, it seems that 
a defect in the NF1 gene prevents the proper accumulation of Ca2+ in the ER. In 
addition, thapsigargin treatment in high calcium medium caused a less 
pronounced elevation of [Ca2+]i in NF1+/− keratinocytes compared to normal 
keratinocytes. The results thus imply that in NF1 deficient keratinocytes, the 
calcium influx channels or the signal transduction from the ER to the plasma 
membrane is impaired. However, the addition of ATP caused a rapid elevation of 
[Ca2+]i in both normal and NF1 deficient keratinocytes, suggesting normal 
P2-purinergic calcium signaling. NF1+/− keratinocyte cultures also displayed 
decreased calcium wave velocities when compared to normal keratinocyte 
cultures (Korkiamaki et al. 2002). 

Chemical disruption of the actin cytoskeleton of normal keratinocytes leads 
to impaired thapsigargin evoked store depletion and calcium influx through 
CRACs. However, cytoskeleton disruption does not impair the ATP initiated 
calcium response. Thus, it seems that microfilaments play a crucial role in 
calcium influx in keratinocytes (Korkiamaki et al. 2003). On the other hand, NF1 
deficient keratinocytes display abnormal intermediate filament and actin 
cytoskeleton organization (Peltonen et al. 1984; Koivunen et al. 2000) and an 
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impaired thapsigargin initiated calcium response (Korkiamaki et al. 2002). Thus 
the disrupted cytoskeleton in NF1 deficient keratinocytes could cause the calcium 
signaling abnormalities. 

2.5 Transitional cell carcinoma 

The urinary bladder is a thick muscular sack with a specialized epithelium, 
urothelium, lining the inner side. Approximately 95 % of bladder cancers 
originate from the urothelium (Kantor et al. 1988). These urothelium originated 
malignancies are called transitional cell carcinomas (TCC). In analogy to other 
epithelia, urothelial differentiation and barrier formation is induced by elevated 
[Ca2+]e (Wolf et al. 1996; Truschel et al. 1999). Despite the fact that the 
importance of cellular calcium metabolism has been recognized in urothelial cell 
regulation, intra- and intercellular calcium signaling in TCC cells has not been 
studied in detail. 

2.5.1 Intra- and intercellular calcium signaling 

Studies with bladder female transitional carcinoma (BFTC) cells have 
investigated the molecular regulation of intracellular calcium signaling in 
transitional cell carcinoma cells. An antianginal drug, fendiline, has been shown 
to initiate intracellular calcium signal formation in BFTC cells, partly through IP3 
formation that launches the depletion of intracellular calcium stores. Pretreatment 
with thapsigargin in calcium free medium inhibited the fendiline initiated calcium 
response suggesting that the ER is the key intracellular calcium store in TCC cells 
(Jan et al. 2001). Other substances causing elevation of [Ca2+]i through an IP3 
independent manner have been characterized. These include the antidepressant 
fluoxetine, the ovulation-inducing agent clomiphene and the anti-breast cancer 
drug tamoxifen (Jan et al. 2000; Chang et al. 2001; Tang et al. 2001). These 
studies suggest that calcium influx from the extracellular space also plays an 
essential role in calcium metabolism in TCC cells. 

Intercellular calcium signaling studies have not been carried out using TCC 
cells . However, an immunohistological study has demonstrated that connexin 26 
(Cx26) is the most important gap junction structural protein between urothelial 
cells, and that Cx26 does not form gap junction plaques between urothelial cells 
in TCC tumors (Gee et al. 2003). Further studies have shown that the 
transcription rate of Cx26 and dye transfer from cell to cell is decreased in a 
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bladder cancer cell line when compared to normal urothelial cell cultures 
(Grossman et al. 1994; Knuechel et al. 1996). Together these data suggest that 
calcium wave transmission could also be interrupted in TCC if calcium waves 
were at least partly dependent on GJIC. To date, no data exist regarding ATP 
mediated intercellular calcium signaling.  
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3 Aims of the present study 

Calcium plays a pivotal role in regulating the behavior of specialized epithelial 
cells. Thus defects in the normal functioning of epithelial cells may often be 
associated with impaired cellular calcium homeostasis. By understanding the 
cellular mechanisms involved in calcium regulation it is possible to predict and 
possibly also prevent defective behavior of the cells. The aims of this thesis were: 

1. To study how defects in calcium pumps in the Golgi apparatus and the ER in 
keratinocytes affect resting cytosolic calcium levels, ATP mediated calcium 
signaling and store depletion and / or calcium influx. 

2. To examine the epidermal calcium gradient and expression of differentiation 
status related proteins and ATP receptors in normal skin and in defective skin 
displaying SERCA2+/− or hSPCA1+/− genotypes. 

3. To study how extracellular calcium concentration affects intracellular calcium 
signaling in neurofibromin deficient keratinocytes. 

4. To assess which intercellular calcium signaling pathways are operational in 
normal uroepithelial cell cultures and compare the signaling to that in a 
transitional cell carcinoma cell line. 
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4 Materials and Methods 

4.1 Materials 

The materials used are listed below in tables 1, 2 and 3. More information on the 
materials is provided in the original publications (I–IV) and on the manufacturers’ 
homepages. 

Table 1. The tissue samples and cell cultures used in the thesis. All patient materials 
were collected with appropriate approvals from the ethical committees of the 
respective universities and university hospitals. 

Tissue samples, primary cell cultures and cell lines (number of patients) Used in 

Tissue samples  

Human adult skin samples from healthy individuals (10) II 

Non-lesional (9) and lesional (8) human adult skin samples from Hailey-Hailey disease 

patients 

II 

Non-lesional (8) and lesional (8) human adult skin samples from Darier disease patients II 

Primary cell cultures  

Non-lesional human adult keratinocytes cultured from Hailey-Hailey patients (4) I 

Non-lesional human adult keratinocytes cultured from Darier patients (4) I 

Human adult keratinocytes cultured from healthy individuals (5+3+8) I, II, III 

Human adult keratinocytes cultured from NF1 patients (8) III 

Human adult uroepithelial cells cultured from healthy individuals (3) IV 

Cell lines  

5637 transitional cell carcinoma cell line IV 
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Table 2. Antibodies used in the thesis.  

Primary antibody Description (clone) Source Used in 

P2Y1 Rabbit polyclonal Alomone Labs II 

P2Y2 Rabbit polyclonal Alomone Labs II 

P2X1 Rabbit polyclonal Alomone Labs II 

Desmoplakin I/II Mouse monoclonal (DP2.15) Millipore II 

Cytokeratin 14 Mouse monoclonal (CKB1) Sigma-Aldrich II 

Cytokeratin 10 Mouse monoclonal (DE-K10) Dako II 

Involucrin Mouse monoclonal (SPM259) Santa Cruz II 

TGase I Rabbit polyclonal Santa Cruz II 

hSPCA1 Rabbit polyclonal Santa Cruz II 

SERCA2 Mouse monoclonal (IID8) Novocastra II 

Connexin 26 Mouse monoclonal (CX-12H10) Invitrogen IV 

Connexin 26 Rabbit polyclonal Invitrogen IV 

Connexin 32 Mouse monoclonal (CX-2C2) Invitrogen IV 

Connexin 32 Rabbit polyclonal Invitrogen IV 

Connexin 43 Mouse monoclonal (CX-1B1) Invitrogen IV 

Connexin 43 Rabbit polyclonal Invitrogen IV 

Table 3. Chemicals used in the thesis. 

Chemical Description Source Used in 

ATP Calcium signaling molecule Calbiochem I, IV 

Pluronic F-127 Surfactant polyol Invitrogen I, III, IV 

Fura-2 AM Fluorescent calcium indicator Molecular probes I, III 

Thapsigargin Inhibitor of SERCA pumps Molecular probes I, III 

Apyrase ATP dephosphorylase Sigma-Aldrich IV 

Gö6976 PKC α/βI isoenzyme inhibitor Calbiochem IV 

Fluo-3 AM Fluorescent calcium indicator Invitrogen IV 

Calcein Fluorescent dye Invitrogen IV 

1-heptanol Universal gap junction blocker Sigma-Aldrich III, IV 

Suramin ATP-receptor antagonist Calbiochem III 

EGTA Calcium chelator Sigma-Aldrich III 

Ionomycin Ionophore Molecular probes III 

BCECF AM Fluorescent pH indicator Molecular probes III 
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4.1.1 Human samples 

Skin samples from normal healthy volunteers (I, II and III) 

Skin samples from five (I) and eight (III) unrelated healthy volunteers (aged 25–
44 and 29–61 years, respectively) were obtained at the Department of 
Dermatology, University of Oulu, Finland or the Department of Dermatology, 
University of Turku, Finland and used to establish keratinocyte cultures. 
Epidermal samples from healthy unrelated volunteers (aged 25–71) were obtained 
from the Department of Dermatology, University of Oulu, Finland and used for 
immunohistological and elemental analyses (II). The healthy volunteers had no 
history of previous skin diseases. 

Samples from HHD and DD patients (I and II) 

Skin biopsies from four volunteers with HHD and DD (aged 34–65 years) were 
obtained at the Department of Dermatology, University of Oulu, Finland or the 
Department of Dermatology, University of Turku, Finland and used to establish 
keratinocyte cultures (I). Epidermal samples from healthy and lesional skin areas 
of 9 HHD (aged 45–80) and 8 DD patients (aged 35–69) were obtained from the 
Department of Dermatology, University of Oulu, Finland and used for 
immunohistological and elemental analyses (II). The patients’ diagnoses were 
based on clinical and histopathological examination. HHD and DD patients were 
obtained from five and four different kindreds, respectively. 

Skin samples from NF1 patients (III) 

Skin samples from eight volunteer patients with NF1 (aged 23–40 years) were 
obtained at the Department of Dermatology, University of Oulu, or the 
Department of Surgery, University of Turku, Finland. To our knowledge, the 
patients were not related  

Urothelium samples from volunteers (IV) 

Urothelial tissue biopsies were obtained from three randomly selected healthy 
women undergoing cystoscopy for vaginal urethrocystopexy. 
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4.2 Methods 

The methods used in the thesis are listed in the table 4. All the methods have also 
been described in more detailed in the original publications. 

Table 4. The methods used in the original publications. 

Methods Used in 

Cell cultures  

Establishing and culturing of non-lesional Hailey-Hailey keratinocytes I 

Establishing and culturing of non-lesional Darier keratinocytes I 

Establishing and culturing of keratinocytes I, III, IV 

Establishing and culturing of NF1 deficient keratinocytes III 

Establishing and culturing of uroepithelial cells IV 

Culturing of transitional cell carcinoma cell line IV 

Calcium signaling  

Detection of thapsigargin induced store depletion and / or calcium influx I, III 

Fura-2 AM based calcium detection I, III 

Ionomycin-EGTA calibration of Fura-2 AM fluorescence I, III 

Detection of ATP mediated calcium signaling I, IV 

Scratch induced calcium wave detection III 

Fluo-3 AM based calcium detection IV 

Fluorescence recovery after photobleaching (FRAP) IV 

Micromanipulator induced calcium wave detection IV 

Electron probe microanalysis (EPMA) II 

Protein detection  

Western blotting IV 

Indirect immunofluorescence II, IV 

Microscopy  

Conventional fluorescence microscopy IV 

Confocal laser scanning microscopy (CLSM) II 

Miscellaneous  

Cryosectioning II 

Freeze-drying II 

Gene chip analysis of protein expression levels II 

4.2.1 Fura-2 AM based calcium detection 

For [Ca2+]i measurements the cells were grown on coverslips and subsequently 
incubated in the loading medium containing 1 µmol/l fura-2 ⁄AM and 0.001% 
pluronic, F-127 (Molecular Probes, Eugene, OR, U.S.A.) in balanced salt solution 
(BSS: 10 mmol/l HEPES, pH 7.4, 120 mmol/l NaCl, 4 mmol/l KCl, 1 mmol/l 
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KH2PO4, 1 mmol/l MgCl2, 5 mmol/l glucose and 0.05 mmol/l CaCl2) for 30 min. 
The cells were washed with BSS containing 1.8 mmol/l Ca2+ and incubated in 
KGM containing 1.8 mmol/l Ca2+ for 30 min. Loaded keratinocytes on coverslips 
were placed on the stage of a Nikon TMD Diaphot inverted microscope 
surrounded by a plastic incubation hood (Nikon, Tokyo, Japan) and the cells were 
covered with 1 ml prewarmed (37 °C) KGM containing 1.8 mmol/l Ca2+. The 
chamber temperature was kept at 37 °C. The [Ca2+]i elevation was measured in 
six to 20 cells from each selected area. Dynamic video imaging was performed 
using the MCID⁄M5 system (Imaging Research Inc., Brock University, Ontario, 
Canada) installed in an NEC Express 5800 LS 2400 series computer with the 
Microsoft Windows 4.0 NT operating system and Matrox Millennium G200 
display driver (Matrox, Dorval, Quebec, Canada). Fura-2 ⁄AM-loaded 
keratinocytes were excited with a 100-W xenon lamp using both 340 DF 10 nm 
and 380 DF 13 nm interference filters (Omega Optical Inc., Brattleboro, VT, 
U.S.A.) mounted in a computer driven filter wheel (MAC 2000; Ludl Electronic 
Products Ltd, Hawthorne, NY, U.S.A.). A Nikon ND 8 filter was used to reduce 
the excitation light to a level which does not damage the cells during ultraviolet 
irradiation. The emitted light was then allowed to pass through the 400-nm 
dichroic mirror and the 510 BW 40-nm interference filter (Nikon). The objective 
used in the experiments (Nikon CF Fluor DL air) was x40, and the resulting 
images were guided to a Dage 72E CCD camera (Dage-MTI Inc., Michigan City, 
IN, U.S.A.) coupled to a Videoscope CCD image intensifier (model KS-1381; 
Videoscope International, Ltd, Washington, DC, U.S.A.). Calibration of 
Ca2+-dependent fluorescence was performed as described in a previous study 
(Korkiamaki et al. 2002). Ratio fluorescence with alternate 340 ⁄380 nm 
excitation at 5-s intervals was used for validation of each set of experiments. 
Standard formulae were used for the calculation of [Ca2+]i, using a Kd of fura-2 
for Ca2+ of 224 nmol/l (Grynkiewicz et al. 1985). All images (640 · 512 pixels) 
were acquired in real time at 340-nm and 380-nm wavelengths at an interval of 5 
s. The total number of ratio images was 80. The frames are displayed in 
pseudocolors characterizing [Ca2+]i. 
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4.2.2 Electron probe microanalysis (EPMA) 

Preparation and processing of cryosections 

The protocol for elemental analysis of biological material follows previously 
described methodology (Forslind et al. 1997). Briefly, frozen skin samples were 
cryosectioned at −25 °C to 30 µm thick samples, placed on a carbon tape and 
freeze-dried at −80 °C under vacuum for 40 hours. Dehydrated sections were then 
coated with thin carbon film and analyzed immediately. 

Elemental probe analysis of epidermis 

Skin sections from healthy persons and patients were measured with an Electron 
Probe Microanalyzer Jeol JXA-8200 (EPMA) at the Institute of Electron Optics, 
University of Oulu, Finland. The EPMA is equipped with 5 wavelength dispersive 
spectrometers allowing elemental analysis from beryllium to uranium. The 
elements analyzed included calcium, potassium, sodium and carbon. The dry 
weight elemental detection limit with this experimental system is 160 ppm 
resulting in reliable analysis up to 160 mg/kg. According to previous reports all 
detected elements are presented at concentrations above the detection limit 
(Pallon et al. 1996; Behne et al. 2003). Measurement was done with a probe 5 µm 
in diameter and measurement points separated by 15 µm intervals. The 
penetration of the electron probe is only few micrometers in dry epidermis which 
has a density of approximately 1.39 g/cm3 (Weigand et al. 1974). The number of 
measurement points was selected according to the thickness of the epidermis 
analyzed so that measurement points covered the entire epidermis. The carbon 
measurements were used to confirm that cells are presented in equal proportions 
in every point measured. Different cell layers were identified in healthy and 
patient samples according to the morphological appearance of the cells under the 
microscope. Stratum corneum was easily recognized, as well as the flattened 
granular cells immediately under the stratum corneum. The basal cell layer was 
identified based on its location. Then, all the cell layers remaining between the 
granular layer and the basal layer were considered to be spinous cell layers. Two 
or three cross-sectional lines were randomly selected from each sample. 
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5 Results 

5.1 Calcium signaling in keratinocytes cultured from Hailey-Hailey 
and Darier patients (I) 

5.1.1 Resting cytosolic calcium levels 

Skin samples from healthy controls and from areas of healthy skin of Hailey-
Hailey and Darier patients were obtained and used for establishment of 
keratinocyte cultures. Keratinocytes were loaded with the fluorescent calcium 
indicator, fura-2 AM to visualize the [Ca2+]i. In order to test the keratinocytes’ 
ability to regulate [Ca2+]i the cells were subjected to a high calcium medium 
(1.8 mM) for 30 minutes prior to the measurements. The results demonstrated 
similar [Ca2+]i in Hailey-Hailey and normal keratinocytes while Darier 
keratinocytes showed increased [Ca2+]i (I, Fig. 1B/C and Fig. 2A/B). 

5.1.2 ATP mediated calcium signalling 

Extracellular ATP results in activation of P2X and P2Y purinergic receptors 
leading to initiation of cell wide calcium signals. In non-differentiated 
keratinocytes it is thought that P2Y purinergic receptors play the most important 
part while P2X receptors may be involved in differentiated keratinocytes. The 
results demonstrated that ATP mediated calcium signaling is impaired in Hailey-
Hailey and Darier keratinocytes (I, Table 1) although only the Hailey-Hailey 
group demonstrated a statistically significant p-value. 

5.1.3 Store depletion and calcium influx 

Store depletion and subsequent calcium influx was investigated by blocking the 
SERCA pumps of normal, Hailey-Hailey and Darier keratinocytes with 1 µM 
thapsigargin, a universal SERCA pump inhibitor. The application of thapsigargin 
resulted in reduced elevation of [Ca2+]i in Hailey-Hailey and Darier keratinocytes 
(I, Table 2). In addition, Hailey-Hailey and Darier keratinocytes were incapable of 
lowering [Ca2+]i after SERCA inhibition. The results demonstrate that store 
depletion and / or calcium influx is decreased in Hailey-Hailey and Darier 
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keratinocytes and that the patients’ keratinocytes can not restore low [Ca2+]i 
efficiently. 

5.2 Elemental calcium content of Hailey-Hailey and Darier 
epidermis (II) 

A calcium gradient increasing towards the stratum corneum, the surface of the 
skin was first demonstrated in 1983 (Malmqvist et al. 1983). Since then several 
studies concerning the epidermal calcium gradient have been conducted in order 
to reveal the pathomechanisms causing skin diseases. The dominantly 
inheritedskin diseases, Hailey-Hailey and Darier disease are caused by mutations 
in a gene encoding a calcium pump protein , but the subsequent molecular 
alterations causing the actual clinical manifestations remain to be elucidated. 
Non-lesional and lesional skin samples were studied in order to reveal lesion 
associated factors downstream of the mutations,  

Thus, a total of nine normal, seven non-lesional HHD, six lesional HHD, 
eight non-lesional DD and eight lesional DD skin samples were collected, snap-
frozen, cryosectioned, freeze-dried and subjected to elemental analysis. Elemental 
analysis with electron probe microanalysis (EPMA) demonstrated a decreased 
calcium content in basal cells of lesional Hailey-Hailey and in non-lesional and 
lesional Darier epidermis when compared to normal epidermis from healthy 
volunteers (II, Fig 2A; Table 5). The results show that a defect in a calcium pump 
in the Golgi or SERCA membrane alters the normal calcium content in the basal 
cell layer of the epidermis. In Hailey-Hailey disease this alteration is associated 
with lesion formation while in Darier disease an impaired calcium gradient is also 
present in the healthy looking area. Thus, the results suggest that an impaired 
calcium gradient plays a more important role in lesion formation in Hailey-Hailey 
than in Darier disease. 

Table 5. Calcium content (mg/kg) of basal cell layer in normal epidermis and in non-
lesional/lesional HHD and DD epidermis. 

Sample Non-lesional Lesional 

Normal epidermis 520 ± 340 – 

HHD epidermis 450 ± 200 280 ± 120** 

DD epidermis 340 ± 130* 290 ± 100** 

Mean ± SD, * P < 0.05, ** P < 0.01, comparison has been made between normal epidermis and non-

lesional/lesional epidermis 
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5.3 Expression of differentiation related proteins and ATP 
receptors in normal, Hailey-Hailey and Darier epidermis (II) 

Indirect immunofluorescence of HHD and DD skin cryosections revealed 
impairment in the differentiation status of keratinocytes. More specifically, an 
abnormal expression profile of cytokeratins 10 and 14 demonstrated delayed 
differentiation of keratinocytes in lesional area of HHD and DD skin (II, Fig. 
3G/H). Delayed differentiation of keratinocytes in HHD and DD epidermis was 
also evidenced through suprabasal labeling of the basal cell specific ATP receptor, 
P2Y1 (II, Fig. 3A; Table 6). Another G-protein coupled receptor, P2Y2 did not 
localize at the plasma membrane in lesional areas of HHD and DD keratinocytes 
(II, Fig. 3C). The lack of this essential ATP signaling molecule from the plasma 
membrane suggests impairment in ATP mediated calcium signaling. The P2X1 
receptor localized primarily in the stratum corneum and basal cell layer in normal 
epidermis while lesional HHD epidermis lacked basal localization. Lesional DD 
epidermis on the other hand displayed the most pronounced localization in cell 
junction areas of the stratum granulosum (II, Fig. 3E). The P2X7 receptor, also 
associated with cell death via apoptosis, showed increased labeling in 
acantholytic cells of the stratum granulosum in HHD and DD epidermis when 
compared to normal skin (II, Fig. 3F). 

Table 6. Localization of differentiation status related proteins and ATP receptors in 
normal and non-lesional/lesional HHD and DD epidermis. 

Protein Normal Non-lesional HHD Lesional HHD Non-lesional DD Lesional DD 
Cytokeratin 10 Suprabasal Suprabasal Partly abolished 

in suprabasal 
Suprabasal Partly abolished 

in suprabasal 

Cytokeratin 14 Stratum basale Increased 
suprabasally 

Throughout 
epidermis 

Increased 
suprabasally 

Throughout 
epidermis 

P2Y1 Stratum basale Increased 
suprabasally 

Increased 
suprabasally 

Stratum basale Throughout 
epidermis 

P2Y2 PM throughout 
epidermis 

Partly abolished 
labelling in PM 

Abolished PM PM throughout 
epidermis 

Partly abolished 
labelling in PM 

P2X1 Stratum 
corneum and 
basale 

Stratum corneum 
and basale 

Abolished 
stratum basale 

Stratum 
corneum and 
basale 

Increased in pm 
of sg 

P2X7 PM most 
superficially 

PM most 
superficially 

Increased PM 
labelling 

PM most 
superficially 

Increased PM 
labelling 

PM plasma membrane, SG stratum granulosum 
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5.4 Influence of extracellular calcium concentration on calcium 
signaling in neurofibromin deficient keratinocytes (III) 

In NF1+/− keratinocytes, calcium store depletion by thapsigargin and subsequent 
calcium influx through CRACs results in less intense elevation of [Ca2+]i than in 
normal keratinocytes in both calcium depleted and 0.05 mM calcium medium (III, 
Table 1). The results thus demonstrate that store depletion and possibly also 
calcium influx is defective in NF1+/− keratinocytes. The intensity of a scratch 
induced calcium wave is lower in NF1+/− keratinocyte culture than in normal 
keratinocyte cultures when calcium is depleted from the medium (III, Table 2). 
This supports the finding that calcium stores inside the ER are low in NF1+/− 
keratinocytes. However, when GJIC is blocked with 1-heptanol, the intensity of a 
scratch induced calcium wave is higher in NF1+/− keratinocyte culture than in 
normal keratinocyte culture in both calcium depleted and 0.05 mM calcium 
medium (III, Table 3). In the presence of the P2-receptor antagonist, suramin 
NF1+/−,keratinocyte culture displayed a decreased intensity of the calcium wave 
when compared to normal keratinocyte culture in calcium depleted medium (III, 
Table 4). The results indicate that the ATP mediated calcium wave is the dominant 
pathway in NF1+/− keratinocytes while normal keratinocytes rely on GJIC. 

5.5 Calcium waves in normal uroepithelial and transitional cell 
carcinoma cell cultures (IV) 

5.5.1 Normal uroepithelial cells 

Tissue biopsies for uroepithelial culture establishment were collected from three 
healthy volunteers undergoing cystoscopy for vaginal urethrocystopexy. 
Uroepithelial cell cultures were subjected to high calcium medium (1.8 mM) to 
induce cell junction and thus gap junction formation. Calcium wave propagation 
was studied in near confluent uroepithelial cell cultures by loading the cells with 
the calcium fluorescent indicator, fluo-3 AM, according to the manufacturer’s 
protocol. The calcium wave was initiated by stimulating the plasma membrane of 
one cell with a micromanipulator guided glass capillary. Stimulation caused an 
immediate increase in [Ca2+]i in the stimulated cell which was followed by similar 
increases in the neighboring cells after a short period of time. This calcium 
transmitted information transfer from one cell to another is called calcium wave 
propagation. 
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To determine if gap junction intercellular connection (GJIC) was operational, 
ATP dephosphorylase (apyrase) was used to block ATP mediated calcium 
signaling. The results demonstrated operational GJIC during the ATP mediated 
calcium signaling block (IV, Table 1). The block of GJIC with 1-heptanol 
inhibited calcium wave propagation dramatically but did not prevent it entirely. 
The results thus show that while GJIC dominates intercellular calcium signaling 
in uroepithelial cell cultures ATP mediated calcium signaling is also operational. 
To test whether apyrase would effectively block ATP mediated calcium signaling, 
normal uroepithelial cells were pre-treated with apyrase and subjected to 
extracellular ATP. Pre-treated uroepithelial cells displayed no elevation of [Ca2+]i 
while cells with no treatment increased rapidly [Ca2+]i (IV, Fig. 2B). To test 
whether 1-heptanol was an effective GJIC blocker, the fluorescence recovery after 
photobleaching (FRAP) method was used. The results demonstrated that 
1-heptanol pre-treated cells were unable to transfer the fluorescent dye calcein 
from cell to another, while cells with no treatment transferred dye efficiently (IV, 
Fig. 2A). 

Indirect immunofluorescence using antibodies against Cx proteins 26, 32 and 
43 demonstrated that gap junction plaques are mostly formed of Cx26 proteins 
(IV, Fig. 4). Cx43 also formed gap junction plaques at the plasma membrane. 

5.5.2 Transitional cell carcinoma cell line 

TCC cell line 5637 displayed decreased calcium wave propagation when 
compared to normal uroepithelial cells (IV, Table 1). In addition, a calcium wave 
was entirely prevented with a GJIC blocker and inhibited with an ATP mediated 
calcium signaling block. The results thus demonstrate that calcium wave 
propagation in TCC cultures is GJIC dependent, but because the ATP block 
inhibited wave propagation, an ATP mediated pathway is also operational. The 
speed of a calcium wave, 8 ± 1 µm/s, was also decreased when compared to that 
in a healthy cell culture, 15 ± 6 µm/s (IV, Table 2). Indirect immunofluorescence 
of Cx26, Cx32 and Cx43 showed no gap junction plaques between TCC cells at 
plasma membranes (IV, Fig. 4). 
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5.5.3 Improving calcium wave propagation in transitional cell 
carcinoma culture 

Earlier studies have demonstrated that PKC α/βI –isoenzyme inhibition with 
Gö6976 increases cell junction formation and decreases migration / invasion in 
TCC cell cultures thus counteracting the malignant behavior of the cells 
(Koivunen et al. 2004). We demonstrated that inhibition of PKC α/βI –
isoenzymes with Gö6976 increased the distance of calcium wave propagation in 
TCC cultures but had no apparent effect on the speed or intensity of the wave (IV, 
Table 2 and 3). In addition, PKC α/βI –isoenzyme inhibition induced clustering of 
Cx26 to plasma membranes in TCC cultures (IV, Fig. 4) suggesting that improved 
calcium wave propagation is due to improved gap junction formation and GJIC. 
However, PKC α/βI –isoenzyme inhibition did not increase the total amount of 
Cx-proteins as demonstrated by western blotting (IV, Fig. 3A). The results thus 
indicate that improved gap junction plaque formation by Cx26 is due to 
translocation of Cx26 to plasma membrane or a decreased degradation rate of 
functional Cx26 rather than to an increase in gene expression. 
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6 Discussion 

6.1 Discussion of the results 

6.1.1 Impaired calcium signaling in Hailey-Hailey and Darier 
keratinocytes 

Primary cell cultures established from epithelial biopsies allowed us to use the 
fluorescent indicator fura-2 AM, to study calcium signaling pathways in more 
detail. Fluorescent calcium indicators like fura-2 AM and fluo-3 AM are versatile 
and precise tools used to investigate calcium regulation in cells. In neuronal cells 
fura-2 AM has been used, for example, to study changes in intracellular calcium 
concentrations after KCl or ATP application (Kirischuk and Verkhratsky 1996), 
and in B lymphocytes fura-2 AM was utilized to study intracellular calcium 
concentration alterations and subsequent activation of different transcription 
factors (Dolmetsch et al. 1997). Besides its wide use, its validity to detect calcium 
concentrations has been demonstrated (Williams and Fay 1990). However, 
problems concerning transfer of the AM dye into the cytosol, incomplete 
hydrolysis of AM esters, compartmentalization of the dye, Ca2+ buffering with 
high dye concentrations and leakage of dye from cells may impair the accuracy of 
the results. To minimize artefacts the manufacturer’s protocol was followed 
carefully and high dye concentrations avoided. In addition, only vital cell cultures 
were used for the experiments to ensure normal functioning of the cells. 

Increased [Ca2+]i was detected in Darier but not in Hailey-Hailey 
keratinocytes when compared to normal keratinocytes. The cells were incubated 
in high calcium medium (1.8 mM) 30 minutes prior the experimentation to 
challenge the keratinocytes’ ability to regulate calcium load. In normal 
keratinocyte culture, high extracellular calcium stimulates the calcium sensing 
receptor (CaR) on the plasma membrane of the cells and results in elevated 
[Ca2+]i (Tu et al. 1999). In Darier keratinocytes this phenomenon was more 
pronounced resulting in abnormally high calcium concentration levels. It has been 
demonstrated that the SERCA2b calcium pumping activity is impaired in Darier 
disease (Miyauchi et al. 2006). Furthermore, SERCA2b is most likely responsible 
for calcium accumulation into the ER of keratinocytes (Ruiz-Perez et al. 1999). 
Taken together, it is possible that the high [Ca2+]i observed in high calcium 
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medium treated Darier keratinocytes is the result of impaired calcium uptake into 
the ER. 

In addition, treatment of Darier keratinocytes with thapsigargin, a universal 
SERCA pump inhibitor, resulted in a sustained elevation of [Ca2+]i.The elevation 
was less, however, than that observed in normal cells. Furthermore, DD cells 
were unable to lower the high [Ca2+]i during the monitoring period while normal 
keratinocytes decreased [Ca2+]i efficiently. During the thapsigargin treatment all 
the SERCA pumps are inactive and thus the main calcium regulatory mechanisms 
in keratinocytes are the other calcium pumps including PMCAs and hSPCA1. The 
inability of Darier keratinocytes to lower [Ca2+]i suggests that, in addition to 
impairment in SERCA2b pumping activity, other defects also exist in calcium 
regulation. 

An impaired response to extracellular ATP was detected in Hailey-Hailey and 
Darier keratinocyte cultures when compared to normal keratinocyte cultures. In 
the Hailey-Hailey group the impairment was more pronounced and resulted in a 
statistically significant p-value. The ATP mediated calcium signaling results from 
activation of P2X and P2Y receptors leading to an elevation in [Ca2+]i. However, 
in non-differentiated keratinocytes, the P2Y2 receptor is thought to play the main 
functional role although other receptor subtypes are also expressed (Burrell et al. 
2003). Our further studies demonstrated that the lesional Hailey-Hailey and 
Darier skin areas display decreased plasma membrane P2Y2 receptor localization 
(II). Thus, it seems that the defective ATP mediating calcium signaling in Hailey-
Hailey and Darier keratinocytes could be due to a decreased number of P2Y2 
receptors in the plasma membrane. In addition, impaired receptor localization 
could be associated with lesion formation in Hailey-Hailey and Darier disease 
because localization failure was more pronounced in the lesional skin areas when 
compared to non-lesional areas (II). 

6.1.2 Epidermal calcium gradient and differentiation pattern in HHD 
and DD 

Electron probe microanalysis is widely used for calcium content detection for 
example in submandibular gland acinar cells, muscle cells, neurons (Roomans 
and Von Euler 1996) and keratinocytes (Malmqvist et al. 1983). Elemental 
analysis of frozen skin samples is difficult and time consuming. Most of the 
cryosections are lost during the freeze drying or are curved so that they can not be 
measured. In addition, dehydrated samples need to be measured on the day of 
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preparation because storage is not possible. The EPMA method used in the thesis 
suffers from a poor detection limit: 200 mg/kg dry weight. However, if elements 
of interest are present in concentrations above this limit, elemental analysis by 
EPMA is reliable. The other particle probe analysis method, proton induced X-ray 
emission (PIXE), has a higher detection capability, but yields only an average 
value for a 15–30 µm thick section. Thus, the analysis may include values of 
overlapping cells from different morphological layers, which may potentially 
cause aberrant results.  

When Hailey-Hailey, Darier and control skin samples were subjected to 
elemental analysis by EPMA, lesional Hailey-Hailey and lesional and non-
lesional Darier epidermises displayed abnormally low calcium levels in the basal 
cell layer. Earlier studies have demonstrated impaired activity of intracellular 
calcium store pumps in Hailey-Hailey and Darier keratinocytes (Behne et al. 2003; 
Miyauchi et al. 2006). On the other hand, high calcium has been shown to induce 
desmosome formation in keratinocyte cultures while low calcium prevents the 
formation of desmosomal cell junctions (Hennings et al. 1980). In addition, the 
histological findings have demonstrated that the lesional Hailey-Hailey and 
Darier epidermises suffer from ruptures between basal and suprabasal cell layers. 
Taken together it is reasonable to hypothesize that the low total calcium content in 
basal cells is the effect of low calcium in the calcium stores. Furthermore, it 
seems that abnormally low calcium stores somehow interrupt the correct cell 
junction assembly and results in the characteristic acantholysis of the skin in the 
basal cell layer. 

The increasing calcium gradient towards the surface of the skin has been 
demonstrated to regulate keratinocyte differentiation (Hennings et al. 1980; 
Malmqvist et al. 1983; Kruszewski et al. 1991). In Hailey-Hailey and Darier 
epidermises the increase in calcium content from the stratum spinosum to the 
stratum corneum was normal. However, there was a marked alteration in the 
expression of the differentiation related proteins, keratin 10 and 14. More 
specifically, lesional Hailey-Hailey and Darier keratinocytes demonstrated a 
delayed differentiation starting from the basal cells and continuing to suprabasal 
parts of the epidermis. No differentiation failure was seen in the stratum 
granulosum, the upper part of the epidermis, as demonstrated by normal 
involucrin localization. It is logical that the differentiation delay in lesional 
Hailey-Hailey and Darier epidermis takes place in the lower part of the epidermis, 
where the reduction in calcium content is detected. The results thus suggest that 
the low basal calcium content not only affects cell junction assembly but also the 
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expression of differentiation related genes in the basal parts of Hailey-Hailey and 
Darier epidermises . 

6.1.3 Altered calcium signaling in neurofibromin deficient 
keratinocyte cultures 

In calcium depleted medium, NF1+/− keratinocytes displayed a lower than normal 
increase in [Ca2+]i after thapsigargin treatment and this was also the case in 0.05 
mM calcium medium. In calcium free medium, thapsigargin treatment causes the 
release of calcium from the ER but not from the extracellular space (Thastrup et 
al. 1990). Thus, the results indicate that the [Ca2+]ER is decreased in NF1+/− 
keratinocytes. In addition, it seems that calcium influx might also be impaired 
because the cytosolic calcium response was weak in 0.05 mM calcium medium. 

A mechanical stimulus caused a decreased cytosolic calcium response in 
NF1+/− keratinocytes when compared to normal keratinocytes. The difference was 
more pronounced in 0.05 mM calcium medium than in calcium free medium. This 
is in agreement with an earlier study that reported an even more pronounced 
difference in 1.8 mM calcium medium (Korkiamaki et al. 2002). The results 
suggest that NF1+/− keratinocytes are not able to upload calcium stores efficiently 
when the extracellular calcium rises, which consequently may affect the calcium 
influx. 

In addition, the purinergic receptor antagonist suramin decreased the 
cytosolic calcium response dramatically in NF1+/− but not in normal keratinocytes 
in both calcium free and 0.05 mM calcium medium. The results demonstrate that 
NF1+/− keratinocytes rely more on ATP mediated calcium waves than on gap 
junctional intercellular communication (GJIC) while normal keratinocytes rely 
mostly on GJIC. 

6.1.4 Impaired intercellular calcium signalling in transitional cell 
carcinoma cell line 

Calcium wave propagation in normal uroepithelial and TCC cell culture was 
investigated by using the fluo-3 AM method and mechanical stimulation of one 
cell with a glass capillary driven by a hand guided micromanipulator. The 
mechanical stimulus initiates calcium wave propagation by opening the stretch 
activated cation channels on the plasma membrane (Sanderson et al. 1990). The 
speed of the calcium wave was 15 ± 6 µm/s in normal uroepithelial cell culture 
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and only 8 ± 1 µm/s in TCC culture. The velocity of the calcium wave in normal 
urothelial cell culture corresponds well to the 13 µm/s measured in respiratory 
epithelial cell culture (Sanderson et al. 1990). Calcium wave velocity in bladder 
cancer cell culture has not been previously reported. In TCC cell culture, a GJIC 
block with 1-heptanol prevented calcium wave propagation, which suggests that 
calcium waves are dependent on GJIC. The ATP dephosphorylase, apyrase 
decreased calcium wave propagation suggesting that ATP mediated signaling is 
operational when no inhibitors are used. In normal uroepithelial culture the results 
were somewhat similar except that 1-heptanol did not block the calcium wave 
entirely. Together the results suggest that TCC cells suffer from impaired calcium 
signaling and are more vulnerable to disturbing factors than are normal 
uroepithelial cells.  

The distance of the calcium wave propagation was decreased in the TCC cell 
line when compared to normal uroepithelial cell culture. This was most likely due 
to impaired gap junction plaque formation between cancer cells as demonstrated 
by indirect immunofluorescence labeling of different connexin proteins. Western 
blotting showed that the total amount of Cx26 was not decreased in TCC cell 
cultures indicating normal expression. Thus, it is possible that impaired gap 
junction plaque formation is a result of failed translocation of Cx26 to the plasma 
membrane or to rapid degradation of Cx26. Inhibition of PKC α/βI –isoenzymes 
with Gö6976 induced clustering of Cx26 to the plasma membrane and increased 
the calcium wave propagation distance without changing in the total amount of 
the Cx26 protein. As a result it is likely that PKC α/βI –isoenzyme inhibition 
improves the transfer of Cx26 proteins to the plasma membrane through post 
translational modification. In TCC cell cultures, pumping of the fluorescent 
calcium dye fluo-3 from the cells due to multidrug resistance (MDR) may have 
affected dye loading. However, the main conclusion that calcium wave 
propagation is impaired in TCC cells and can be improved by PKC α/βI-
isoenzyme inhibition is not likely to be affected by the uneven loading. 

6.2 General discussion 

6.2.1 Epidermal calcium content 

The present study demonstrated that in normal epidermis the calcium content 
decreases from the stratum corneum to the stratum spinosum and rises again in 
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the basal cell layer. The finding that the calcium content is high in the basal part is 
surprising because it is traditionally accepted that the calcium concentration 
increases in parallel with keratinocyte differentiation from the basal layer to the 
surface of the skin. Recent findings have demonstrated that high extracellular 
calcium activates the calcium sensing receptor (CaR) in the plasma membrane of 
keratinocytes leading to terminal differentiation, and differentiation is prevented 
if CaR is abolished. In human epidermis, CaR is strongly expressed in the stratum 
granulosum and only weakly in the basal layer (Tu et al. 2004). Thus it is possible 
that the absence of CaR from the basal cell layer prevents the differentiation of 
the cells while in more superficial parts CaR expression enables high calcium 
initiated differentiation. In future studies the calcium content in different cell 
layers together with CaR localization should be determined, for example in 
psoriasis where a high epidermal calcium content has been detected (Burkhart and 
Burnham 1983; Grundin et al. 1985). In addition, studies concerning epidermal 
calcium content in healthy individuals of varying ages would provide useful 
information on calcium regulation in the epidermis. 

6.2.2 Gene defects behind HHD and DD 

Although HHD and DD diseases are caused by mutations in a gene coding for a 
calcium pump protein expressed in various tissue types, only skin manifestations 
occur. Several hypotheses have been proposed to explain this discrepancy: 1) 
keratinocytes are vulnerable to UV-exposure; 2) keratinocytes lack other 
compensatory calcium signaling molecules such as SERCA-3 and 3) hSPCA1 is 
an essential calcium regulating molecule in keratinocytes which cannot be 
compensated. In order to solve this problem, additional studies comparing 
calcium signaling in HHD and DD keratinocytes obtained from healthy looking 
and lesional skin areas are needed. The differences between these keratinocyte 
cultures could provide a more complete understanding of lesion formation and 
explain the skin manifestations. 

6.2.3 Calcium waves in epithelial malignancies 

This thesis demonstrated that PKCα/βI-isoenzyme inhibition with Gö6976 partly 
normalized the propagation length of the calcium wave in TCC cell line culture, 
most likely through gap junction plaque formation by connexin 26. Although 
calcium wave propagation has not been widely studied in epidermal malignancies 
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one study has demonstrated that in the epidermoid carcinoma cell line A431 
epidermal growth factor (EGF) can counteract malignant behavior and improve 
calcium wave propagation possibly through upregulation of purinergic receptor 
signaling (Bryant et al. 2004). It would be useful in future studies to test whether 
the effects of EGF on the P2 pathway, and Gö6976 on GJIC, could reinforce each 
other in cell cultures established from epithelial malignancies. 
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7 Conclusions 

The present study focused on the intra- and intercellular calcium signaling in 
epithelial cells bearing mutations in genes coding for calcium pumps of the 
endoplasmic reticulum (SERCA2b, DD) and the Golgi apparatus (hSPCA1, 
HHD); and in the neurofibromatosis 1 (NF1) gene. Even though NF1 mutations 
do not affect calcium pumps per se, calcium signaling is profoundly affected in 
NF1-deficient cells. Transitional cell carcinoma (TCC) was used as a model 
system for epithelial malignancy. The main conclusions of the current study are: 

– Our understanding of the human epidermal calcium gradient should be 
revised. Rather than a linear gradient with a high calcium level in the 
superficial part of the epidemis decreasing to a low level in the basal cell 
layer, our results suggest that the calcium content rises again in the basal cell 
layer. These data together with recent studies of the calcium sensing receptor 
(CaR) expression pattern in the epidermis suggest that a high basal cell 
calcium content does not induce keratinocyte differentiation because these 
cells lack the essential calcium sensing receptor, CaR. 

– Defects in one of the gene alleles coding for SERCA2b, the ER calcium 
pump, or hSPCA1, the Golgi calcium pump, are sufficient to impair 
thapsigargin induced store depletion and / or the subsequent calcium influx in 
keratinocyte culture thus inhibiting the restoration of the normal cytosolic 
calcium concentration. 

– The Darier genotype results in an elevated resting cytosolic calcium 
concentration in cultured keratinocytes when compared to wild type 
keratinocytes. In addition, ATP mediated calcium signaling is abnormal in 
Hailey-Hailey and Darier keratinocytes possibly due to the lack of plasma 
membrane P2Y2 receptors in lesional Hailey-Hailey and Darier epidermis. 

– Elemental analysis of Hailey-Hailey and Darier skin samples demonstrate 
abnormally low total calcium content in the basal cell layer of lesional 
Hailey-Hailey and non-lesional and lesional Darier epidermis when compared 
to normal skin samples. Abnormally low calcium in the basal cell layer of 
lesional areas is accompanied by the abnormal expression of differentiation 
specific proteins, cytokeratins 10 and 14. 

– The calcium concentration in the ER lumen is decreased in NF1+/− 
keratinocytes and possibly calcium influx is also impaired when compared to 
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normal keratinocytes. In addition, NF1+/− keratinocytes rely mostly on ATP 
mediated calcium signaling while normal keratinocytes rely mostly on GJIC. 

– In normal uroepithelial cells the calcium wave propagation depends mostly 
on gap junctional intercellular communication (GJIC) although ATP mediated 
signaling is also operational. A transitional cell carcinoma cell line displays 
impaired calcium wave propagation and is dependent on functional GJIC. 
The impaired calcium wave propagation is most likely due to failure in 
connexin 26 clustering at the plasma membrane and can be improved by 
inhibiting PKC α/βI –isoenzymes with Gö6976. PKC α/βI –isoenzyme 
inhibition most likely results in post translational modification of the 
connexin 26 protein because the expression level is not altered. 
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