@’PLOS | ONE

CrossMark

click for updates

ﬁ OPEN ACCESS

Citation: Btadini W, Abou Hassan OK, Saadeh D,
Abbas O, Ballout F, Kibbi A-G, et al. (2015)
Identification of Several Mutations in ATP2C1 in
Lebanese Families: Insight into the Pathogenesis of
Hailey-Hailey Disease. PLoS ONE 10(2): e0115530.
doi:10.1371/journal.pone.0115530

Academic Editor: Sue Cotterill, St. Georges
University of London, UNITED KINGDOM

Received: August 2, 2014
Accepted: November 25, 2014
Published: February 6, 2015

Copyright: © 2015 Btadini et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper.

Funding: This work was supported by a grant
awarded to Mazen Kurban from the American
University of Beirut.

Competing Interests: The authors have declared
that no competing interests exist.

Identification of Several Mutations in
ATP2CT in Lebanese Families: Insight into
the Pathogenesis of Hailey-Hailey Disease

Waed Btadini'¥, Ossama K. Abou Hassan?, Dana Saadeh', Ossama Abbas’,
Farah Ballout?, Abdul-Ghani Kibbi', Ghassan Dbaibo>*, Nadine Darwiche?,
Georges Nemer?*, Mazen Kurban'23#

1 Department of Dermatology, American University of Beirut, Beirut, Lebanon, 2 Department of
Biochemistry and Molecular Genetics, American University of Beirut, Beirut, Lebanon, 3 Department of
Dermatology, Columbia University, New York, New York, United States of America, 4 Department of
Pediatrics, American University of Beirut, Beirut, Lebanon

I These authors contributed equally to this work.
* mk104@aub.edu.lb

Abstract

Background

Hailey-Hailey disease (HHD) is an inherited blistering dermatosis characterized by recur-
rent erosions and erythematous plaques that generally manifest in intertriginous areas. Ge-
netically, HHD is an autosomal dominant disease, resulting from heterozygous mutations in
ATP2C1, which encodes a Ca®*/Mn?*ATPase. In this study, we aimed at identifying and an-
alyzing mutations in five patients from unrelated families diagnosed with HHD and study the
underlying molecular pathogenesis.

Objectives

To genetically study Lebanese families with HHD, and the underlying molecular pathogene-
sis of the disease.

Methods

We performed DNA sequencing for the coding sequence and exon-intron boundaries of
ATP2C1. Heat shock experiments were done on several cell types. This was followed by
real-time and western blotting for ATP2C1, caspase 3, and PARP proteins to examine any
possible role of apoptosis in HHD. This was followed by TUNEL staining to confirm the
western blotting results. We then performed heat shock experiments on neonatal rat
primary cardiomyocytes.

Results

Four mutations were detected, three of which were novel and one recurrent mutation in two
families. In order for HHD to manifest, it requires both the genetic alteration and the environ-
mental stress, therefore we performed heat shock experiments on fibroblasts (HH and
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normal) and HaCaT cells, mimicking the environmental factor seen in HHD. It was found
that stress stimuli, represented here as temperature stress, leads to an increase in the
mRNA and protein levels of ATP2C1 in heat-shocked cells as compared to non-heat
shocked ones. However, the increase in ATP2C1 and heat shock protein hsp90 is signifi-
cantly lower in HH fibroblasts in comparison to normal fibroblasts and HaCaT cells. We did
not find a role for apoptosis in the pathogenesis of HHD. A similar approach (heat shock ex-
periments) done on rat cardiomyocytes, led to a significant variation in ATP2C1 transcript
and protein levels.

Conclusion

This is the first genetic report of HHD from Lebanon in which we identified three novel muta-
tions in ATP2C1 and shed light on the molecular mechanisms and pathogenesis of HHD by
linking stress signals like heat shock to the observed phenotypes. This link was also found
in cultured cardiomyocytes suggesting thus a yet uncharacterized cardiac phenotype in
HHD patients masked by its in-expressivity in normal health conditions.

Introduction

Hailey-Hailey disease (HHD; OMIM 16960), also known as familial benign pemphigus, is a
rare autosomal dominant genodermatosis that was initially described by the Hailey brothers in
1939[1]. HHD has variable expressivity and complete penetrance, and usually presents around
the third or fourth decade of life and lasts months to years[2]. Clinical features are character-
ized by recurrent painful grouped vesicles, pustules and plaques that occur in intertriginous
areas including the neck, the axilla, the groin and the perineum. These eventually progress to
severe and painful fissures and erosions that can be physically and psychologically debilitating.
Histologically, HH is characterized by suprabasilar acantholysis and blister formation second-
ary to desmosomal abnormalities in a pattern resembling a “dilapidated brick wall”[2].

HHD is caused by mutations in the ATP2CI gene. ATP2CI encodes for a p-type Ca®*-trans-
port ATPase, which is part of the Ca” -transport ATPases (SpCA) secretory-pathway and is
expressed on the trans-golgi apparatus[3]. This manganese-dependent enzyme is involved in
Ca”" homeostasis. It catalyzes the hydrolysis of ATP coupled with the transport of calcium and
manganese ions from the cytosol to the lumen of the Golgi apparatus. In wild type keratino-
cytes, adequate Golgi Ca®*homeostasis is required for the proper functioning of the Golgi and
in particular for posttranslational protein-modifications. In HHD, heterozygous mutations in
ATP2CI disrupt Ca®* homeostasis leading to decreased Golgi Ca®* stores and increased cyto-
sloic Calcium([4] This in turn negatively affects Ca2”dependent proteins; including those be-
longing to the cadherin family[5] Such proteins include desmogleins and desmocollins which
assemble together and with other proteins to form the desmosomes. Therefore, mutations in
ATP2CI would compromise the desmosomal assembly leading to HHD.

Several external factors contribute to the pathogenesis of HHD. These include increased hu-
midity, heat, sweat and increased body temperature. This explains why individuals show clini-
cal manifestations mainly in intertriginous areas and have exacerbation of their condition
during hot seasons.

In this study, we aimed at identifying and analyzing underlying mutations in five patients
from unrelated families diagnosed clinically and histologically with HHD. We, then, tried to
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mimic external factors by subjecting and comparing cells from affected individuals with unaf-
fected ones by performing heat shock experiments. We investigated whether apoptosis contrib-
ute to the pathogenesis of HHD. Finally, since ATP2C1 is expressed in several mammalian
tissues [6], we studied the expression of ATP2C1 in rat cardiomyocytes under normal condi-
tions and after performing heat shock experiments in light of numerous studies showing that
abnormalities in Calcium handling proteins could be associated to numerous cardiac patholo-
gies including conduction system and heart failure[7]. The most striking example being the
mutations in ATP2A2, which are responsible for the Darier’s disease[8].

Materials and Methods
2.1. Subjects and mutation analysis of ATP2C1 gene

Five Lebanese patients were recruited all of whom were clinically and histologically diagnosed
with HHD at the American University of Beirut Medical Center (AUBMC). All of the patients
presented were in the third or fourth decade of life showing blisters and erosions affecting the
armpits and the inguinal regions and nape of neck, consistent with HHD. A positive family his-
tory for HHD was recorded in all of the cases. After obtaining written informed consents, we
collected peripheral blood sample from the family members and unrelated healthy control in-
dividuals in EDTA-containing tubes. Genomic DNA was isolated from peripheral blood lym-
phocytes according to standard extraction techniques. The study was approved by the Ethics
Committee of the American University of Beirut Medical Center under protocol number
(DER.MK.01), and in adherence to the declaration of Helsinki Principles. All exons and exon-
intron boundaries for ATP2C1 were performed. The amplified PCR products were directly se-
quenced in an ABI 3100 Genetic Analyzer using the ABI Prism Big Dye Terminator Cycle Se-
quencing Ready Reaction Kit (PE Applied Biosystems, USA). The results were analyzed using
the Applied Biosystems software and compared to databanks on the UCSC browser.

2.2. Reverse transcription and cDNA sequencing

Total RNA was extracted from human fibroblasts obtained from punch biopsies using
Nucleospin RNAII kit (Macherey-Nagel) in accordance with the manufacture’s protocol.
cDNA synthesis was carried out using RevertAid First strand cDNA synthesis kit (Thermo
Scientific) according to the manufacturer’s instructions. cDNA amplification of patient 3

was carried out using the forward primer 5> CCTTATTATGCTGCTTCTGG 3’ and the
reverse primer 5 CTTTGCTTTGCCACATCTGA 3’) and amplified the region spanning
exons 4 to 8. cDNA amplification of patient 4 was carried out using the forward primer 5'
GAAGAAAAGGGCCATTGTGA 3' and the reverse primer 5' CATGCGTGCCTTCTCTTGT
3', and amplified the sequence spanning exons 12 to 17. cDNA sequencing was then performed
using the forward primers already mentioned by Sanger ABI 3100 Genetic Analyzer.

2.3. Cell culturing

Fibroblasts were grown from punch biopsies in Dulbecco’s Modified Eagle Medium (DMEM-
LONZA, USA). Biopsies were first cut by a surgical scalpel into 4-5 pieces. The latter were then
collected with 5ml DMEM and centrifuged. The resulting pellet was then distributed into 6-
well plate with 3 ml DMEM supplemented with 20% heat inactivated FBS (fetal bovine serum)
and 1% penicillin-streptomycin. As for HaCaT cells, they were grown up to passage 7 in
DMEM supplemented with 10% heat-inactivated FBS, 1% penicillin-streptomycin, and 1%
sodium pyruvate.
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Cardiomyocytes were prepared from rats of 1-4 days of age that were decapitated, and the
hearts were removed and placed in MEM-Joklik (SIGMA-Aldrich, USA). Blood clots were re-
moved from the hearts which were later minced and digested with collagenase in MEM-Joklik.
Cells from the four subsequent digestions (20 min each) were collected in 50-ml sterile tubes
containing 10ml FBS, and sedimented by centrifugation at 500xg for 5 minutes at room tem-
perature. The cell pellets, which consisted of cardiomyocytes and fibroblasts, were resuspended
in 30 ml DMEM with 10% FBS. The cell suspensions were then filtrated with 100um filter. The
primary culture was cleaned up of adherent cells like fibroblasts by two cycles of 30 minutes
preplatting at 37°C in 150 mm dishes. Cardiomyocyte-enriched suspensions were collected
from the culture dishes in a 50ml sterile tube and centrifuged 500xg for 5 minutes at room tem-
perature. The resulting pellet, mainly consisting of cardiomyocytes was resuspended in 30ml
DMEM with 10% FBS and the cells were seeded in a 100 mm petriplate (4%10° cells/plate). The
second day after plating the culture medium was replaced for serum free hormone free media.
Cardiomyocytes were maintained in culture two days before conducting the experiment. Ani-
mal work was approved by the American University of Beirut Institutional Animal Care and
Use Committee (LACUC 001/05). All animals received care in accordance with approved insti-
tutional animal care guidelines and according to the Guide for the Care and Use of Laboratory
Animals of the National Academy of Science and US National Institutes of Health guidelines.

2.4. Heat shock experiments

In order to mimic one of the environmental factors encountered in HHD, heat-shock experi-
ments were conducted. Fibroblasts (between passages 4 and 7) were left for 40 minutes at 43°C in
a CO, incubator, and then transferred to a 37°C CO, incubator so that they restore their normal
gene expression profiles. mRNA or proteins were extracted 160 minutes later. As for primary car-
diomyocytes, a series of heat shock experiments were performed at 20 and 30 minutes.

2.5. Quantitative Real time PCR

Quantitative real-time PCR was conducted using QuantiTect SYBR Green PCR kit (Qiagen, USA).
The expression primers used to detect the effect of heat shock on ATP2C1 expression were the
following: ATP2CI: Forward primer 5 CACTAAGTTCCAGATCCCA 3’ and reverse primer 5’-
ATGCTTAGGCTCTCAGTCT-3’; Hsp90: Forward primer 5-TCTGGAAGATCCCCAGACAC-
3" and reverse primer 5-AGTCATCCCTCAGCCAGAGA-3'. Rat ATP2CI: Forward primer
5-GCCTTGGAGTAGAGCCAGTG-3’ and reverse primer 5-TGTTGTGTCTCGGGGTGTTA-3’.
Rat hsp90: Forward primer 5-TGAAGGAATTTGAGGGCAAG-3’ and reverse primer 5’-
CACCAATCGGTTTGACACAA-3’. GAPDH was used as an internal loading control and amplified
using the following primers: Human GAPDH: Forward primer 5-CCACCCAgAAgACTgTggAT-
3’ and reverse primer 5’-TTCAgCTCAgggATgACCTT-3’; rat GAPDH: Forward primer: 5’
AGCCAAAAGGGTCATCATCATCT-3, and reverse primer: 5-GGGGCCATCCACAGTCTTCT-
3’. Relative transcript abundance was normalized to the amount of GAPDH and quantitated by
the 274" method (Table 1 list all real time PCR primer sequences).

2.6. Western blotting

Proteins were extracted from cells with Laemmli sample buffer (Biorad). Equal amounts of
each extract were electrophoresed in 10% sodium dodecyl sulfate-polyacrylamide (SDS) gel
electrophoresis, and then transferred into nitrocellulose membranes. Membranes were blocked
for 1.5 hours with fat free milk 5%. After washing, membranes were blotted with primary anti-
bodies overnight. We used a 1/500 dilution for the primary antibodies anti-ATP2Cl, anti cas-
pase-3, anti-PARP (Santa Cruz Biotechnology, Santa Cruz, Germany) and anti-GAPDH (Cell
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Table 1. Real Time PCR primers.

Primer Sequence

Human ATP2C1 F 5' CACTAAGTTCCAGATCCCA 3'
Human ATP2C1 R 5' ATGCTTAGGCTCTCAGTCT 3'
Human Hsp90 F 5' ATGCTTAGGCTCTCAGTCT 3'
Human Hsp90 R 5' AGTCATCCCTCAGCCAGAGA 3'
Rat ATP2C1 F 5' GCCTTGGAGTAGAGCCAGTG 3'
Rat ATP2C1 R 5'TGTTGTGTCTCGGGGTGTTA 3'
Rat Hsp90 F 5' TGAAGGAATTTGAGGGCAAG 3'
Rat Hsp90 R 5' CACCAATCGGTTTGACACAA 3'
Human GAPDH F 5' CCACCCAGAAGACTGTGGAT 3'
Human GAPDH R 5' TTCAGCTCAGGGATGACCTT 3'
Rat GAPDH F 5' AGCCAAAAGGGTCATCATCATCT 3
Rat GAPDH R 5' GGGGCCATCCACAGTCTTCT 3'

doi:10.1371/journal.pone.0115530.t001

Signaling). Membranes were then blotted with corresponding secondary antibodies (1:5000 di-
lution) for 2 hours and developed prior to adding Luminol reagent (Santa Cruz Biotechnology,
Santa Cruz, Germany). The density of the bands was then revealed using image J software. Rel-
ative quantification was carried out by normalizing the relative densities of the desired protein
bands to the densities of their corresponding loading control band.

2.7. TUNEL staining

Paraffin-embedded tissues from HH patients and normal individuals were dewaxed and rehydrated
through a graded series of xylene/ethanol treatments. Antigen retrieval was carried out by transfer-
ring the slides into sodium citrate buffer (pH 6) and irradiating them three times at 140 W in the mi-
crowave for three minutes each. Slides were immersed for 30 minutes in Tris-HCL, 0.1 M pH 7.5;
containing 3% BSA and 20% normal bovine serum. Slides were then rinsed with PBS and incubated
for 60 minutes in a humidified atmosphere at 37°C with 50 ul of TUNEL reaction mixture. For the
positive control, tissues were incubated in DNase for 30 minutes prior to addition of TUNEL mix.
Apoptosis, as judged by TUNEL positivity was then evaluated under fluorescence microscope.

Results

3.1. Four mutations were detected in ATP2C1 that cause Hailey-Hailey
disease in Lebanese families
Five patients diagnosed with HHD of unrelated Lebanese families were genetically screened for

mutations in ATP2CI. The entire coding sequence and the exon-intron boundaries of ATP2CI
were amplified. Four different mutations were detected and are summarized in table 2. R39X, a

Table 2. Identification of three novel and one recurrent mutation in ATP2C1 in Lebanese families with Hailey-Hailey disease.

Family Mutation location Status

1 Nonsense R39X Exon 3 Previously reported
2 Frame-shift mutation c. 2529 _2532 delTTGT Exon 24 Novel

3 Splice site mutation r.313—-1G>A Intron 5 Novel

4 Missense mutation ¢.1372G>C Exon 14 Novel

5 Nonsense R39X Exon 3 Previously reported

doi:10.1371/journal.pone.0115530.t002
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previously reported nonsense mutation leading to the formation of a truncated protein, was de-
tected in two of the families. Three novel mutations were also detected: An acceptor splice site
mutation (r.313-1G>A), a missense mutation (c.1372G>C), and a deletion mutation (c.
2529_2532 del TTGT).

3.2. Analysis of the splice site and the missense mutation

In order to investigate the effect of the splice site mutation (r.313-1G>A) and the missense
mutation (c.1372G>C) on alternative splicing, we amplified the cDNA in the region flanking
the mutations from both sides. The splice site mutation occurs in intron 5, so the cDNA was
amplified from exons 4 to 8. Skipping of exon 6 was validated by the two bands that appeared
on gel (Fig. 1A) and by the cDNA sequencing results (Fig. 1B). The (r.313-1G>A) mutation
not only causes the skipping of exon 6 but also generates a premature stop codon at the begin-
ning of exon 7 (Fig. 1B), leading to a truncated protein. As for the missense mutation
(c.1372G>C) which occurs in the last nucleotide of exon 14, we expected that it would affect
the splice site and therefore we sequenced the cDNA in the region spanning exon 12 to 17.
This revealed the skipping of exon 14 (in frame) (Fig. 1C) without any effect on the termination
site proving that the missense variant is in fact an in-frame variant affecting splicing and there-
fore would be referred to r.1372G>C.

3.3. Heat-shock induces overexpression of ATP2C1

Symptoms of HHD mostly manifest in intertriginous areas, and are usually aggravated by
sweat, friction and heat. Based on this, we conducted heat-shock experiments on different cell
types (fibroblasts and HaCaT) to monitor the effect of stress on ATP2CI mRNA and protein
expression. Real-time PCR experiments demonstrated an increase in ATP2CI expression in all
of the different cell types (normal fibroblasts, HH fibroblasts and HaCaT cells). However; this
increase was significantly lower in HH fibroblasts (Fig. 2A). Hsp90 increase in mRNA expres-
sion was used as a reference for an efficient heat-shock experiment. The increase in Hsp90 was

R

LI H Irdadrrtrtrrcrt
GTGGCAATACTTATCGTTGTTACAGTTGCCTTTGTTCA
E 80 70

Hivre

I
GAAACAATA

Exon 13 Exon 15

Fig 1. Analysis of the acceptor splice-site mutation and the missense mutation. (A) Agarose gel
electrophoresis of cDNA amplified from the patient with r.313—-1G>A (lane 1) and cDNA of normal individual
(lane 2). The first lane reveals two bands indicating expression from two alleles; the normal (upper band) and
the mutant (lower band). (B) cDNA sequence of patient with r.313—-1G>A revealing skipping of exon 6, and
resulting in a premature stop codon. (C) cDNA sequence of patient with (c.1372G>C) mutation revealing the
skipping of exon 14.

doi:10.1371/journal.pone.0115530.9001
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Fig 2. Heat-shock induces overexpression of ATP2C1. (A) Real-time PCR effects of heat-shock on HaCaT cells (p value = 0.004), fibroblasts from HH
patient (p value = 0.003), and normal fibroblasts (p value = 0.01). (B) Hsp90 variation in expression before and after heat-shock in different cell types. (C)
Western blot results; lane 1: non-heat-shocked normal fibroblasts, 2; heat-shocked normal fibroblasts, 3; non-heat-shocked Hailey-Hailey fibroblasts, 4; heat-
shocked Hailey-Hailey fibroblasts. (D) ATP2C1 protein quantification (using image J software) based on the densities of the bands over GAPDH obtained
through western blotting showing significant increase in normal fibroblasts (* p value = 0.01), and non-significant increase in HH fibroblasts (** p >0.05).

doi:10.1371/journal.pone.0115530.9002

also less witnessed in HH fibroblasts as compared to the other cells (Fig. 2B). In accordance
with the real-time PCR results, western blotting revealed a slight increase in ATP2C1 protein
levels after heat-shock (Fig. 2C-D).

3.4. Acantholysis is not attributed to apoptosis in Hailey-Hailey disease

Heat-shock proteins are well known to inhibit apoptosis. Their weak elevation after stress in
HHD led us to investigate whether apoptosis contributes to the pathogenesis of the disease. We
performed western blotting for caspase 3 and PARP. No protein cleavage between these two
proteins was detected indicating the absence of caspase-dependent apoptosis (Fig. 3A). To vali-
date the absence of apoptosis, we conducted TUNEL staining on paraffin-embedded tissues
taken from a patient with HHD and a normal individual. The TUNEL stain was negative in
HH (Fig. 3B), and from normal tissues (Fig. 3C) as opposed to the positive control (Fig. 3D).

3.5. A plausible protective role of ATP2CT1 in the hearts of rats

We hypothesized that ATP2CI might have a possible function in the heart. It is unknown till
now what effect could ATP2C1 defects exert at the level of the heart. We conducted heat-shock
experiments on cardiomyocytes from rats at two time points (20 and 30 minutes). A significant
variation in ATP2CI mRNA levels was detected, where these levels increased after 20 minutes

PLOS ONE | DOI:10.1371/journal.pone.0115530 February 6, 2015 7/11



el e
@ : PLOS ‘ ONE Identification of Several Mutations in ATP2C1 in Lebanese Families

A Lane 1 Lane 2 Lane 3 Lane 4
Non-heat-shocked Heat-shocked Non-heat-shocked H eat-shocked
normal fibroblasts normal fibroblasts Hailev-Hailev fibroblasts Hailev-Hailev fibroblasts
PARP 116 KD . — — — — — -

GAPDH 37 kD e — | —— ~———— —

B: Hailey-Hailey tissue C: Normal tissue

D: Positive control

Fig 3. Investigating the role of apoptosis in Hailey-Hailey disease (A) Western blotting against caspase 3 and PARP proteins; lane 1: non-heat-
shocked/control normal fibroblasts, lane 2: heat-shocked normal fibroblasts, lane 3: non-heat-shocked Hailey-Hailey fibroblasts, lane 4: Heat-
shocked Hailey-Hailey fibroblasts. (B) TUNEL staining on paraffin-embedded tissues taken from affected area of a Hailey-Hailey patient. (C) Normal tissue

negative for the TUNEL stain, (D) Positive control revealing apoptotic cells after treatment with DNase.

doi:10.1371/journal.pone.0115530.g003

of heat shock to decrease again at 30 minutes (Fig. 4A, B). However at the protein levels, west-
ern blotting revealed low ATP2C1 protein levels at 20 minutes and then an increase at 30 min-
utes of heat-shock suggesting an expected delay between the increase in mRNA and
subsequent increase in protein (Fig. 4A-C).

Discussion

ATP2Cl1 is a Ca**/Mn”" transporter, which regulates the concentrations of calcium and man-
ganese in the lumen of Golgi apparatus. Since the Golgi is the site of protein processing and tar-
geting, any perturbation in this complex may have adverse effects on the physiological

cell functioning.

In this work we studied five Lebanese individuals from five different families with HHD.
Among these families, two of them had a previously reported nonsense mutation p.R39X
(c.317CGA>TGA). It is likely that this site represents a hotspot for mutations as this mutation
has been previously reported in different families worldwide[9], as well as occurring at a CpG
site which increases the possibility of mutations[10].
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Fig 4. Effect of heat-shock on cardiomyocyte-ATP2C1 levels. (A) Fold change in ATP2C1 mRNA levels before and after heat-shock. (B) Fold change in
Hsp90 mRNA levels before and after heat shock. (C) Variation in ATP2C1 protein levels before and after heat-shock.

doi:10.1371/journal.pone.0115530.9004

A combination of genetic and environmental factors, are essential for the manifestation of
HHD. In order to mimic the environmental factors in our in vitro studies we performed heat-
shock experiments and studied the effect of ATP2C1 on several cell types. The stress factor in
our experiments promoted the increase in ATP2CI transcript and protein levels. These results
are indicators of the involvement of ATP2C1 in homeostatic mechanisms. ATP2Cl1 level were
reduced in HH fibroblasts, as compared to other cells, suggesting a certain disruption in the
stress response of these cells. ATP2CI1 levels increased, as heat-shock protein Hsp90 levels did
in response to heat-shock, further suggesting a possible protective role of this protein in
stressful situations.

We, then, investigated whether apoptosis plays a role in the initiation of the pathogenesis of
HHD. In C.elegans, it was shown in an orthologue of ATP2CI (PMR1 ATPase) that a rise in
HSP16.1, a heat shock protein localizing to the Golgi, results in inhibition of necrosis and cell
death[11].

Conflicting results on the possible role of apoptosis in the pathogenesis of HHD and pem-
phigus vulgaris, an overlapping clinical and histological condition, have been reported[12,13].
Very recently, it was shown that the pathogenesis of pemphigus vulgaris does not involve apo-
ptosis[14].Our results which included measurements of apoptosis markers and tissue staining
exclude the role apoptosis in the pathogenesis of HHD. Staining of specimens of HHD with
TUNEL staining in the involved areas of the tissues and the perilesional areas were devoid of
apoptotic cells. Therefore, we hypothesize that reports suggesting a role for apoptosis may have
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shown apoptotic cells that are the result of the end process of acantholysis and not part of the
initial phases related to the pathogenesis of HHD.

We next evaluated whether ATP2CI1 plays any role in rat cardiomyocyte functioning or
maintenance. Our assumption is based on two main reasons. The first is that the ATP2C1 pro-
tein is a part of Ca** signaling pathways that are indispensible for the heart contraction/relaxa-
tion processes. Second, it is well known that defects in ATP2C1 cause abnormal assembly of
the desmosomes at level of the skin, though the exact mechanism is not yet clearly understood.
The desmosomes also perform vital functions in the heart and several mutations in desmosom-
al proteins could cause either isolated cardiomyopathies[15,16], or cardiomyopathies in the
setting of other skin manifestations[17]. One would thus hypothesize that a cardiac phenotype
similar to that of the skin, would not be observed except under a stressful event in the setting of
ATP2CI mutation. Such a phenotype could be a long recovery period or a worsening of a pre-
dicted event after cardiac-injury when compared to a normal, i.e. ATP21C mutation free set-
ting. Interestingly, we have observed changes in transcript levels and protein levels at different
time points during the heat-shock stressful experiment performed on cultured cardiomyocytes.
Whether this increase in ATP2C1 plays some role in sustaining cardiomyocytes during stress-
tul events could not be determined. Future experiments comparing wild type rat cardiomyo-
cytes with mutants for ATP2CI would provide more data. Additionally, other experiments
inducing cardiac stress such as mechanical cardiomyocyte stretching could be helpful. All to-
gether these results go in parallel with the role recently described for ATP2A2, a related mem-
ber of the same family of Calcium dependent ATPases. In fact, numerous studies have
established a strong role for this protein in cardiac function: mainly the cardiac-specific knock-
out ATP2A2 mice display cardiac mechanical and energetic dysfunctions [18,19]. Such pheno-
types were only visualized in adult mice and under mechanical stretch conditions but were not
observed in patients with Darier’s syndrome because the latter were not properly followed up.
This is reminiscent of the lack of cardiac history among HHD patients, and our results suggest
that mutations in ATP21C could lead to a cardiac adverse effect only following injury such as
an infarct or in patients with chronic hypertension or diabetes. At that point it would be hard
for the clinician to evaluate the contribution of any ATP2CI mutation to the ischemic event for
instance, especially that many times HHD is not taken into consideration while treating such
adverse events in these individuals. One way to better understand the role of ATP2C1 in cardi-
ac patients would be a retrospective and a prospective study looking at individuals with HHD
who had ischemic cardiac events and assess their clinical outcomes in terms of recovery as
compared to the normal population.

In conclusion, this is the first genetic report of HHD in the Lebanese population, where we
identified four different mutations in ATP2CI in five Lebanese families. Additionally, we dem-
onstrated through in vitro studies a role for ATP2C1 in different skin cell types and found that
apoptosis does not contribute to the pathogenesis of HHD. Moreover, we suggest that mecha-
nisms other than haploinsufficiency could underlie HHD. Finally, we there might be a possible
and still hidden role for ATP2C1 in cardiac function, where further work need to confirm and
build on our early and preliminary data.

Acknowledgments

We genuinely acknowledge the patients who agreed to take part in this study. We also thank
Dr. Rana Abdel Samad, Inaam El Rassi, Hadla Hariri and Botheina Ghandour for their valuable
assistance in the laboratory work. This work was supported by a fund from the MPP and URB
of the American University of Beirut to M.K.

PLOS ONE | DOI:10.1371/journal.pone.0115530 February 6, 2015 10/ 11



@‘PLOS | ONE

Identification of Several Mutations in ATP2C1 in Lebanese Families

Author Contributions

Conceived and designed the experiments: MK. Performed the experiments: WB OAH DS FB.
Analyzed the data: WB MK. Contributed reagents/materials/analysis tools: MK GN ND GD.
Wrote the paper: WB GN MK. Reviewed the manuscript: WB MK OAH GN OA ND GD
AGK.

References

1.
2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

HAILEY H (1939) FAMILIAL BENIGN CHRONIC PEMPHIGUS. Arch Dermatol 39: 679.

Sudbrak R, Brown J, Dobson-Stone C, Carter S, Ramser J, et al. (2000) Hailey-Hailey disease is
caused by mutations in ATP2C1 encoding a novel Ca(2+) pump. Hum Mol Genet 9: 1131-1140.
PMID: 10767338

He W, Hu Z (2012) The role of the Golgi-resident SPCA Ca®*/Mn?* pump in ionic homeostasis and neu-
ral function. Neurochem Res 37: 455—468. doi: 10.1007/s11064-011-0644-6 PMID: 22083668

Behne MJ, Tu C-L, Aronchik I, Epstein E, Bench G, et al. (2003) Human keratinocyte ATP2C1 localizes
to the Golgi and controls Golgi Ca2+ stores. J Invest Dermatol 121: 688—-694. PMID: 14632183

Windoffer R, Borchert-Stuhltrager M, Leube RE (2002) Desmosomes: interconnected calcium-depen-
dent structures of remarkable stability with significant integral membrane protein turnover. J Cell Sci
115:1717-1732. PMID: 11950889

Wootton LL, Argent CCH, Wheatley M, Michelangeli F (2004) The expression, activity and localisation
of the secretory pathway Ca2+-ATPase (SPCA1) in different mammalian tissues. Biochim Biophys
Acta 1664: 189—-197. PMID: 15328051

Francia P, Adduci C, Ricotta A, Stanzione R, Sensini |, et al. (2013) Common genetic variants in select-
ed Ca?* signaling genes and the risk of appropriate ICD interventions in patients with heart failure. J
Interv Card Electrophysiol 38: 169-177. doi: 10.1007/s10840-013-9827-1 PMID: 24048583

Wahlquist C, Jeong D, Rojas-Mufioz A, Kho C, Lee A, et al. (2014) Inhibition of miR-25 improves cardi-
ac contractility in the failing heart. Nature 508: 531-535. doi: 10.1038/nature13073 PMID: 24670661

Chao S-C, Tsai Y-M, Yang M-H (2002) Mutation analysis of ATP2C1 gene in Taiwanese patients with
Hailey-Hailey disease. Br J Dermatol 146: 595-600. PMID: 11966689

Kong A, Frigge ML, Masson G, Besenbacher S, Sulem P, et al. (2012) Rate of de novo mutations and
the importance of father’s age to disease risk. Nature 488: 471-475. doi: 10.1038/nature11396 PMID:
22914163

Kourtis N, Nikoletopoulou V, Tavernarakis N (2012) Small heat-shock proteins protect from heat-
stroke-associated neurodegeneration. Nature 490: 213-218. doi: 10.1038/nature11417 PMID:
22972192

Wang X, Brégégere F, Frusi¢-Zlotkin M, Feinmesser M, Michel B, et al. (2004) Possible apoptotic
mechanism in epidermal cell acantholysis induced by pemphigus vulgaris autoimmunoglobulins. Apo-
ptosis 9: 131-143. PMID: 15004510

Pelacho B, Natal C, Espafia A, Sanchez-Carpintero |, Iraburu MJ, et al. (2004) Pemphigus vulgaris au-
toantibodies induce apoptosis in HaCaT keratinocytes. FEBS Lett 566: 6—10. PMID: 15147859

Janse IC, van der Wier G, Jonkman MF, Pas HH, Diercks GFH (2014) No evidence of apoptotic cells in
pemphigus acantholysis. J Invest Dermatol 134:2039-2041. doi: 10.1038/jid.2014.60 PMID:
24487306

Delmar M, McKenna WJ (2010) The cardiac desmosome and arrhythmogenic cardiomyopathies: from
gene to disease. Circ Res 107: 700-714. doi: 10.1161/CIRCRESAHA.110.223412 PMID: 20847325

Yang Z, Bowles NE, Scherer SE, Taylor MD, Kearney DL, et al. (2006) Desmosomal dysfunction due to
mutations in desmoplakin causes arrhythmogenic right ventricular dysplasia/cardiomyopathy. Circ Res
99: 646—-655. PMID: 16917092

Norgett EE, Hatsell SJ, Carvajal-Huerta L, Cabezas JC, Common J, et al. (2000) Recessive mutation in
desmoplakin disrupts desmoplakin-intermediate filament interactions and causes dilated cardiomyopa-
thy, woolly hair and keratoderma. Hum Mol Genet 9: 2761-2766. PMID: 11063735

Andersson KB, Birkeland JAK, Finsen AV, Louch WE, Sjaastad I, et al. (2009) Moderate heart dysfunc-
tion in mice with inducible cardiomyocyte-specific excision of the Serca2 gene. J Mol Cell Cardiol 47:
180-187. doi: 10.1016/j.yjmcc.2009.03.013 PMID: 19328205

Boardman NT, Aronsen JM, Louch WE, Sjaastad I, Willoch F, et al. (2014) Impaired left ventricular me-
chanical and energetic function in mice after cardiomyocyte-specific excision of Serca2. Am J Physiol
Heart Circ Physiol 306: H1018—-H1024. doi: 10.1152/ajpheart.00741.2013 PMID: 24486508

PLOS ONE | DOI:10.1371/journal.pone.0115530 February 6, 2015 11/11


http://www.ncbi.nlm.nih.gov/pubmed/10767338
http://dx.doi.org/10.1007/s11064-011-0644-6
http://www.ncbi.nlm.nih.gov/pubmed/22083668
http://www.ncbi.nlm.nih.gov/pubmed/14632183
http://www.ncbi.nlm.nih.gov/pubmed/11950889
http://www.ncbi.nlm.nih.gov/pubmed/15328051
http://dx.doi.org/10.1007/s10840-013-9827-1
http://www.ncbi.nlm.nih.gov/pubmed/24048583
http://dx.doi.org/10.1038/nature13073
http://www.ncbi.nlm.nih.gov/pubmed/24670661
http://www.ncbi.nlm.nih.gov/pubmed/11966689
http://dx.doi.org/10.1038/nature11396
http://www.ncbi.nlm.nih.gov/pubmed/22914163
http://dx.doi.org/10.1038/nature11417
http://www.ncbi.nlm.nih.gov/pubmed/22972192
http://www.ncbi.nlm.nih.gov/pubmed/15004510
http://www.ncbi.nlm.nih.gov/pubmed/15147859
http://dx.doi.org/10.1038/jid.2014.60
http://www.ncbi.nlm.nih.gov/pubmed/24487306
http://dx.doi.org/10.1161/CIRCRESAHA.110.223412
http://www.ncbi.nlm.nih.gov/pubmed/20847325
http://www.ncbi.nlm.nih.gov/pubmed/16917092
http://www.ncbi.nlm.nih.gov/pubmed/11063735
http://dx.doi.org/10.1016/j.yjmcc.2009.03.013
http://www.ncbi.nlm.nih.gov/pubmed/19328205
http://dx.doi.org/10.1152/ajpheart.00741.2013
http://www.ncbi.nlm.nih.gov/pubmed/24486508


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


