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Mutations in ATP2C1, encoding a calcium pump,

cause Hailey-Hailey disease

Zhilan Hu!, Jeannette M. Bonifas!, Jenna Beech!, Graham Bench?, Takako Shigihara*, Hideoki Ogawa*,
Shigaku Ikeda?*, Theodora Mauro? & Ervin H. Epstein Jr!

Hailey-Hailey disease (HHD, MIM 16960) is inherited in an auto-
somal dominant manner and characterized by persistent blis-
ters and erosions of the skin'. Impaired intercellular adhesion
and epidermal blistering also occur in individuals with pemphi-
gus (which is due to autoantibodies directed against desmoso-
mal proteins) and in patients with Darier disease (DD, MIM
124200), which is caused by mutations in a gene encoding a
sarco/endoplasmic reticulum (ER)-Golgi calcium pump?. We
report here the identification of mutations in ATP2C1, encoding
the human homologue of an ATP-powered pump that
sequesters calcium into the Golgi in yeast, in 21 HHD kindreds.
Regulation of cytoplasmic calcium is impaired in cultured kera-
tinocytes from HHD patients, and the normal epidermal calcium
gradient is attenuated in vivo in HHD patients. Our findings not
only provide an understanding of the molecular basis of HHD,
but also underscore the importance of calcium control to the
functioning of stratified squamous epithelia.

The clinical features of HHD (Fig. 1) are caused by impaired epi-
dermal keratinocyte adhesion. By family linkage studies, the
HHD region was localized to 3q21-24 and narrowed to the
D351589 (centromeric)-D3S1587 (telomeric) interval®=>. We
identified one family (HHD-Ma) carrying a deletion with a cen-
tromeric end between D3S1589 and D3S1587 and a telomeric
end between D351292 and D351290 (ref. 4). This suggested that
the HHD gene was between the centromeric end of the deletion
and D3S1587. Because the interval between the microsatellite loci
surrounding the telomeric breakpoint appeared to be smaller
and more amenable to cloning, we first identified the telomeric
breakpoint (Fig. 2). We isolated YACs spanning the

D381292-D3S1290 interval, constructed a partial BAC contig
that included a BAC spanning the breakpoint (B253F8; Fig. 2),

subcloned this BAC, identified sequences at the telomeric end of
the breakpoint and cloned a 2.2-kb junction fragment containing
approximately 200 bp of telomeric and 2 kb of centromeric
sequence. Starting with primers designed to match the latter
sequence, we constructed a YAC/BAC contig from the cen-
tromeric breakpoint to D351587, an interval of approximately 1.3
Mb. The total deletion in the HHD-Ma family is approximately
2.5 Mb and produces no clinical abnormalities other than HHD.
Two Unigene clusters (Hs. 48948 and Hs. 48119) map to the
interval between the centromeric breakpoint and D3S1587, and
one EST sequence in the latter cluster, stSG2295, was annotated
as being homologous to a yeast gene encoding a calcium ATPase.
Because this gene is predicted to have a function related to that of
SERCA2 (encoded by ATP2A2), we isolated the full-length
cDNA. Similar to other Ca>*ATPase genes, this gene encodes two
alternatively spliced transcripts, ATP2Cla and ATP2C1b. These
transcripts differ in their carboxy termini (encoding aa
877—end), but have the same expression patterns in all tissues
examined. ATP2Cla is predicted to encode 919 amino acids, and
ATP2C1b is predicted to encode 888 amino acids. The protein
encoded by ATP2CI is highly homologous (97% identity) to rat
Pmr] (refs 6,7), which in turn is homologous to the yeast calcium
pump Pmrl (refs 8-10), but less homologous to other calcium
pumps. ATP2CI is highly expressed in human epidermal ker-
atinocytes (HEKSs) and at variable levels in other human tissues
(Fig. 3). Rat Pmrl is expressed ubiquitously’. Patients with HHD
are not known to have extracutaneous manifestations of the dis-
ease. We found no differences in ATP2CI mRNA levels between
skin taken from the axilla and skin from the buttock (sites partic-
ularly prone versus resistant to blistering in HHD patients,
respectively) of one normal individual and little change in

Fig. 1 Clinical and histological fea-
tures of HHD. a, Clinical presentation
of a patient with HHD with erythema
and blisters in axilla. b, Histological
section of affected skin showing sepa-
ration of suprabasal cells (acantholy-
sis) (x50). ¢, Higher magnification
showing acantholytic cells in the
suprabasal layer (x100).
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Fig. 2 Physical map of HHD gene region. a, Genetic markers and sequence-tagged sites in HHD region. b, YACs identified in the region. ¢, BACs and PAC in the
region. Overlaps are indicated by ‘x’ (hybridization) or dots (PCR amplification). d, Location of the breakpoint in the HHD-Ma kindred and location of ATP2C1.

Lower-case sequences are deleted in the HHD-Ma family.

ATP2CI1 mRNA levels in normal HEKs cultured with glucocorti-
coids (which frequently cause clinical improvement in flares in
HHD patients and can block the spontaneous in vitro acantholy-
sis described in HHD keratinocytes!!), TNFO or IL-1a (tested
because inflammation is often associated with flares of disease in
HHD patients), or pemphigus vulgaris IgG (data not shown). We
have not yet measured functional changes in Ca?* handling that
might result from exposure to these agents.

To screen DNA from HHD patients for mutations in
ATP2C1, we identified intron sites by comparison of genomic
and cDNA sequences, designed primers flanking the 27 identi-
fied exons and assessed PCR products from patients and con-
trols by single-strand conformation polymorphism (SSCP) or
conformation-sensitive gel electrophoresis (CSGE) analyses.
As expected from their distant phylogenetic relationships!?,
the sites of the intron-exon boundaries of ATP2CI differed
from those of genes encoding SERCAs and PMCAs. No prod-
uct was amplified from a somatic cell hybrid containing the
deleted allele from the HHD-Ma kindred. We amplified DNA
samples from affected patients from 51 unrelated
kindreds of European descent and 10 of Japanese a
descent, all with typical clinical and histological
findings, and identified 21 abnormalities (16/51
and 5/10; Fig. 4 and Table 1). Of the abnormal
sequences, 6 predict single amino-acid substitu-
tions, 2 predict aberrant splicing and 13 predict
prematurely truncated products through frame-
shifts or single base-pair substitution. The high
frequency of the latter supports a haploinsuffi-
ciency pathogenesis consistent with the complete

deletion of the gene in the HHD-Ma kindred and 4.4 kb —

Fig. 3 Expression of the ATP2CT transcript. a, Northern blots
with human keratinocyte total RNA were hybridized with
ATP2Cla probe. b, Multiple-tissue northern blot hybridized
with ATP2C1a and B-actin probes. ATP2C1a and ATP2C1b gave
the same expression pattern in all tissues examined.
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with the suggestion that calcium pumps of the PMR1 family
function as monomers.

The HHD-Du and HHD-Ho kindreds have identical 4-bp
deletions, are not known to be related and have different alleles of
D351587, a locus less than 100 kb from the mutant gene, on the
mutant chromosome.

Because cells use Ca?*ATPases as high-affinity pumps to
extrude or sequester excess cytoplasmic Ca?*, we compared free
intracellular Ca?" in normal versus HHD keratinocytes. HHD
keratinocytes displayed higher levels of resting free cytoplasmic
Ca?* compared with normal cells when cultured in medium with
either low (0.09 mM) or high (1.2 mM) Ca?*: 162.61£8.73 nM
(n=61) versus 87.9316.81 nM (n=59; P<0.005) and 228.44%9.40
nM (n=25) versus 155.80+5.99 nM (n=25; P<0.005), respec-
tively. In addition, HHD keratinocytes showed less of a response
to increases in extracellular Ca®* levels to 1-10 mM (Fig. 5).
These data demonstrate that keratinocytes containing the
ATP2C1 mutation are deficient in intracellular Ca?* regulation
under both resting and stimulated conditions.
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Fig. 4 Mutation analysis in HHD families. a, Co-segregation of
HHD with SSCP band shifts in the HHD-Du kindred. b, Identifica-
tion of a 4-bp deletion in this family (deleted bases are boxed in
the normal sequence) at nt 2,374. ¢, Identification of a 2-bp
deletion in the HHD-We kindred (deleted bases are boxed in the
normal sequence) at nt 2,357. d, Identification of a skipped
exon 22 sequence in HHD-CI.

recovery was also significantly slower for HHD ker-
atinocytes (0.094+0.028 nM Ca**/s versus 0.193+
0.025 nM Ca%*/s for normal cells; n=25, P<0.02).
Ca?" concentrations returned to baseline in all cells
when the Na'/Ca?' antiporter inhibition was
reversed by replacing extracellular LiCl with NaClL
These results delineate a specific defect, indepen-
dent of SERCA or the Na*/Ca?" antiporter, in the
ability of HHD keratinocytes to regulate excess
cytoplasmic Ca®*.
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exon 21

1
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The epidermal Ca?* gradient (fourfold higher in
superficial than basal epidermis) is thought to be
important in epidermal differentiation, profilag-
grin processing and lipid secretion. Proton-
induced X-ray emission (PIXE) analysis of
clinically normal buttock skin revealed a decreased
total Ca?* concentration in HHD versus normal,
particularly in the superficial epidermis. Although
the Ca?* gradient is lost when the epidermal per-

patient CI

patient We

Because SERCA2 has been shown to be mutated in DD, we
tested whether the SERCA-controlled Ca** pools, either in the ER
or Golgi, were depleted in HHD cells using 50 nM thapsigargin
(which inhibits SERCA but not PMR1; ref. 10) to release the
SERCA-stored Ca?*. As expected, HHD and normal keratinocytes
did not differ in their response to thapsigargin, suggesting that the
SERCA-sensitive Ca®" stores remain intact in HHD cells.

We next compared the ability of HHD and normal kera-
tinocytes to recover from a Ca?* load. Initially, we tested their
recovery from Ca’' released from intracellular stores by iono-
mycin. The peak of free cytoplasmic levels of Ca?* was lower in
HHD cells than in normal keratinocytes (663.94+28.15 nM (n=
18) versus 1,022.67+88.97 nM (n=15; P<0.0005), respectively).
Although the rates of recovery (dnM Ca®*/dt) were slower for
HHD cells, these differences were not statistically significant. We
therefore tested recovery of normal and HHD cells from a Ca?*
load under conditions in which SERCA and the Na*/Ca’*
antiporter, cellular mechanisms for regulating cytoplasmic Ca?",
were inhibited by pretreatment with thapsigargin and by replac-
ing extracellular Na* with Li* (ref. 12). The Ca?* load was pro-
duced by decreasing the media K™ from 4 to 0 mM, thereby
hyperpolarizing the membrane. Hyperpolarization increases
intracellular Ca?* by increasing the driving force for Ca®" entry
in differentiated keratinocytes13 . Under these conditions, normal
cells were able to remove the excess intracellular Ca?*, whereas
HHD cells were not (92.88+5% (n=25) recovery in normal cells
versus 29.14+7.89% (n=25) recovery in HHD cells). The rate of
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meability barrier is decreased!4!3, the profiles of
the other ions studied (low P, increased CI-,
unchanged K*) did not match those seen in barrier
disruption. This suggests that the changes seen in
the HHD sample are not due to a defect in the epi-
dermal permeability barrier.

Keratinocyte differentiation is highly dependent on
Ca?" concentrations both in vitro, where increasing
media Ca?" switches cells from a proliferative to a dif-
ferentiated state, and in vivo, where the high Ca?t con-
centration of the more superficial granular cell layer controls lipid
secretion and profilaggrin processing!®. The disparate phenotypes
caused by mutations in the genes encoding the two Ca-ATPas-
es[] pure acantholysis in HHD and dyskeratinization plus acan-
tholysis in DD are congruent with reports that different patterns
and sites of Ca** release/influx influence specific cellular responses
such as changes in gene regulation. Our functional studies distin-
guish the activity of PMR1 from other Ca?" transport mechanisms
such as SERCA and the Na*/Ca?* antiporter.

The mechanism by which mutant ATP2CI causes acantholysis
is unknown, but it may be through abnormally elevated cytoplas-
mic calcium or abnormally low Golgi Ca?* levels. Elevated cyto-
plasmic calcium might act by altering post-translational
modification of proteins (for example, through activation of pro-
tein kinase C (ref. 17), which can cause phosphorylation of
desmoplakin and disruption of desmosomes!®) or by inducing
changes in gene expression (for example, through activation of
keratinocyte calcineurin, whose inhibition with cyclosporin A or
FK506 has been reported to heal HHD lesions!®).

Alternatively, low Golgi divalent cation (Ca** or Mn?") con-
centration might impair post-translational modification (prote-
olytic processing and glycosylation®2%21) of proteins important
in cell-cell adhesion?2, a mechanism analagous to that proposed
for Menke disease, in which a defective Ca-ATPase pump impairs
Cu transport into the Golgi?®. Distinguishing which of these or
other mechanisms connect the ATP2C]I defect to the acantholysis
should aid therapeutic attempts to treat the blisters.
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Table 1 ¢« ATP2C1 mutations in patients with HHD

Family Location Mutation? Nucleotide change® Consequence
JHHD-Su exon 7 R153C.T. 457C-T nonsense

HHD-Br exon 10 767insertCCCT ACCCCTC- ACCCCTCCCTC frameshift (PTC+42)
HHD-Pa exon 11 836insertT AATCAT - AATTCAT frameshift (PTC+19)
JHHD-Na exon12 A304T 910G -T missense

HHD-Pk exon 12 L318P 953T-C missense

HHD-Sa intron 15 1309-4a-tand 1309-2a-g atatagAT - atttggAT skip exon 16
HHD-Ko exon 16 R468C.T. 1402C-T nonsense

HHD-Co exon 17 1566delCA ACTCAGA - ACTGA frameshift (PTC+9)
HHD-Mk exon 20 1875delG ACAAGAT - ACAAAT frameshift (PTC+1)
HHD-Wo exon 21 M641R 1922T- G missense

HHD-BI exon 21 G645R 1933G-A missense

HHD-Go exon 21 1983delG ATGGG - ATGG frameshift (PTC+14)
HHD-CI intron 21 2058-1g-a ttcagGT - ttcaaGT skip exon 22
HHD-Sk exon 22 T709M 2126C-T missense

JHHD-Ya exon 23 P724R 2231C-G missense

JHHD-Ka exon 24 2303delAC AGACAG - AGAG frameshift (PTC+4)
HHD-We exon 24 2357delTT TCATTGT - TCAGT frameshift (PTC+10)
JHHD-K] exon 24 2371delTTGT CTITGTITTG-CTTTG frameshift (PTC+11)
HHD-Du exon 24 2374delTTTG TGITTGTC-TGTC frameshift (PTC+10)
HHD-Ho exon 24 2374delTTTG TGITTGTC-TGTC frameshift (PTC+10)
HHD-Bu exon 26 2529delGT ATGTTT - ATTT frameshift (PTC+27)

JHHD, HHD families from Japan. 2Numbering of the amino acids refers to the peptide sequence. PNumbering of the nucleotides refers to ATP2C7 cDNA sequence,
with the first nucleotide of ATG initiation codon as 1. Bases in exons are denoted by upper-case letters, bases in introns by lower-case letters and altered bases are
underlined. ‘PTC+n aa’ indicates that the premature termination codon is ‘n” amino acids downstream of the mutation. C.T., chain termination codon.

Methods

Construction of YAC and BAC contig. We screened YACs and BACs from
libraries constructed by CEPH and CITB, respectively (Research Genetics),
by PCR amplification for the presence of publicly available sequence-
tagged sites (STSs) surrounding D3S1587 and D351290, as well as for the
presence of sequences generated from YAC and BAC ends. The latter were
isolated by vectorette-mediated PCR (ref. 24) and used to design primers.
We confirmed their locations using the G3 and G4 radiation hybrid map-
ping panels (Research Genetics) or a human/rodent somatic cell hybrid
mapping panel (NIGMS). End STSs were analysed by PCR and hybridiza-
tion against neighbouring YAC or BAC clones to detect overlap and used as
STSs for chromosome walking.

Somatic cell hybrid. We fused EBV-transformed lymphocytes from an

affected member of the HHD-Ma kindred (with the deletion) with rodent
fibroblast cells (A3) by RT PEG 1500 (Boehringer). We distinguished

—{+— normal cells

----- 9 H-Hcells

fold increase

T T
1mM 2mM 5mM

extracellular [Ca2*]

Fig. 5 Response of normal and HHD keratinocytes to raised extracellular Ca2*.
Normal and HHD keratinocytes were grown in 0.09 mM Ca2* to 50% conflu-
ence, loaded with Fura-2 and intracellular CaZ* measured. We perfused cells
with progressively higher concentrations of extracellular Ca2* and measured
the change in free intracellular Ca2*. Data are presented as the proportionate
increase compared with baseline Ca?*. *P<0.005.
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hybrids containing normal and deleted copies of chromosome 3 by
microsatellite typing (D3S1589, D3S1587, D351292 and D351290).

Northern-blot hybridization. We generated probes from the subclones of
BAC139122, which contained specific 3'-UTR regions from each isoform of
ATP2CI. These probes were radiolabelled with 3?P a-dCTP using the
Megaprime DNA labelling system (Amersham) and hybridized to human
keratinocyte total RNA (5 pg) and to a human multiple-tissue northern
blot (Clontech) in Express solution (Clontech), followed by washing
according to the manufacturer’s instructions. We then hybridized the
stripped blots with a human B-actin probe.

Mutation analysis. We extracted genomic DNA from peripheral blood
leukocytes using standard procedures. After identifying full-length cDNA
sequence by a combination of EST analysis and cloning from a human epi-
dermal keratinocyte cDNA library (Clontech) and then identifying intron-
exon junctions, we designed primers to amplify all 27 exons and flanking
intronic splice sites of ATP2CI. Alternatively, we extracted total RNA from
fresh peripheral blood leukocytes using an RNeasy kit (Qiagen). We syn-
thesized first strand cDNA from RNA with MuLV reverse transcriptase and
random hexamer primers (Perkin Elmer). PCR conditions were as follows:
50 pl reaction containing 1XPCR buffer, ANTPs (200 UM each), primers
(0.2 pM each) and Tagq (2.5 p). After an initial denaturing step at 94 °C for
5 min, 35 cycles of amplification consisting of 45 s at 94 °C, 60 s at 55 °C
and 60 s at 72 °C were performed. We screened PCR products for muta-
tions by SSCP (ref. 25) or CSGE (ref. 26). PCR products showing aberrant
bands were sequenced directly using a USB PCR sequencing kit. These
PCR products were subcloned into a TA cloning vector (Invitrogen), and
multiple subclones were sequenced with an Applied Biosystems 377 auto-
mated sequencer. We screened DNA from 50 normal controls, and did not
find any of the mutations identified in the HHD patients.

ATP2C1 mRNA quantitation. We used quantitative real-time PCR to
quantitate relative mRNA levels from samples. The following ATP2CI
primers and TagMan hybridization probe were designed using Primer
Express software (PE Applied Biosystems): forward primer, 5-AAG
GGCAGACCTTGACACTTACTC-3’; reverse primer, 5'-TCCCGCTGAG
CCCATGT-3’; probe, 5-TGCCTTCTCTTGTTGGTACACATCTCTCT-
GCT-3". TagMan probes were fluorescent labelled with 5° FAM and 3~
TAMARA dyes. We purchased all reagents (PE Applied Biosystems). We
followed the manufacturer’s instructions for the TagMan Gold RT-PCR kit
and Universal PCR Master mix. Quantitation was normalized to the
expression level of GAPDH using the TagMan GAPDH Control Reagents
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kit. The thermal cycle parameters were 50 °C for 2 min, 95 °C for 10 min,
followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min.

Cell culture. We obtained skin biopsies from patients with HHD and from
normal adult skin discarded after surgery. We isolated epidermis with
trypsin treatment, and plated keratinocytes in keratinocyte growth medi-
um (KGM, Clonetics) containing 0.03 mM, 0.09 mM or 1.2 mM Ca?*. Sec-
ond passage keratinocytes were studied before confluence.

Intracellular Ca?" measurements. We incubated keratinocytes grown on
glass coverslips in cell-permeant Fura-2 acetomethoxy ester (6.26 PUM;
Molecular Probes) at 37 °C for 15-30 min, rinsed in the control solution!3
and monitored intracellular Ca®* with a ratiometric method using the
InCytIM2 Imaging System (Intracellular Imaging). A calibration curve was
constructed using a standard calibration kit (Molecular Probes). Data are
presented as the meanzs.e.m. Statistical analysis was performed using an
unpaired two-tailed Student’s ¢-test.

Measurement of ATP2C1 RNA in response to exogenous agents. We plated
normal adult human keratinocytes, as above, in KGM. After attachment
(1 d) Ca®" concentrations were switched to low (0.03 mM) or high (1.2
mM) Ca?*. We added dexamethasone (100 nM, Sigma) 24 h before collec-
tion; we added IL-1a (1-10 ng/ml, Sigma), TNF-a (1-10 ng/ml, Sigma)
and Pemphigus vulgaris IgG to separate cultures 5 h before collection.

PIXE. We obtained samples (4 mm?) of clinically normal buttock or trunk
skin from normal and HHD subjects, snap-froze them in liquid propane
and stored at —50 °C. We transferred sections (30 im) to a metal-free nylon
foil and freeze-dried for 12 h at —80 °C. We carried out PIXE studies using a
modification of published methods?’. Microbeam PIXE data were
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obtained using 3 MeV proton beams, 0.8 mA current and a 5 pm spot
diameter. The scan size was 30030 pm. Data were binned into 10-pm seg-
ments. X-ray spectra were analysed with a PIXE spectrum fitting code. One
sample was taken from each subject, and each sample was measured in
three separate areas.

GenBank accession numbers. Yeast PMRI, M25488; rat Pmrl, M93017,
M93018; human ATP2Cla, AF181120; human ATP2CIb, AF181121;
human ATP2A2a, M23115; ATP2A2b, M23114.
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