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Abstract
Background: Hailey–Hailey disease (HHD; OMIM: 169600) is an autosomal domi-
nate genodermatosis, characterized by recurrent blisters and erosions clinically and 
remarkable acantholysis pathologically. The underlying pathogenic factor is the mu-
tation of ATP2C1 gene (OMIM: 604384), which encodes secretory pathway Ca2+/
Mn2+-ATPase (SPCA1). Skin folds are the predilection site of HHD. Atypical cases 
with a generalized pattern have rarely been reported, making it prone to misdiagnosis.
Methods: In this study, we presented three Chinese pedigrees of Hailey–Hailey dis-
ease with generalized skin lesions. ATP2C1 mutations were screened by DNA se-
quencing and their transcripts were further confirmed by minigene assay. We also 
performed a literature review of previously published generalized HHD over past two 
decades together with our cases.
Results: Three splice-site mutations were identified: c.2487+1G>A, c.2126+1G>A, 
and c.1891-2A>G, which resulted in an exon 25-truncated transcript, two exon 
22-truncated transcripts, and two exon 21-truncated transcripts, respectively. The 
c.2487+1G>A and the c.1891-2A>G mutations are novel mutations which have not 
been reported before. No clustered mutations of ATP2C1 gene were found in general-
ized HHD patients in literature along with our novel mutations.
Conclusion: We found no hot spot mutations in ATP2C1 correlated with the general-
ized pattern of HHD. Our study expanded the spectrum of ATP2C1 mutations, which 
would be useful for disease diagnosis and genetic counseling.
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1 |  INTRODUCTION

Hailey–Hailey disease (HHD), also called familial benign 
chronic pemphigus (OMIM: 169600), is an uncommon au-
tosomal dominant genodermatosis with complete penetrance. 
The estimated prevalence and incidence of this disease are 
1:40,000 and 1:50,000, respectively (Burge, 1992; Deng 
& Xiao, 2017; Leducq et al., 2020; Szigeti & Kellermayer, 
2006). HHD usually occurs after puberty in the second or 
third decade of life, with a subsequently fluctuating course. 
A positive family history was detected in around two-thirds 
of HHD cases (Engin et al., 2015). HHD is characterized by 
erosive skin damage and recurrent blisters, with a predilection 
for intertriginous regions, such as the groins, axillae, neck, 
submammary, and perianal regions. The skin lesions often 
develop into malodorous vegetations and painful fissures, 
imposing physical and psychological pressure on the patient. 
Friction, heat, sweating, ultraviolet radiation, and microbial 
colonization may cause disease exacerbation and persistence 
(Deng & Xiao, 2017). Histopathologically, this disease is 
marked by widespread acantholysis starting at the suprabasal 
level, with mild hyperkeratosis, parakeratosis, and focal crusts, 
with moderate perivascular lymphocyte infiltration in the su-
perficial dermis. Ultrastructural observations show disruption 
of the desmosome-tonofilament complex and perinuclear to-
nofilament aggregation, leading to loss of cellular adhesion.

The ATPase calcium-transporting type 2C member 1 gene 
(ATP2C1, OMIM: 604384) on chromosome 3q22 was first 
identified as the causative gene underlying HHD by two in-
dependent groups in 2000 (Hu et al., 2000; Sudbrak et al., 
2000). This 27 exon gene encodes a secretory pathway Ca2+/
Mn2+-ATPase (SPCA1), which is important for maintaining 
cellular Ca2+ homeostasis. Misfolding or downregulation of 
this protein impedes Ca2+ sequestration, leading to depletion 
of Ca2+ in the Golgi lumen. HHD is predisposed to occur 
in skin folds, and generalized skin lesions spreading to the 
trunk and extremities are rare. In this study, we screened the 
ATP2C1 gene in patients in three Chinese HHD pedigrees 
with generalized skin lesions, and identified three splice-site 
mutations of ATP2C1, of which two are novel mutations. Our 
study expanded the ATP2C1 mutation spectrum of HHD, 
especially for patients with generalized skin lesions, which 
would be useful for disease diagnosis and genetic counseling.

2 |  MATERIALS AND METHODS

2.1 | Pedigrees and subjects

We studied three, four-generation Chinese HHD families. 
Patients were diagnosed independently by two specialists at 
the Dermatology Department. Peripheral blood specimens 

F I G U R E  1  Clinical presentation and histopathology of P1 (a) Pedigree of Family 1. Black arrow indicates proband (P1). (b–c) Skin lesions on 
the abdomen and groin in P1 (d) Histopathology of P1
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were collected for genetic analysis. Written informed con-
sent was obtained from each participant in line with the 
Declaration of Helsinki. The study was approved by the 
Institutional Review Board.

2.2 | Mutation screening

Genomic DNA was extracted from the peripheral blood sam-
ples using a QIAamp DNA Blood Midi kit (Qiagen). Primers 
for all exons of the target gene ATP2C1 were designed using 
Primer3 Input (http://prime r3.ut.ee/) (Hu et al., 2000; Sudbrak 
et al., 2000). All exons of ATP2C1 (NM_014382.3) were am-
plified by polymerase chain reaction (PCR) and the products 
were sequenced. The nucleotide sequences were viewed and 
variants were identified using CodonCode software (version 
2.22, Technelysium). The variants were checked for presence 
in the GnomAD (http://gnomad.broad insti tute.org/), ExAC 

(http://exac.broad insti tute.org/) (Karczewski et al., 2017), 
1000 Genomes (http://brows er.1000g enomes.org) (Genomes 
Project et al., 2012), ClinVar (http://www.ncbi.nlm.nih.gov/
clinvar) (Landrum et al., 2014), HGMD Professional (http://
www.hgmd.cf.ac.uk) (Stenson et al., 2017), and ATP2C1 
LOVD v.3.0 databases (http://lovd.nl/ATP2C1) (Nellen 
et al., 2017).

2.3 | In silico analysis

We predicted the pathogenicity of candidate mutations using 
Human Splicing Finder (http://www.umd.be/HSF3/) (Desmet 
et al., 2009), Mutation Taster (http://www.mutat ionta ster.
org/) (Schwarz et al., 2014), and GeneSplicer (http://www.
cbcb.umd.edu/softw are/GeneS plice r/gene_spl.shtml) (Pertea 
et al., 2001). The mutations were classified according to 
ACMG guidelines (Richards et al., 2015).

F I G U R E  2  Genetic findings in HHD family 1 (a) A splice-site mutation c.2487+1G>A of ATP2C1 gene in P1 found by PCR and sequencing. 
(b) Schematic diagram of the abnormal splicing process caused by c.2487+1G>A mutation. (c) Sanger sequencing of RT-PCR products of 
minigene assay identified exon 25-truncated transcript in the mutant type. (d) RT-PCR products were separated by electrophoresis

http://primer3.ut.ee/
http://gnomad.broadinstitute.org/
http://exac.broadinstitute.org/
http://browser.1000genomes.org
http://www.ncbi.nlm.nih.gov/clinvar
http://www.ncbi.nlm.nih.gov/clinvar
http://www.hgmd.cf.ac.uk
http://www.hgmd.cf.ac.uk
http://lovd.nl/ATP2C1
http://www.umd.be/HSF3/
http://www.mutationtaster.org/
http://www.mutationtaster.org/
http://www.cbcb.umd.edu/software/GeneSplicer/gene_spl.shtml
http://www.cbcb.umd.edu/software/GeneSplicer/gene_spl.shtml
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2.4 | Minigene assay

We used a splicing reporter minigene assay to determine 
if the mRNA splicing was affected by the candidate mu-
tations, using PCR amplification of wild-type (WT) and 
mutant genomic DNA sequences (Cooper, 2005; Gaildrat 
et al., 2010). Specific primers were designed using In-Fusion 

Cloning tools (TaKaRa; https://www.takar abio.com/learn 
ing-cente rs/cloni ng/in-fusio n-cloni ng-tools), including the 
homologous arms of the restriction endonuclease BamH1 
(New England Biolabs). The amplified target sequences con-
tained the exon of ATP2C1 including the candidate muta-
tions, together with several hundred base pairs (bp) of the 
5′ and 3′ flanking intronic sequences, which were amplified 

F I G U R E  3  Clinical presentation of P2 (a) Pedigree of Family 2. Black arrow indicates proband (P2). (b–h) Generalized skin lesions in P2

https://www.takarabio.com/learning-centers/cloning/in-fusion-cloning-tools
https://www.takarabio.com/learning-centers/cloning/in-fusion-cloning-tools
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by PCR. The pCAS2 reporter vector (provided by Mario 
Tosi, Rouen Institute for Biomedical Research) was digested 
with BamH1 for 3 h and separated by agarose gel electro-
phoresis to recover the target fragments (TIANgel Midi 
Purification Kit, TransGen Biotech). The recovered target 
fragments were then recombined into the digested pCAS2 
reporter vector and the recombinant plasmids were trans-
formed into competent Escherichia coli. Monoclonal E. 
coli were then picked and the plasmids were sequenced to 
confirm construction of the WT and mutant expression vec-
tors. Finally, the recombinant plasmids were transfected into 
HeLa cells (Cell Resource Center, Peking Union Medical 
College) with Lipofectamine 2000 Transfection Reagent 
(Thermo Fisher Scientific) according to the manufacturer. 
Forty-eight hours after transfection, cells were washed twice 
with PBS and total RNAs were extracted using TRIzol 
reagent (Life Technologies) and chloroform. The RNAs 
were used to create cDNAs by Reverse Transcription PCR 
(RT-PCR), according to the Reverse Transcription System 
(Promega) instructions. cDNA sequences, including WT 
and MT, were amplified by PCR using a forward primer 
(5′-GAATTCGTCCGCTGACGTCG-3′) and a reverse 
primer (5′-GCTCTACCACGCCTTCTCAG-3′), which were 
located in the pCAS2 reporter vector. The resulting PCR 
products were visualized by gel electrophoresis and analyzed 
by further Sanger sequencing.

3 |  RESULTS

The proband in family 1 (P1, III:4) was a 49-year-old man 
with disease onset in his twenties. Lesions initially oc-
curred at his bilateral groins with erosions and blisters on 
erythematous plaques, followed by generalized spreading 
to his bilateral axillae and abdomen (Figure 1a–c). Moist, 
malodorous vegetations, and fissures were also observed at 
his bilateral groins. The lesions were exacerbated by heat 
and sweating. The patient had been treated with topical 

corticosteroids, with minimal response. Histologic sections 
of lesions from the right groin showed mild to moderate 
hyperkeratosis, parakeratosis, acantholysis, intraepidermal 
cleft, and mild perivascular lymphocytic infiltration (Figure 
1d). Dyskeratotic cells were scarce. The patient was diag-
nosed with HHD, and a detailed family history was obtained 
from this patient, which revealed similar clinical features in 
his mother (II:3) and uncle (II:2). In light of his poor response 
to topical corticosteroids, the patient was treated with oral 
corticosteroids combined with antibiotics. Sequencing of 
all exons of the ATP2C1 gene in family 1 identified a novel 
transition mutation: c.2487+1G>A at the splice donor site 
of intron 25 in P1 (Figure 2a). In silico analysis was used 
to predict the splice-site mutation of this variant, which was 
further confirmed by minigene assay. Sanger sequencing of 
the minigene transcripts revealed that the c.2487+1G>A mu-
tation in P1 resulted in skipping of exon 25 of the inserted 
ATP2C1 gene in the transfected HeLa cells, producing a trun-
cated transcript that was 96 bp shorter than the WT transcript 
(Figure 2b–d), the corresponding protein change of which is 
p.Leu798_Gln829del (c.2392_2487del).

The proband in family 2 (P2, II:2) was a 55-year-old man 
who developed erythema, and macerated and crusted ero-
sions at his bilateral groins, axillae, neck, and backs of his 
hands at the age of 23  years (Figure 3a–h). Atypical mac-
ulopapular lesions were also seen on his lower extremities 
(Figure 3e,g). The lesions were often aggravated in summer 
and remitted in winter. Topical corticosteroids combined 
with antibiotics transiently relieved his symptoms, but fre-
quent recurrence severely limited the patient's quality of 
life. Histopathological sections obtained from his neck and 
right thigh showed prominent hyperkeratosis, parakeratosis, 
acantholysis likened to a “dilapidated brick wall,” and lym-
phocyte infiltration in the superficial dermis (Figure 4a,b). 
Hematoxylin and eosin staining also revealed papillomatous 
proliferation in the lesion on his right thigh, which is an un-
common finding only reported in a few cases of HDD (Figure 
4a) (Chauhan et al., 2019; Lu et al., 2019). The patient was 

F I G U R E  4  Histopathology of P2 (a) Histopathology of skin lesion on right thigh of P2. Enlarged view indicates acantholysis likened to a 
“dilapidated brick wall.” (b) Histopathology of skin lesion on the neck of P2
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diagnosed with HHD with a generalized, symmetrical pat-
tern. Sequencing of ATP2C1 of P2 identified a transition mu-
tation: c.2126+1G>A at the splice donor site of intron 22 
(Figure 5a). Sanger sequencing of the minigene transcripts 
revealed that the c.2126+1G>A mutation in P2 produced two 
skipped variants: one variant in which the inserted exon 22 of 
ATP2C1 was skipped, resulting in a 69 bp shorter transcript, 
and the consequent protein change of p.Ala688_Ser710del 
(c.2058_2126del), and another variant including a new splice 
acceptor site generated on exon 23, causing deletion of exon 
22, and a partial sequence of the 5′ end of exon 23, resulting 

in a 142  bp shorter transcript than the WT and the resul-
tant protein change of p.Met686Ilefs*19 (c.2058_2199del) 
(Figure 5b–d). To the best of our knowledge, two aberrant 
splice pattern variants from a single mutation in ATP2C1 
have rarely been reported (Kono et al., 2018). Four other rel-
atives (I:2, II:3, III:2, and III:5) in this four-generation family 
also demonstrated similar clinical characteristics and har-
bored the same ATP2C1 mutation (Figure 5e).

The proband in family 3 (P3, III:3) was a 52-year-old man 
who presented with multiple blisters, erosions, crusts, and 
pigmentation on his chest, abdomen, perianal region, and 

F I G U R E  5  Genetic findings in HHD family 2 (a) A splice-site mutation c.2126+1G>A of ATP2C1 gene in family 2 found by PCR and 
sequencing. (b) Schematic diagram of the abnormal splicing process caused by c.2126+1G>A mutation. (c) Sanger sequencing of RT-PCR 
products identified exon 22-truncated and deletion of exon 22 plus a partial sequence of exon 23's 5′ end in the mutant type. (d) RT-PCR products 
were separated by electrophoresis. (e) Sequencing result of I:2, II:3, III:2, and III:5 of family 2
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bilateral axilla and groins (Figure 6a–f). Histopathological 
examination of a lesion from his right axilla showed hyper-
keratosis, focal crusts, and suprabasal clefting with plenty 
of acantholytic cells likened to a “dilapidated brick wall.” 
Dyskeratotic cells could also be seen. Prominent lymphocyte 

infiltration was observed in the superficial dermis (Figure 6g). 
The patient was diagnosed with generalized HHD and treated 
with oral minocycline and nicotinamide. A review of his fam-
ily history showed that seven other relatives in his four-gen-
eration family (I:2, II:2, II:3, II:5, II:6, III:1, and III:5) had 

F I G U R E  6  Clinical presentation, histopathology, and sequencing in P3 (a) Pedigree of Family 3. Black arrow indicates proband (P3). (b–f) 
Generalized skin lesions in P3. (g) Histopathology of lesions in P3
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similar clinical characteristics with varying severities. Sanger 
sequencing of P3 and his unaffected nephew revealed a novel 
mutation: c.1891-2A>G at the splice acceptor site of intron 20 
in P3 (Figure 7a), which was confirmed to generate two exon 
21-truncated transcripts by minigene assay (Figure 7b–d): one 
variant in which the inserted exon 21 was skipped, causing 
a 167 bp shorter abnormal transcript and the corresponding 
protein change of p.Ser631Valfs*7 (c.1891_2057del), and an-
other variant including a new splice acceptor site generated 
on exon 21, causing 9-base-pair deletion of 5′ end of exon 
21, and the resultant protein change, p.Ser631_Gln633del 
(c.1891_1899del), is an in-frame 3 amino acids deletion.

4 |  DISCUSSION

HHD is caused by mutation of the ATP2C1 gene, encoding 
SPCA1 (UniProt ID P98194). SPCA1 belongs to the type 

II phosphorylation (P)-type Ca2+ transport ATPase family. 
It is a large transmembrane protein of 919 amino acids, lo-
cated on the Golgi apparatus. It includes 10 transmembrane 
domains (M1–10) and three cytosolic domains (actuator 
domain, phosphorylation domain, and nucleotide-binding 
domain) (Deng & Xiao, 2017). The normal abundance and 
functioning of SPCA1 are critical for maintaining the Golgi 
ribbon and sequestering Ca2+ in the Golgi lumen (Micaroni 
et al., 2010). Golgi Ca2+ is known to be important for pro-
tein processing (Dürr et al., 1998), and its depletion may 
impair the processing of junctional proteins necessary for 
cell-to-cell adhesion. ATP2C1 mutations have been reported 
to decrease SPCA1 protein levels in HHD patients through 
nonsense mRNA decay or protein misfolding and instability 
(Fairclough et al., 2004). This further supports the haploin-
sufficiency theory accounting for the dominant inheritance 
pattern of HHD. At least 210 ATP2C1 mutations have been 
reported in the literature to date (Maruyama et al., 2020; 

F I G U R E  7  Genetic findings in HHD family 3 (a) A splice-site mutation c.1891-2A>G of ATP2C1 gene in family 3 found by PCR and 
sequencing. (b) Schematic diagram of the abnormal splicing process caused by c.1891-2A>G mutation. (c) Sanger sequencing of RT-PCR 
product identified exon 21-truncated and 9-base-pair deletion of exon 21’s 5′ end in the mutant type. (d) RT-PCR products were separated by 
electrophoresis
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Wang et al., 2019). These mutations are distributed uniformly 
across the gene, with no obvious clusters. Furthermore, no 
correlations between clinical phenotype and the underly-
ing ATP2C1 mutations have been identified (Deng & Xiao, 
2017; Dobson-Stone et al., 2002; Fairclough et al., 2004; 
Nellen et al., 2017). Furthermore, the severity of HDD may 
be exacerbated by external effects, such as drugs, comorbid 
dermatitis, and bacterial infection.

In this study, we presented three HHD probands from 
three different Chinese HHD pedigrees, who presented 
with atypical clinical features involving generalized, rather 
than intertriginous-restricted lesions. The examined lesion 
in the proband from family 2 also showed papillomatous 
proliferation, which has rarely been reported in the lit-
erature (Chauhan et al., 2019; Lu et al., 2019). The lesion 
was initially confounded by warty dyskeratosis, but a defi-
nite diagnosis was made based on ATP2C1 gene mutation. 
The differential diagnoses of HHD include Darier's dis-
ease, pemphigus vulgaris, relapsing linear acantholytic der-
matosis, and many types of dermatitis. A review of family 

history, clinical features, and histological and immunologi-
cal examinations may be sufficient to diagnose typical HDD 
skin lesions; however, the presence of atypical lesions may 
increase the diagnostic difficulty, and screening for patho-
genic mutations may be helpful in these cases. In the cur-
rent study, we identified three splice-site mutations of the 
ATP2C1 gene in three Chinese pedigrees: c.2487+1G>A 
mutation, c.2126+1G>A mutation, and c.1891-2A>G mu-
tation, all of which were assigned as “Pathogenic” (PVS1, 
PS3, PM2, PP1, and PP4) based on ACMG classification 
criteria. Of the three variants, c.2487+1G>A and c.1891-
2A>G mutation were two novel mutations identified in 
our study. The c.2487+1G>A mutation generated an exon 
25-truncated transcript, c.2126+1G>A mutation generated 
two exon 22-truncated transcripts, and c.1891-2A>G mu-
tation generated two exon 21-truncated transcripts. Exon 25 
has previously been reported to encode the transmembrane 
8 (M8) domain of the SPCA1 protein (Deng & Xiao, 2017). 
Truncation of exon 25 caused by the c.2487+1G>A transi-
tion might impair the normal localization of SPCA1 to the 

T A B L E  1  Three novel mutations of ATP2C1 gene identified in three Chinese HHD pedigrees

Pedigree 
ID Mutation site

Mutation 
type

Putative 
SPCA1   
domain

Transcript 1 Transcript 2

Classification 
ACMG

cDNA 
change AA change cDNA change AA change

Family 1 c.2487+1G>A Splice-site 
mutation

M8 c.2392_  
2487del

p.Leu798_  
Gln829del

— — Pathogenic 
(PVS1, PS3, 
PM2, PP1, 
PP4)

Family 2 c.2126+1G>A Splice-site 
mutation

M6 c.2058_  
2126del

p.Ala688_  
Ser710del

c.2058_2199del p.Met686Ilefs*19 Pathogenic 
(PVS1, PS3, 
PM2, PP1, 
PP4)

Family 3 c.1891-2A>G Splice-site 
mutation

Mn2+-binding 
domain

c.1891_  
2057del

p.Ser631Valfs*7 c.1891_1899del p.Ser631_Gln633del Pathogenic 
(PVS1, PS3, 
PM2, PP1, 
PP4)

F I G U R E  8  Schematic representation of ATP2C1 gene mutations found in reported Hailey–Hailey disease patients with generalized skin 
lesions
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Golgi apparatus, resulting in loss of cell-to-cell adhesion in 
the HHD patient described above. Furthermore, given that 
exon 22 encodes the N-terminal of the transmembrane 6 
(M6) domain and the C-terminal of the Mn2+-binding do-
main (Deng & Xiao, 2017), deletion of exon 22 due to the 
c.2126+1G>A mutation may impede Mn2+ transport from 
the cytoplasm to the Golgi apparatus. The same abnormality 
may result from the c.1891-2A>G mutation, which caused 
the deletion of exon 21, given that exon 21 also encodes a 
Mn2+-binding domain (Deng & Xiao, 2017). An imbalance 
of Mn2+ in the cytoplasm and Golgi impairs the detoxifica-
tion of Mn2+ (Table 1). We reviewed 20 previous cases of 
generalized HHD reported since the ATP2C1 mutation was 
first reported in 2000, together with the three current cases, 
with the aim of identifying genotype–phenotype correlations 
or mutation hotspots (Databases: Embase, Web of Science, 
PubMed; search terms: “Hailey-Hailey disease” OR “HHD” 
OR “familial benign chronic pemphigus”). The mutations in-
cluded seven missense mutations, six splice mutations, four 
frameshift mutations, and five nonsense mutations, and one 
in-frame mutation (Figure 8, Table 2) (Chao et al., 2012; Ding 
et al., 2009; Dobson-Stone et al., 2002; Hamada et al., 2008; 
Ikeda et al., 2001; Kono et al., 2018; Leducq et al., 2020; Li 
et al., 2016; Lu et al., 2019; Mizuno et al., 2014; Nellen et al., 
2017; Rácz et al., 2005; Tian et al., 2010; Yasuda et al., 2017; 
Zhang et al., 2007, 2012). All the mutations were reported 
or verified to be pathogenic. The missense mutation may not 
affect the cellular localization of SPCA1, but may reduce its 
expression level and activity, which would in turn affecting 
the Ca2+ and Mn2+ transport rates. Partial splice, frameshift, 
and nonsense mutations may result in a premature stop codon 
and an abnormally truncated SPCA1. Nonsense-mediated 
RNA decay or endoplasmic reticulum-mediated protein deg-
radation may significantly reduce protein expression levels, 
while partial splice and frameshift mutations may damage 
the structural and functional domains of SPCA1, affecting 
its cellular localization or function. However, this review of 
the current and previous cases of generalized HHD failed to 
find any correlation between specific mutations and the gen-
eralized phenotype; the mutations were scattered throughout 
the ATP2C1 gene, and no mutation hotspots were identified 
(Figure 8). This suggests that external factors rather than in-
trinsic mutations may be responsible for the generalized skin 
lesions observed in some patients with HHD.

These findings increase the repertoire of known 
ATP2C1 mutations and expand the clinical pattern of 
HHD, with useful implications for disease diagnosis and 
genetic counseling.
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