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A prenatal second-hit genetic change that occurs on the wild-type allele in an embryo with a congenital pathogenic variant
allele results in mosaicism of monoallelic and biallelic defect of the gene, which is called superimposed mosaicism.
Superimposed mosaicism of Hailey-Hailey disease (HHD) has been demonstrated in one familial case. Here, we report two
unrelated HHD cases with superimposed mosaicism: a congenital monoallelic pathogenic variant of ATP2C1, followed by a
postzygotic copy-neutral loss of heterozygosity. Uniquely, neither patient had a family history of HHD at the time of
presentation. In the first case, the congenital pathogenic variant had occurred de novo. In the second case, the father had the
pathogenic variant but had not yet developed skin symptoms. Our cases showed that superimposed mosaicism in HHD can
lack a family history and that genetic analysis is crucial to classify the type of mosaicism and evaluate the risk of familial
occurrence.
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INTRODUCTION
Hailey-Hailey disease (HHD; OMIM #169600) is a blistering
dermatosis characterized by recurrent, erythematous, and vesi-
cular plaques [1]. HHD is caused by a heterozygous germline
variant in ATP2C1 located on chromosome 3q22 [2]. Skin lesions
usually begin to develop at 20–40 years of age. Lesions affect the
whole body with aggravation in flexural areas [1].
In addition to typical cases of HHD, cases with skin lesions

distributed along Blaschko’s lines have been reported. This
indicates cutaneous segmental mosaicism (Table 1) [3–12].
Cutaneous segmental mosaicism of autosomal dominant disease
can be classified into two types, according to the state of zygosity
[13, 14]. Simple segmental mosaicism (type 1 segmental mosai-
cism) is caused by a prenatal postzygotic variant in the wild-type
embryo [13]. Simple segmental mosaicism of HHD presents with
Blaschko-linear skin lesions where the pathogenic keratinocytes
are distributed. In contrast, superimposed mosaicism (type
2 segmental mosaicism) is caused by a prenatal second-hit
genetic change that occurs on the wild-type allele in an embryo
with a congenital pathogenic variant allele [13]. Superimposed
mosaicism of HHD presents as aggravated skin lesions in a
Blaschko-linear pattern where biallelic mutant keratinocytes are
distributed.
Both childhood-onset and adult-onset cases of mosaic HHD

have been reported. In two adult-onset cases in patients with no
family history of HHD, a de novo pathogenic variant was detected
in skin lesions, indicating simple segmental mosaicism [11, 12]. In
contrast, one case of childhood-onset mosaic HHD occurred in a
patient with a family history of HHD; the patient exhibited a

congenital pathogenic ATP2C1 variant with a loss of heterozyg-
osity (LOH) regarding variation in the linear skin lesion, indicating
superimposed mosaicism [3–5]. Here, two cases of childhood-
onset HHD are presented. Both cases involved a linear distribution
of skin lesions in patients with no family history of the disease at
the time of presentation.

MATERIALS AND METHODS
Sample preparation
Sample collection was approved by the Ethics Committee of Keio
University School of Medicine and performed after obtaining written
informed consent. In case 1, the skin specimen was obtained by biopsy
and the epidermis was separated from the dermis by dispase treatment, as
described previously [15]. In case 2, the blister roof was collected. Genomic
DNA was obtained from the epidermis and peripheral blood leukocytes
using a Maxwell RSC Instrument and Maxwell RSC Blood DNA Kit (Promega,
Madison, WI).

Targeted exome sequencing
Targeted exome sequencing, which was designed to analyze ~500
causative genes of genodermatoses, was performed as previously
described [15, 16]. In brief, DNA libraries were prepared using HaloPlex
target enrichment system (Agilent technologies, Santa Clara, CA) and were
sequenced using HiSeq 2500 system (Illumina, San Diego, CA).

Sanger sequencing of the genomic DNA
Genomic DNA amplification and subsequent direct Sanger sequencing of
ATP2C1 were performed using the primer pairs shown in Supplementary
Table S1.
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Single nucleotide polymorphism BeadChip analysis
DNA amplification, labeling, and hybridization were performed according
to the manufacturer’s instructions using the HumanCytoSNP-12 v2.1 DNA
Analysis BeadChip Kit (WG-3202103; Illumina). The array slides were
scanned on an iScan system (Illumina), and log R ratios and B-allele
frequencies were calculated and visualized using KaryoStudio data-analysis
software (ver. 1.4; Illumina).

RESULTS
Clinical case presentation
The first case (case 1) involved a 5-year-old Japanese girl with
recurrent red plaques and scales on the abdomen, buttock, labia,
popliteal fossa, and foot (Fig. 1a, b). Her age at onset was 3 years
old. The skin lesions were distributed only on the right side of the
body. The patient had an unremarkable family history (Fig. 1c).
The father and mother were 50 and 43 years old, respectively. A
skin biopsy from the patient revealed a dilapidated brick wall
appearance of basal cells with suprabasal clefts and acantholytic
cells (Fig. 1d).
The second case (case 2) involved a 10-year-old Japanese girl

who had recurrent erosions and blisters on her arm, axilla, and
abdomen since birth. The Blaschko-linear skin lesions were
distributed only on the right side (Fig. 1e). A skin biopsy from
the patient revealed a suprabasal cleft with acantholytic cells
(Fig. 1f). Neither parent had any skin symptoms. However, 6 years
after the first visit, the father developed erosions in the bilateral
axilla and scrotum at the age of 46 years (Fig. 1g).
A clinical diagnosis of mosaic HHD was made in both cases. To

establish the diagnosis and elucidate the underlying mechanism
of mosaic manifestation, we performed a genetic analysis after
obtaining written informed consent approved by the Institutional
Review Board of Keio University.

Genetic analysis results
Targeted exome sequencing was performed on genomic DNA
purified from epidermis. We identified ATP2C1 (NM_001378687.1)
heterozygous variants including the c.1940A>T (p.Asn647Ile)
variant in case 1 and the c.2104T>A (p.Phe702Ile) variant in case
2. These ATP2C1 variations have not been registered in single
nucleotide polymorphism databases (ClinVar, gnomAD and
UniProt) [17–19]. S-VAR (http://p4d-info.nig.ac.jp/s-var/; a predic-
tion tool that uses PolyPhen-2, SIFT, PROVEAN, and PANTHER)
indicated that both variants were pathogenic or caused deleter-
ious changes (Supplementary Table S2). The case 1 and case 2
variants are classified as “likely pathogenic” and “uncertain
significance”, respectively, according to the American College of
Medical Genetics and Genomics guideline for classifying sequence
variants [20].
Sanger sequencing confirmed the heterozygous c.1940A>T

variant in case 1 (Fig. 2a) and the c.2104T>A variant in case 2
(Fig. 2b). The father of the patient in case 2 had the c.2104T>A
variant, whereas the variant in case 1 was a de novo mutation.
Sanger sequencing of genomic DNA purified from the lesional
epidermis of case 1 suggested a LOH of the variant allele (Fig. 2a).
In case 2, the nucleotide peak of the variant allele was higher than
that of the wild-type allele in the blister roof, compared with
peripheral leukocytes, suggesting lesion-specific LOH (Fig. 2b).
LOH is induced by several causes including chromosome

recombination, chromosomal deletion, and de novo occurrence
of an identical variant on the wild-type allele. Next, a single
nucleotide polymorphism array analysis was performed. In both
cases, the B allele frequency (BAF) revealed a LOH beginning
proximal to ATP2C1 and extending to the telomere on chromo-
some 3q, while the logR ratio indicated a normal DNA copy
number over the entire length of chromosome 3 (Fig. 2c, d). The
BAF deviation was small in case 2, in which the blister roof was
sampled (Fig. 2d). It is probably because the keratinocytes in theTa
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blister roof had LOH but in low numbers, and many extravascular
immune cells without LOH that were present in the blister fluid
were mixed in the sample.
These results indicated that the epidermal cells of the lesional

skin had acquired copy-neutral LOH (cn-LOH) on chromosome 3q
that converted the variant of ATP2C1 from heterozygous to
homozygous in both patients.

DISCUSSION
Superimposed mosaicism results in segmental lesions with more
severe skin manifestations [13, 14]. The two cases presented in this
study and a previous case (case 1 in Table 1) revealed that
superimposed mosaicism of HHD showed linearly distributed
severe skin lesions with onset during childhood because of
ATP2C1 biallelic defects [3–5]. The reported mosaic HHD cases
implied that the clinical course of HHD differs depending on the
type of mosaicism. In brief, simple segmental mosaicism of HHD
results in the development of Blaschko-linear skin lesions in adults.
Superimposed mosaicism of HHD results in Blaschko-linear skin
lesions that begin early in life and continue for a lifetime, with the
general skin symptoms of HHD developing later in life. Further

accumulation of mosaic HHD cases is needed to evaluate the
relationship between age at onset and the type of mosaicism.
To date, simple segmental mosaicism without a family history

and superimposed mosaicism with a family history have been
genetically confirmed in cases of HHD. The two cases of
superimposed mosaicism investigated in this study had no family
history of HHD at the time of presentation. The superimposed
mosaicism in case 1 was caused by a germline de novo variant,
followed by cn-LOH. Thus, case 1 was a true sporadic case. Case 2
had no obvious family history at the first visit, but the father later
developed typical HHD skin lesions. Several reported cases of
childhood-onset HHD with mosaic manifestation were diagnosed
as, or suspected to be, simple segmental mosaicism based on the
lack of family history, without genetic testing [7, 10]. Conversely,
the clinical courses of those cases imply a diagnosis of super-
imposed mosaicism. Diagnosis of simple segmental and super-
imposed mosaicism based on family history alone should be
avoided.
It is important to determine the type of mosaicism to evaluate

the risk of familial disease occurrence of HHD. In simple segmental
mosaicism, there is no risk of occurrence in a patient’s sibling. The
risk of occurrence of HHD in offspring depends on whether the

Fig. 1 Clinical and histopathological features. Case 1 (a–d) and case 2 (e–g). a, b Red plaques with scales on the right side of the abdomen
and foot. Blisters are also evident in the sole. e Erosions and blisters on the right side of the abdomen and groin. c, g Family tree.
d, f Suprabasal acantholysis with a dilapidated brick wall appearance (original magnification ×400). y years.
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patient’s germ cells are in a mosaic state. In contrast, in
superimposed mosaicism, the risk of occurrence of HHD in a
patient’s offspring is approximately 50%. Genetic testing in
superimposed mosaicism can determine whether the germline
pathogenic variant was inherited from a parent or occurred de
novo, which determines the risk of occurrence in a patient’s
sibling. The cases in this study highlight the importance of
detailed genetic analysis to classify the type of mosaicism and
provide information regarding familial risk.
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REFERENCES
1. Engin B, Kutlubay Z, Çelik U, Serdaroğlu S, Tüzün Y. Hailey-Hailey disease: a fold

(intertriginous) dermatosis. Clin Dermatol. 2015;33:452–5.
2. Hu Z, Bonifas JM, Beech J, Bench G, Shigihara T, Ogawa H, et al. Mutations in

ATP2C1, encoding a calcium pump, cause Hailey-Hailey disease. Nat Genet.
2000;24:61–65.

3. Vakilzadeh F, Kolde G. Relapsing linear acantholytic dermatosis. Br J Dermatol.
1985;112:349–55.

4. König A, Hörster S, Vakilzadeh F, Happle R. Type 2 segmental manifestation of
Hailey-Hailey disease: poor therapeutic response to dermabrasion is due to
severe involvement of adnexal structures. Eur J Dermatol. 2000;10:265–8.

5. Poblete-Gutiérrez P, Wiederholt T, König A, Jugert FK, Marquardt Y, Rübben A,
et al. Allelic loss underlies type 2 segmental Hailey-Hailey disease, providing
molecular confirmation of a novel genetic concept. J Clin Invest. 2004;114:
1467–74.

6. Duschet P, Happle R, Schwarz T, Gschnait F. Relapsing linear acantholytic der-
matosis. J Am Acad Dermatol. 1995;33:920–2.

7. Hwang LY, Lee JB, Richard G, Uitto JJ, Hsu S. Type 1 segmental manifestation of
Hailey-Hailey disease. J Am Acad Dermatol. 2003;49:712–4.

8. Arora S, Arora G, Ranjan P. Relapsing linear acantholytic dermatosis in a four-year-
old boy. Indian J Dermatol Venereol Leprol. 2005;71:351–3.

9. Nanda A, Khawaja F, Al-Sabah H, Happle R. Type 2 segmental Hailey-Hailey
disease with systematized bilateral arrangement. Int J Dermatol. 2014;53:
476–8.

10. García-Morales I, Requena-Caballero L, Happle R, Torrelo A. Segmental Hailey-
Hailey disease of the vulva. Pediatr Dermatol. 2018;35:e398–9.

11. Katzman JA, Chavan R, Holliday AC, Coman G, Grider D, Kolodney MS. Mosaic
variant in ATP2C1 presenting as relapsing linear acantholytic dermatosis. Br J
Dermatol. 2020;183:155–7.

12. Higaki-Mori H, Teye K, Ishii N, Yoshida Y, Yamamoto O. Elderly-onset type 1
mosaic form of Hailey-Hailey disease with a postzygotic variant in ATP2C1. J
Dermatol. 2021;48:e182–3.

13. Happle R, Torrelo A. Superimposed mosaicism in tuberous sclerosis complex: a
key to understanding all of the manifold manifestations? J Eur Acad Dermatol
Venereol. 2020;34:2511–7.

14. Kinsler VA, Boccara O, Fraitag S, Torrelo A, Vabres P, Diociaiuti A. Mosaic
abnormalities of the skin: review and guidelines from the European Reference
Network for rare skin diseases. Br J Dermatol. 2020;182:552–63.

15. Aoki S, Hirata Y, Kawai T, Nakabayashi K, Hata K, Suzuki H, et al. Frequent FGFR3
and ras gene mutations in skin tags or acrochordons. J Invest Dermatol.
2021;141:2756–60.e8.

16. Sakiyama T, Kubo A, Sasaki T, Yamada T, Yabe N, Matsumoto K, et al. Recurrent
gastrointestinal perforation in a patient with Ehlers-Danlos syndrome due to
tenascin-X deficiency. J Dermatol. 2015;42:511–4.

17. Landrum MJ, Lee JM, Benson M, Brown GR, Chao C, Chitipiralla S, et al. ClinVar:
Improving access to variant interpretations and supporting evidence. Nucleic
Acids Res. 2018;46:D1062–7.

18. Karczewski KJ, Francioli LC, Tiao G, Cummings BB, Alföldi J, Wang Q, et al. Author
correction: the mutational constraint spectrum quantified from variation in
141,456 humans. Nature. 2021;590:E53.

19. Bateman A, Martin MJ, Orchard S, Magrane M, Agivetova R, Ahmad S, et al.
UniProt: the universal protein knowledgebase in 2021. Nucleic Acids Res.
2021;49:D480–9.

20. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards and
guidelines for the interpretation of sequence variants: a joint consensus
recommendation of the American College of Medical Genetics and Genomics
and the Association for Molecular Pathology. Genet Med. 2015;17:405–24.

Fig. 2 Genetic analyses of ATP2C1. Case 1 (a, c) and case 2 (b, d). a Sanger sequencing chromatograms showing the heterozygous c.1940A>T
variant (open arrowhead) and the homozygous c.1940A>T variant (filled arrowhead). b Sanger sequencing chromatograms showing the
heterozygous c.2104T>A variant (open arrowhead). The nucleotide peak of A is higher than that of T in the same nucleotide site (filled
arrowhead). c, d Single nucleotide polymorphism array analyses of chromosome 3. B-allele frequency of chromosome 3 in the epidermis
showing loss of heterozygosity (pink square). BAF B allele frequency, LRR log R ratio.

Y. Asahina et al.

719

European Journal of Human Genetics (2023) 31:716 – 720



AUTHOR CONTRIBUTIONS
AK conceived and designed the study. YA, SA and NK performed the experimental
work. YA, UT and AK interpreted data and wrote the manuscript. UT, CT, DH, DT and
AK examined the patients and characterized the clinical features of the disease. MA
and AK supervised the study. All the authors edited or commented on the
manuscript.

FUNDING
Open access funding provided by Kobe University.

COMPETING INTERESTS
The authors declare no competing interests.

ETHICAL APPROVAL
This study was approved by the Ethics Committee of Keio University School of
Medicine and performed after obtaining written informed consent. Written informed
consent for publication of their clinical details and clinical images was obtained from
the parent of each patient.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41431-023-01316-w.

Correspondence and requests for materials should be addressed to Akiharu Kubo.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Y. Asahina et al.

720

European Journal of Human Genetics (2023) 31:716 – 720

https://doi.org/10.1038/s41431-023-01316-w
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Two sporadic cases of childhood-onset Hailey-Hailey disease with superimposed mosaicism
	Introduction
	Materials and methods
	Sample preparation
	Targeted exome sequencing
	Sanger sequencing of the genomic DNA
	Single nucleotide polymorphism BeadChip analysis

	Results
	Clinical case presentation
	Genetic analysis results

	Discussion
	References
	Author contributions
	Funding
	Competing interests
	Ethical approval
	ADDITIONAL INFORMATION




