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Hailey-Hailey disease (HHD) is an autosomal dominant trait characterized by erythematous and oozing skin
lesions preponderantly involving the body folds. In the present unusual case, however, unilateral segmental
areas along the lines of Blaschko showing a rather severe involvement were superimposed on the ordinary sym-
metrical phenotype. Based on this observation and similar forms of mosaicism as reported in other autosomal
dominant skin disorders, we postulated that in such cases, 2 different types of segmental involvement can be
distinguished. Accordingly, the linear lesions as noted in the present case would exemplify type 2 segmental
HHD. In the heterozygous embryo, loss of heterozygosity occurring at an early developmental stage would
have given rise to pronounced linear lesions reflecting homozygosity or hemizygosity for the mutation. By
analyzing DNA and RNA derived from blood and skin samples as well as keratinocytes of the index patient
with various molecular techniques including RT-PCR, real-time PCR, and microsatellite analysis, we found a
consistent loss of the paternal wild-type allele in more severely affected segmental skin regions, confirming

this hypothesis for the first time, to our knowledge, at the molecular and cellular level.

Introduction

Hailey-Hailey disease (HHD) (OMIM 169600), also known as
familial benign chronic pemphigus, is a rare cutaneous disor-
der inherited as an autosomal dominant trait (1). It is caused
by germline mutations in the ATP2CI gene (OMIM 604384) on
chromosome 3q21-q24, encoding an adenosine triphosphate-
powered (ATP-powered) calcium channel pump (2, 3).

The disorder usually becomes manifest in the third or fourth
decade of life with erythema, vesicles, and erosions involving the
body folds, particularly the groin and axillary regions. Other
sites of the body, such as the neck, perianal, and submammary
regions, may likewise be affected. The distribution of cutaneous
lesions is usually rather symmetrical (1), which is consistent with
a general rule that autosomal dominant skin disorders show a
generalized and bilateral involvement. However, several recent
reports indicate that exceptions to this rule exist. On rare occa-
sions, the disorder may show a band-like or otherwise segmental
arrangement reflecting mosaicism (4, 5).

According to a new genetic concept we postulated, 2 different types
of segmental manifestation can be distinguished in autosomal dom-
inant skin diseases (Figure 1) (4, S). Type 1 reflects heterozygosity
for a de novo postzygotic mutation occurring at an early stage of
embryogenesis. The cutaneous lesions within the affected segments
show a degree of severity similar to that of the nonsegmental phe-
notype caused by a germline mutation. Outside the segmental areas,
the skin is both clinically and genetically normal (4, 5).

Nonstandard abbreviations used: CSGE, conformation-sensitive gel
electrophoresis; FVIII, factor VIII; HHD, Hailey-Hailey disease; LOH, loss of
heterozygosity; mutation 2146+1G—>A, guanine-to-adenine substitution at the first
base of the consensus splice donor site of exon 22 of the ATP2CI gene.
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By contrast, the type 2 manifestation tends to occur in
heterozygous embryos which later develop a nonsegmental, diffuse
distribution of skin lesions. A postzygotic mutation occurring at
an early developmental stage would result in loss of heterozygosity
(LOH) and give rise, in a segmental area, to a homozygous or
hemizygous state of the underlying mutation. Clinically, this
would be reflected by rather pronounced segmental lesions being
superimposed on the ordinary nonsegmental phenotype (4, 5).
The concept of type 2 segmental involvement, however, has so far
not been proven at the cellular and molecular level.

Recently, a case of type 2 segmental HHD in a member of a
4-generation family of German origin was reported (individual IV-1
in Figure 2A) (6). Remarkably, the unilateral linear lesions first
appeared at the age of 3 months and persisted into adulthood with
frequent exacerbations (Figure 2, B-D) (7), whereas a nonsegmental
involvement of body folds was first noted at the age of 24 years (6).

Because previous therapeutic attempts, including derm-
abrasion, had been unsuccessful, 3 linear segments were now
excised completely (6). This enabled us to examine skin samples
obtained from segmental and nonsegmental areas. In addition
to histopathological evaluation of paraffin-embedded tissue,
several of the excised skin samples, corresponding to areas of
either segmental or nonsegmental involvement, were subjected
to cellular and molecular analysis. The epidermis was separated
from the dermis, and keratinocyte cultures were initiated as pre-
viously described in detail (8).

Using different molecular techniques, including RT-PCR, real-
time PCR, heteroduplex analysis, automated sequencing, laser-
assisted microdissection, and haplotype analysis, we were able to
demonstrate LOH in the segmental area of severely affected skin.

This study provides the first molecular evidence to our
knowledge in favor of the recently postulated concept that in
autosomal dominant skin disorders, dichotomous forms of
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Figure 1

Origin of 2 types of segmental manifestation in autosomal dominant skin disorders. Left to right: healthy
phenotype (2 wild-type alleles); common diffuse manifestation (heterozygous germline mutation); type 1
segmental manifestation, reflecting heterozygosity for a postzygotic somatic mutation; type 2 segmental
manifestation, reflecting the result of a germline mutation in combination with somatic LOH. Comparative
haplotype analysis in DNA samples obtained from peripheral blood, heterozygous skin (HS) areas, and
keratinocytes from segmentally affected skin regions of the index patient revealing consistent loss of one
allele distal of marker D3S1302 to marker D3S3568, a chromosomal region of 56 Mb harboring the ATP2C1
gene. Of note, it is the paternal (pat) wild-type allele that is consistently lost in more severely affected seg-
mental skin areas. Loss of the paternal wild-type allele occurred between markers D3S3634 and D3S1302

(markers shaded in blue). Mat, maternal.

segmental manifestation can be distinguished (4, 5). In the
present case, postzygotic LOH was found to result in a type 2
segmental manifestation of HHD.

Results

Mutation analysis and verification. Initial mutation screening of leu-
kocyte-derived DNA by heteroduplex analysis using conforma-
tion-sensitive gel electrophoresis (CSGE) revealed a complex het-
eroduplex formation in the PCR fragment containing exon 22 of’
the ATP2C1 gene (Figure 3A). This heteroduplex formation was
not observed in 300 chromosomes from unrelated Caucasian indi-
viduals studied for control purposes, indicating the presence of a
mutation (data not shown).

Direct sequencing of newly synthesized PCR fragments con-
taining exon 22 showed a heterozygous guanine-to-adenine
substitution at the first base of the consensus splice donor
site of exon 22, resulting in a splice site mutation designated
2146+1G—A (Figure 3B, middle lane).

Consequence of mutation 2146+1G—>A. The effect of mutation
2146+1G—>A was studied on the cDNA level by RT-PCR. Subcloning
of the PCR product and subsequent automated sequencing analy-
sis of 20 clones revealed that the splice site mutation resulted in the
skipping of exon 22, which consists of 69 bp (Figure 3C).
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segmentally affected areas,
indicative of LOH (Figure 3A,
yellow arrows).

Direct sequencing of newly
synthesized PCR fragments
revealed only the mutant A
allele at the first base of the
splice donor site of exon 22
in all skin and keratinocyte
samples that were obtained
from segmentally affected skin
regions, likewise indicating
LOH (Figure 3B, bottom lane).

Laser-assisted microdissection. Examination of laser-micro-
dissected epidermis from segmental skin areas (Figure 5,
A-E) revealed, within epidermal blisters, a population of
keratinocytes only harboring the mutant A allele, thus again
supporting LOH (Figure SE).

Haplotype analysis. Comparative haplotype analysis in DNA
samples obtained from peripheral blood leukocytes, heterozygous
keratinocytes, and keratinocytes from segmentally affected skin
regions of the index patient revealed consistent loss of one allele,
from marker D3S1302 extending distally to marker D3S3568, a
chromosomal region also harboring the ATP2C1 gene (Figure 1).
Analysis of the maternal and paternal haplotype at these markers
indicated that it is the paternal wild-type allele that is consistently
lost in more severely affected skin areas.

Furthermore, haplotype analysis revealed that loss of the pater-
nal wild-type allele occurred between markers D3S3634 and
D3S1302 when comparing clinically unaffected skin regions with
those showing a segmental involvement (Figure 4, B and C).

At marker D353634, 2 signals of almost identical intensity were
detected in both clinically unaffected (Figure 4B, top panel) and
segmentally involved (Figure 4B, bottom panel) skin, whereas at
marker D3S1302, there was a marked decrease in signal inten-
sity of the paternal allele in segmentally affected skin (Figure 4C,
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Figure 2

Pedigree and clinical manifestations. (A) Pedigree of the nuclear family
studied with regard to the occurrence of Hailey-Hailey disease. Affected
individuals are indicated by filled symbols. Note that in individual 1V-1
the segmental type 2 manifestation is indicated by a filled symbol with a
black triangle. (B-D) Clinical manifestation in individual V-1 with more
severely affected skin regions showing a unilateral segmental pattern
on (B) the back of the left leg and the left buttock, (C) the left abdomen,
and (D) the left hand.

ting the trait in the ordinary, nonsegmental form to their children
(16, 17). Such observations implied that the underlying mutation
could also affect the germline in the form of gonadal mosaicism.
Thus, these mutational events could no longer be attributed to
somatic mutations; instead, they seem to result from postzygotic
mutations that may or may not affect the germline (18-20).

However, further clinical observations indicated that the origin
of segmental genodermatoses was more complex, because the seg-
mental lesions did not always show the same degree of severity
as that encountered in the corresponding nonmosaic trait. Some-
times, a rather pronounced involvement was superimposed upon
the ordinary, diffuse manifestation of the same disease.

These observations prompted us to postulate a novel genetic con-
cept of dichotomous segmental forms of autosomal dominant skin
disorders reflecting different states of zygosity (Figure 1) (4, 5).

Recently, molecular evidence has been provided for several mosaic

arrow, and Table 1). In general, a decrease in signal intensity of
less than 20% was assumed to reflect loss of the corresponding
allele (Table 1, marked in bold).

Gene dosage measurements in regions with LOH. Allele-specific quan-
tification of ATP2C1 gene copies in DNA samples obtained from

cutaneous traits representing a type 1 segmental involvement, includ-
ing epidermolytic hyperkeratosis of Brocq (21), neurofibromatosis
type 1 (22), Darier disease (23, 24), and Apert syndrome (25).

By contrast, the concept of type 2 segmental involvement has
so far not been investigated at the cellular level, although possible

leukocytes as well as keratinocytes from
clinically unaffected and segmentally
involved skin areas with presumed LOH
revealed an approximately equal num-
ber of ATP2C1 and factor VIII (FVIII;
used as reference) gene copies (Table 2),
indicating that in each sample, 2 copies
of the ATP2C1 gene per diploid set of
chromosomes were present.

Discussion

It has long been known that autosomal
dominant skin disorders, which usu-
ally present a diffuse and symmetrical
involvement, may also show a segmen-
tal arrangement that most likely reflects
mosaicism. Evidence supporting this
concept was first provided in 1983,
when cytogenetic studies revealed a tri-
somy 18 mosaicism in a case of linear
hyperpigmentation (14).

Initially, it was thought that this seg-
mental manifestation always resulted
from a somatic mutation (15) and, even
today, some authors still adhere to this
erroneous concept. Later it was reported
that patients with a segmental manifes-
tation of an autosomal dominant skin
disease had an increased risk of transmit-
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Mutation analysis studies. (A) Heteroduplex analysis of PCR products containing exon 22 of the
ATP2C1 gene performed on DNA samples derived from leukocyte DNA of the index patient (IV-1)
and her mother (l11-4) and DNA derived from keratinocytes originating from regions with either LOH
(LOH1-LOH4) or the diffuse phenotype (HS1 and HS2), as well as DNA from 2 controls (C1 and
C2). Note the complex heteroduplex in individuals IV-1 and IlI-4, indicative of a mutation and the
loss of the homoduplex wild-type band (middle band) observed in LOH regions (LOH1-LOH4) when
compared to heterozygous skin regions (HS1 and HS2), indicated by yellow arrows. (B) Splice site
mutation 2146+1G—A identified in the germline in all affected individuals, consisting of a G-to-A
transition, indicated by an arrow (middle panel). Of note, in regions with LOH, we observed only the
mutant A signal (arrow, lower panel) and if there was any wild-type G-signal, it was low. (C) Conse-
quence of mutation 2146+1G—A on the cDNA level, leading to skipping of exon 22 (69 bp).
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Genetic consequences in nonsegmental and segmental skin areas. (A) Analysis of the relative amount of wild-type (blue curve) and mutant (red
curve) ATP2C1 gene copies in a nonsegmental skin area by allele-specific quantitation using a real-time PCR TagMan assay. The measured
ratio of 3.8 + 0.2 indicates that the splice site mutation most likely leads to nonsense-mediated mRNA decay. Results shown as a background-
adjusted quantification of the amplified PCR product (ARn). (B, C) PCR fragment length scans analyzed with GeneScan software, comparing
segmentally involved and clinically unaffected (nonsegmental) skin regions. (B) Marker D3S3634, nonsegmental skin area (top) and segmental
skin area (bottom). (C) Marker D3S1302 nonsegmental skin area (top) and segmental skin area (bottom). This haplotype analysis demonstrated

loss of the paternal allele for marker D3S1302 (arrow).

examples of type 2 segmental manifestation now include at least
15 different autosomal dominant skin disorders (26).

Recently, a type 2 segmental manifestation of HHD (6) was
reported in a woman of German origin (individual IV-1 in Fig-
ure 2A) who had been presented as a child under another diag-
nosis (7). To analyze the genetic basis of this unusual phenotype,
we first amplified all coding exons and the adjacent splice sites
of the ATP2C1 gene from genomic DNA. Mutation screening by
heteroduplex analysis using CSGE revealed a complex hetero-
duplex formation in the PCR fragment containing exon 22 of
the ATP2C1 gene (Figure 3A). This heteroduplex formation was
not observed in 300 chromosomes from unrelated Caucasian
individuals studied for control purposes, indicative of a muta-
tion (data not shown). Direct sequencing of newly synthesized
PCR fragments containing exon 22 showed a heterozygous
G-to-A substitution at the first base of the consensus splice
donor site of exon 22, resulting in a splice site mutation desig-
nated 2146+1G—A (Figure 3B, middle lane).

The effect of mutation 2146+1G—A was studied on the cDNA
level by RT-PCR and by quantitative real-time PCR. Subcloning
of the PCR product and subsequent automated sequencing anal-
ysis of 20 clones revealed that the splice site mutation resulted
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in skipping of exon 22 (Figure 3C). Relative quantitation of
wild-type and mutant cDNA obtained from a nonsegmental
(heterozygous) skin area with quantitative real-time PCR revealed
a ratio of wild-type to mutant ATP2C1 ¢cDNA of 3.8 + 0.2, indi-
cating that the splice site mutation most likely results in non-
sense-mediated mRNA decay (Figure 4A) (27).

A relapse of the disease in the index patient in October 2002
(Figure 2B) enabled us to obtain skin fragments from segmen-
tal and nonsegmental areas for cellular and molecular stud-
ies. Subsequently, DNA and RNA were isolated from cultured
keratinocytes. Using keratinocyte DNA from segmental and
nonsegmental areas, we again PCR-amplified the region of the
APT2CI gene harboring exon 22 and its adjacent splice sites.
After subjecting these PCR products to CSGE analysis, we
observed a marked decrease in intensity of the wild-type homo-
duplex band in those keratinocytes originating from the segmen-
tal areas as a first indication of LOH (Figure 3A, yellow arrows).
Direct sequencing of newly synthesized PCR fragments revealed
either the mutant A allele at the first base of the splice donor
site of exon 22 alone, or a very weak and barely visible wild-type
G signal along with the much stronger mutant A signal (Figure
3B, bottom lane). This is indicative of an either homozygous or
Volume 114
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hemizygous state of the mutation and is likewise suggestive of
LOH. We further studied laser-microdissected epidermis from
segmental skin areas (Figure 5, A-E) and were able to demon-
strate, within epidermal blisters, a population of keratinocytes
exclusively harboring the mutant A allele, again indicative of
LOH (Figure SE). Hence, all of these 3 lines of evidence, each
based on a different experimental approach, suggest that in this
case of type 2 segmental HHD, LOH was the underlying mecha-
nism leading to a rather pronounced mosaic arrangement.

This type of mosaicism may originate from one of vari-
ous mutational events giving rise to either homozygosity or
hemizygosity for a mutant allele, including mitotic recombi-
nation, localized gene conversion, point mutation, deletion, or
nondisjunction with either loss or reduplication of the mutant
chromosome (20, 28, 29).

In order to study the genetic mechanism leading to LOH in
more detail, we carried out 2 types of experiments. In a first
step, haplotype analysis was performed with 23 informative
microsatellite markers almost completely spanning chromo-
some 3, including a subset of markers flanking the ATP2CI
gene in both centromere and telomere directions. For all
markers spanning the end of the short arm of chromosome 3
until marker D3S3634, haplotype analysis of skin specimens
showed an allele pattern similar to that obtained from leuko-
cyte-derived DNA (Figure 1). Haplotype analysis of the region
from marker D3S1302 until D3S3568 near the end of the long
arm of chromosome 3, however, revealed consistent loss of one
allele in skin specimens and keratinocytes originating from
more severely affected segmental skin areas (Figures 1 and 4B;
Table 1). Moreover, analysis of markers D3S1589, D3S3568,
and others showed that the allelic loss exclusively concerned
the paternal allele, whereas the maternal one was maintained
(Figure 1 and Table 1). This pattern was consistently observed
in different skin and keratinocyte samples derived from vari-
ous segmental regions, thus indicative of a single postzygotic
mutational event that must have occurred at an early develop-
mental stage. The chromosomal region in which we observed
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loss of the paternal wild-type allele harbors the ATP2CI gene,
indicating that the rather severe segmental involvement indeed
originates from LOH (Figure 1). At the same time, these data
largely exclude the possibility of an additional de novo muta-
tional event in trans in these skin regions.

Table 1
Haplotype analysis at critical markers D3S3634 and D351302

Relative
contribution to total
signal intensity

in area of
Marker Length Assigned Heterozygous Segmentally
of PCR haplotype skin affected
product (bp) skin
D3S3634 238.6 + 0.1 1 62.0% 57.0%
B, top? B, bottom
95.3Mb  248.9+0.1 6 38.0% 43.0%
B, top B, bottom
D3S1302 164.3+0.1 1 56.5% 84.0%
C, top C, bottom
109.8Mb  170.1 0.1 4 43.5% 16.0%
C, top C, bottom

Haplotype analysis and allele quantification at the critical dinucleotide
repeat markers D3S3634 and D3S1302 for one representative area of
clinically unaffected (heterozygous) skin and one representative area of
segmentally affected skin with presumed loss of heterozygosity (LOH)
at each marker. The genomic distance (Mb) as measured from the p-
end of chromosome 3 and the fragment lengths of the amplified PCR
products indicated as mean + SD are given for both markers. The rela-
tive signal intensity of each haplotype-defining PCR product is given as
a percentage of total signal intensity. At marker D3S3634, the paternal
and maternal haplotypes were still detectable at almost equal intensity
in segmentally affected skin areas, whereas at marker D3S1302, the
paternal allele was almost completely lost, as evidenced by the dra-
matic drop in signal intensity (marked in bold). APart names provided
beneath percentages are from Figure 4.
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Table 2
Amount of ATP2C1 gene copies in different tissues

excision. Some samples were examined
histopathologically, whereas most of the
samples from both segmental and nonseg-

Mother Index patient mental areas were subjected to cellular and
Blood Blood Nonsegmentally ~ Segmentally molecular genetic analysis after epidermis
affected skin affected skin and dermis had been separated as previ-
Ratio ATP2CI/FVIIl 1.15.+0.11 083+013 093:016  093+013 ously described in detail (8).

The ratio ATP2C1/FVIII delineates the amount of ATP2C1 gene copies relative to FVIII gene copies per
diploid set of chromosomes, as determined by quantitative real-time PCR. All measurements were per-

formed in triplicate. All values are given as mean + SD.

Subsequently, we quantified the number of ATP2CI gene cop-
ies per diploid genome (Table 2). The ratio between the number
of ATP2C1 gene copies and that of the X-chromosomal FVIII
gene, which was used as a reference gene, was approximately 1
in all samples studied, indicating that each sample contained
2 copies of the ATP2CI gene per diploid set of chromosomes.
Since both automated sequencing and haplotype analysis only
revealed the presence of the mutated maternal allele within the
chromosomal region harboring the ATP2CI gene, we conclude
that 2 mutant copies of the ATP2CI gene must be present within
the region of LOH.

This largely excludes a deletion or mitotic nondisjunction with
loss of the homologous wild-type chromosome as the underlying
genetic mechanism in LOH regions, because each of these muta-
tional events would result in hemizygosity with only one mutated
gene copy being present per diploid set of chromosomes. Instead,
our results indicate a homozygous state of the mutation with 2
mutated ATP2CI gene copies per diploid set of chromosomes,
most likely due either to an early event of postzygotic mitotic
recombination by crossing-over or to gene conversion.

Interestingly, we did not observe reversion to heterozygosity
for all informative markers haplotyped toward the telomere end
of chromosome 3. This leads us to the assumption that, in the
case presented herein, the genetic mechanism underlying the
type 2 segmental manifestation is mitotic recombination rather
than gene conversion.

The data presented herein provide the first molecular evidence
to our knowledge in support of the recently postulated concept
(4, 5) of dichotomous segmental forms of autosomal dominant
skin disorders. Further studies, which are currently underway in
our laboratory, may show whether similar results can be obtained
in other autosomal dominant cutaneous traits.

Methods

Family and control individuals. We studied 7 individuals from a 4-generation
family of German origin (Figure 2A) and 150 unrelated, unaffected con-
trol individuals. In 4 family members, a diagnosis of HHD was established
on the basis of characteristic clinical and histopathological features. All
individuals provided informed consent for inclusion in the study, in accor-
dance with guidelines set forth by the local institutional review board of the
Medical Faculty of the RWTH Aachen. Clinical investigation was conduct-
ed according to Declaration of Helsinki principles.

Sample collection, primary keratinocyte cell culture, and DNA/RNA extrac-
tion. EDTA anticoagulated blood samples were drawn from family
members and controls, in accordance with guidelines set forth by the
local institutional review board. Skin samples from the index patient
(individual IV-1 in Figure 2A) were obtained after therapeutic surgical
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In brief, skin specimens were washed 3
times in phosphate-buffered saline (PBS)
containing penicillin, streptomycin, gentamy-
cin, and amphotericin B (Roche Diagnostics).
After having been rinsed with 70% ethanol,
they were cut into pieces and incubated over-
nightat4°Cin 2 U/ml dispase solution (GIBCO BRL; Invitrogen Corp.). In
a second step, they were incubated at 37°C for 2 additional hours. The epi-
dermis was then removed from the dermis and incubated for 30 minutes
at 37°C in 5 ml trypsin/EDTA (PAA Laboratories GmbH). After stopping
the enzymatic digestion by addition of 5 ml trypsin-neutralizing solution
(TNS; PAA Laboratories GmbH), the cell suspension was centrifuged for
10 minutes at 250 g, and the cell pellet was resuspended in supplemented
keratinocyte growth medium (KGM; Clonetics).

Isolation of genomic DNA from blood specimens was performed
according to standard techniques (9). For extraction of DNA and RNA
from freshly obtained skin specimens (individual IV-1 in Figure 1A), we
used the PUREGENE DNA Purification Kit and PURESCRIPT Total
RNA Purification Kit (Gentra Systems) following the manufacturer’s
instructions. DNA and RNA from primary keratinocyte cell cultures
were isolated with the High Pure PCR Template Preparation Kit (Roche
Diagnostics) and the High Pure RNA Isolation Kit (Roche Diagnostics)
according to the manufacturer’s instructions.

Laser-assisted microdissection. Formalin-fixed tissue sections of 10 um
were placed on glass slides, deparaffinized, and stained with H&E.
Slides were covered with a 10% bovine albumin and 1% amylopectin
solution, which served as a liquid coverslip. Defined areas of affected
epidermis were excised by laser beam and subsequently laser-catapulted
into Eppendorf caps using the PALM Robot MicroBeam system (PALM
GmbH). Eppendorf caps contained 20 ul of ATL tissue lysis buffer
(QIAamp DNA Micro Kit; QIAGEN Inc.) with 2.5 mg/ml proteinase K.
Tissue digestion was carried out overnight at 37°C in 0.2-ml Eppendorf
tubes. Carrier RNA was added, and DNA extraction from this solution
was performed with the QIAamp DNA Micro Kit according to the manu-
facturer’s instructions. DNA was eluted from spin columns in 30 ul of
H,0. We used 6 ul of this solution for each PCR.

In order to semiquantitatively analyze the mutant-to-wild type ratio of
DNA obtained from microdissected tissue, we carried out PCR amplifica-
tion and restriction fragment analysis. A PCR fragment of 114 bps in size
containing the 3’ end of exon 22 and the adjacent intron encompassing the
splice donor site mutation was amplified with the primers 5'-6-FAM-CAG-
GTCTGCAATCGAAGAGG-3' (forward) and S'"-TTATCCAGAAGACCCAT-
GGTG-3' (reverse). PCR was performed in a total volume of 25 ul with 0.5 U
Taq polymerase AmpliTaq Gold (Roche Molecular Diagnostics) according to
the manufacturer’s recommendations. Amplification was started after Taq-
polymerase activation at 95°C for 8 minutes. The following thermal cycle
program was used: 45 cycles of 20 seconds at 56°C, 20 seconds at 72°C, 20
seconds at 94°C, and a final elongation step of 5 minutes at 72°C. We digest-
ed 10 ul of PCR product for 16 hours with 2.5 U of the restriction endonucle-
ase BsaAl (New England Biolabs). Wild-type DNA was cut into 2 fragments,
a 72-bp dye-labelled fragment and an unlabelled 42-bp fragment. The splice
site mutation 2146+1G—A abolishes this BsaAl restriction site. Fragment
length analysis and quantification of DNA fragments were performed on an
Volume 114
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ABI PRISM 310 Genetic Analyzer with GeneScan software and GeneScan-
350 ROX was used as a molecular size marker (Applied Biosystems Inc.).

Mutation detection. PCR was performed using DNA extracted from EDTA
blood, skin specimens, primary keratinocyte cultures, or keratinocytes
excised by laser-assisted microdissection. We amplified all coding exons
and the adjacent splice sites of the ATP2C1 gene with primer pairs located
in flanking intron regions (primer sequences and annealing conditions
available from the authors upon request).

PCR was carried out according to the following program: initial denatur-
ation at 95°C for 5 minutes; followed by 35 cycles of denaturation at 95°C
for 45 seconds, annealing at primer-specific temperatures for 1 minute, and
extension at 72°C for 1 minute and 15 seconds; followed by a final extension
at 72°C for 10 minutes in a Biometra TGradient thermal cycler (Whatman
Biometra GmbH). Each amplification reaction contained approximately 100
ng of genomic DNA, 50 ng/ul of each forward and reverse primer, and 32 ul of
Platinum Taq PCR Super Mix (Invitrogen Corp.), in a total volume of 35 ul.

For mutation detection, PCR products were analyzed by CSGE, as described
by Ganguly etal. (10). PCR products displaying a heteroduplex on CSGE anal-
ysis were initially purified with the High Pure PCR Product Purification Kit
(Roche Diagnostics). In a second step, PCR fragments were purified on Edge
Centriflex columns (Edge BioSystems) and sequenced directly with POP-6
polymer in an ABI Prism 310 Genetic Analyzer (Applied Biosystems Inc.).

To verify the splice site mutation in exon 22 identified in this study, we
used a combination of heteroduplex analysis and automated sequencing.
We studied 300 chromosomes for the presence of this mutation, none of
which showed the nucleotide deviation (data not shown), and thereby
excluded it as a common polymorphism.

Subcloning of RT-PCR fragments and quantitative RT-PCR. To study the func-
tional consequences of the splice site mutation in exon 22, we extracted
total RNA from clinically unaffected skin (heterozygous for the muta-
tion) and reverse transcribed it into cDNA using the GeneAmp Reverse
Transcription Kit (Applied Biosystems Inc.) according to the manufac-
turer’s instructions. Amplification of a cDNA fragment containing exons
20-24 of the ATP2C1 gene was performed following the aforementioned
PCR protocol with 4 ul of cDNA and primers RT-HH20-24F (5'-CGTCT-
GGGATTGTATTCCAAAAC-3") and RT-HH20-24R (5'-CATGTGAAGGT-
CATTGTTGTGTCTC-3') in a total volume of 100 ul. RT-PCR products
were subcloned into the pCR2.1TOPO vector provided with the TOPO TA
Cloning Kit (Invitrogen Corp.) according to the manufacturer’s instruc-
tions. Automated sequencing of the cloned wild-type and mutant cDNA
fragments was performed with primer RT-HH20-24F.

Haplotype analysis. To study LOH in keratinocytes originating from seg-
mentally involved skin regions of the index patient, we performed haplotype
analysis using microsatellite markers. Fluorescence-labeled forward prim-
ers were used for PCR amplification according to conditions outlined else-
where (http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi’db=unists). Frag-
ment length analysis was performed on an ABI PRISM 310 Genetic Analyzer
with GeneScan software (Applied Biosystems Inc.). At each marker typed,
the signal intensity of the respective haplotype-defining PCR product was
determined, and the signal of all other PCR products (i.e., stutter bands) was
excluded from further analysis. Haplotype-defining PCR products were ana-
lyzed for their length (bp) and relative signal intensity compared to the total
intensity of haplotype-defining PCR products (excluding stutter bands), as
determined by the GeneScan software, thereby normalizing for different
total fluorescence of individual PCR reactions. The smallest PCR product
detected was designated as haplotype 1, and all other haplotypes were desig-
nated according to the number of additional repeats.

Defining bands for each marker were determined and all other bands
(i.e., stutter bands) were excluded from further analysis. For microsatellite
bands, we documented the length of each band and the ratio of the area
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under the curve of a detected peak for a specific band to the sum of the
area under the curve for all defining bands (excluding stutter bands), as
determined by the GeneScan software, thereby normalizing for different
total fluorescence of each PCR reaction.

Two subsets of informative microsatellite markers were used (Figure 1). One set
flanked the ATP2CI gene on chromosome 3q21-q24 from centromere to telomere
in the following order: cen-D3S1589 (127.2)—D3S3606 (128.5)—D3S3607
(128.6)—ATP2C1 (132.0)—D351587 (132.1)—D3S3541 (133.0)—D351290 (134.3)-
tel (htep://www.ncbinlm.nih.gov/mapview/map_search.cgi). The other set of
markers was widely distributed over chromosome 3 and consisted of p-D3S1304
(6.9)—D3S1597 (9.4)—D3S1619 (33.9)-D3S1612 (34.4)—D3S3678 (43.2)—
D3S3532(57.3)—D3S1300 (60.3)—D3S3697 (66.2)—D3S3633 (81.8)—D3S3634
(95.3)-D351302 (109.8)-D351310 (116.1)—ATP2C1 (132.0)—D353684 (135.2)—
D3S3586 (140.3)—D353694 (143.5)—D3S3575 (160.6)—D3S3568 (165.8)-q, with
chromosomal locations shown in parentheses by distance from the p end of chro-
mosome 3 in Mb (http://www.ncbi.nlm.nih.gov/mapview/map_search.cgi).

Gene dosage measurements. To assess the gene dosage (the number of
ATP2C1 genes per diploid set of chromosomes), we determined the number
of ATP2CI gene copies in relation to a reference gene (FVIII) according to
methods established and reported previously (12, 13). Briefly, a real-time
PCR reaction using the conditions mentioned above was performed with
a primer set and a probe detecting both the wild-type and mutant alleles
of the ATP2CI gene (forward primer: 5'-GATCTTGGCTCACTGCAACCT-
3'; reverse primer: 5'-GGCTGAGGCAGGAGAATCG-3'; probe: 5'-FAM-
CCTCCCGGGTTTAA-MGB-3').

A similar assay was used for detection of FVIII located on the X chromo-
some (forward primer: S'-CTACCATCCAGGCTGAGGTTTATG-3'; reverse
primer: 5'-CACCAACAGCATGAAGACTGACA-3'; probe: 5'-VIC-ACAGT-
GGTCATTACACTTAAGAACATGGCTTCCC-TAMRA-3').

Both measurements were performed with an external standard con-
sisting of a dilution series of genomic DNA from an affected nonmosaic
female family member (individual III-4 in Figure 2A). Subsequently, the
ratio of ATP2CI to FVIII within the different samples was calculated. Tak-
ing into consideration the X-chromosomal location of the FVIII gene, this
ratio allows for estimation of the number of ATP2CI gene copies per dip-
loid genome in each analyzed sample. Thus, a ratio of 1 reflects the pres-
ence of 2 copies of the ATP2CI gene per diploid set of chromosomes, and
the gene dosage would therefore be 2.
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