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Darier's disease (DD) is an autosomal dominant skin disorder characterized clinically by multiple keratotic
papules, and histologically by focal loss of adhesion between epidermal cells (acantholysis) and by abnormal
keratinization. Variant forms of cutaneous phenotype, sometimes familial, have been described. Associated
neuropsychiatric features, including mental handicap, schizophrenia, bipolar disorder and epilepsy, have
also been reported. The cause of DD was shown recently to be mutation in the ATP2A2 gene at 12g24.1, which
encodes the sarco-endoplasmic reticulum calcium ATPase type 2 (SERCAZ2). Here, we show that while both
common isoforms of SERCAZ2 are expressed in the cytoplasm of cultured keratinocytes and fibroblasts, in
adult skin sections only the longer isoform, SERCA2b, was expressed abundantly in epidermal structures.
Extended mutation analysis in European DD patients using single-strand conformation polymorphism and/or
direct sequencing identified 40 different patient-specific mutations in 47 families. The majority (23/40) were
likely to result in nonsense-mediated RNA decay. The remaining 17 were missense mutations distributed
throughout the protein and were associated significantly with atypical clinical features. The clearest associa-
tion was with the familial haemorrhagic variant where all four families tested had a missense mutation. Three
of the families (one Scottish family and two unrelated Italian families) exhibited the same N767S substitution
in the M5 transmembrane domain, and a fourth family, from Sweden, had a C268F substitution in the M3 trans-
membrane domain. Neuropsychiatric features did not appear to be associated with a specific class of muta-
tion and may be an intrinsic, but inconsistent, effect of defective ATP2A2 expression.

INTRODUCTION presenting as teenage or adult onset of multiple focal keratotic

Darier's disease (DD, Darier—White disease, keratosis follicuSKin lesions. It has a worldwide distribution, with a prevalence

laris; MIM 124200) is an autosomal dominant disorder usually" the UK of between 1:35 000 and 1:50 000 (1,2). The typical
brown warty papules of DD are usually found in the ‘sebor-
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rheic’ areas of head, neck and upper chest, and there is oftergaent disruption of calcium signalling (20). In the epidermis,
history of photoaggravation. Histologically, these lesions showhe presumed result is loss of cellular adhesion, proliferation
suprabasal acantholysis of the epidermis, with overlying dysand disordered keratinization. The control of cytoplasmic cal-
keratotic cells, so-called corps ronds and grains. Other epitheium signalling is complex (23) and the sequence and details of
lial features of DD include focal palmar pits and keratoses, lineathis pathogenic mechanism remain to be elucidated. Even so,
nail lesions with distal notching, and multiple plane keratoses athe above model does not explain adequately certain disease
the dorsa of the hands (acrokeratosis verruciformis). Mucosae cégatures. In particular, if clinical variants are allelic with the
be involved; narrowed salivary ducts may lead to obstructive sieclassical disease, certain mutations must have effects addi-
ladenitis, and corneal lesions are also recognized. tional to those arising from haploinsufficiency alone.

The cutaneous manifestations vary considerably in severity In the present study, we show that the SERCA2b isoform is
even within families, and the diagnosis may be overlooked (2khe one which is expressed predominantly in skin. Our muta-
Several variants in the presentation of cutaneous lesions hatienal analyses in a large collection of European Darier pedi-
also been described (1). The most severe of these are bulloggees reveal that clinical variant forms of DD are allelic to
erosive or vegetating forms of disease, in particular in flexuresglassical DD, and that cutaneous variants, most significantly
or confluent cornifying disease of the lower legs (3). Lesshe familial acral haemorrhagic variant, are particularly associ-
severe lesions seen in other cases include hypopigmented maged with missense mutations. In contrast, neuropsychiatric
ules in pigmented skin. In some cases, acantholytic histologfeatures did not appear to be associated with a specific muta-
has been found in acneiform comedones and epidermoid cyst$on class.

A familial haemorrhagic variant is also evident in which red/

black macular and bullous lesions are found in acral sites

especially on the hands, although typical keratoses may HRESULTS

present elsewhere (4,5). o ) )
There are no consistent extra-epithelial manifestations okTP2A2expression in the epidermis

DD. An immunological defect has been debated, and in isohe finding of ATP2A2mutations in DD by Sakuntabhat al.
lated instances oth_er associations have been reported. Hom) suggested a role for this gene in the epidermis. Several
ever, beginning with early reports (6,7), the frequent COgypression surveys GRTP2A2or vertebrate homologues have
existence of neuropsychiatric disorder in DD has been nOte%een carried out, but expression in skin has not been investi-
including mental handicap, schizophrenia and bipolar disordegaeq we used antibodies specific for the two major isoforms
or epilepsy. The majority of patients have no such problemsys ihe protein (24,25) to track expression in skin sections and
but several reports have documented the familial OCCUrrence §f cyltured keratinocytes and fibroblasts (see Materials and
neuropsychiatric features (1,8-10). A survey of 37 patienty;eihods). With an antibody specific for the longer isoform

from Denmark reported that seven were mentally subnormal ggeRrcA2b), adult skin sections showed clear immunopositiv-
deranged’, and nine others ‘destitutes’ (11). Ascertainmenty i epidermal structures including interfollicular epidermis,

bias may have played a role in these findings as severgfj,sepaceous units and sweat glands (Fig. 1d). Little staining
patients were in institutional care. In a British survey, 5% of

was observed, however, in the dermis. In contrast, the signal in

16.3 patients were mentally reta_rded, an(_j a simil_ar proportiody, it skin sections for the shorter isoform (SERCAZ2a) was
epileptic (1). Less easy to quantify is the impression, commORigicit to distinguish from background (Fig. 1a) and,

amongst dermatologists, that milder degrees of learming [though low level expression cannot be excluded, positive

g?avi%urﬁl przoblems al;e over-r?preshented In _pﬁ_tlentfs W'II aining of pilar muscle provided a good internal control (data
 and that there may be several such cases within a family, , shown) and strong staining was produced in normal adult
Such families usually have poor social circumstances, and it iSa a1t sections (Fig. 1b) whereas, as expected, no signal was

difficult to distinguish the contribution of other factors to the j.iacted using the SERCA2b-specific antibody (Fig. 1e). Both
severity O.f disease. Spmal isolation due.to Severe, often rnal%’ultured keratinocytes and fibroblasts did, however, show clear
;jorou(si,)d|sease may in turn play a role in psychological prObétaining for both antibodies (Fig. 1¢c and 1f, and data not
ems (1).

. . ._shown). In both skin and cultured cells, signal was confined to
A pathogenetic defect of epidermal cell structure or adhesiog, ¢ ¢ 1opjasm in a pattern compatible with the putative role of
has been proposed, in particular as the acantholytic cells shay,ga gene products
anomalous distribution of desmosomal components (12). The '
DD gene was mapped to 12¢24.1 (13-19) but no convincing . e mutation analyses of theTP2A2gene in DD
candidate gene was evident. Recently, a consortium of Britis atients
groups reported causative mutations in a gene at this locus,
ATP2A2 which encodes the sarco/endoplasmic reticulum calPatient-specific mutations in five pedigrees from our group
cium ATPase type 2 (SERCAZ2) (20). This enzyme is one of avere included in the consortium report of Sakuntaletaél.
family of membrane ATPases which pump calcium from the(20). To obtain a firmer grounding for possible genotype—
cytoplasm into reservoirs in the endoplasmic reticulum (21)phenotype correlations, we conducted standard single-strand
Two isoforms exist, SERCA2a and SERCA2b, which differconformation polymorphism (SSCP) and heteroduplex analy-
only in the C-terminal domains (22), but isoform specificity of ses on patients drawn from >100 families from the UK and
SERCA2 expression in skin has not been established. continental Europe. Patient-specific mutations were identified

Mutations in ATP2A2 have been suggested to cause DDin a total of 47 families (TabEll).AtotaI of 40 different muta-

through haploinsufficiency, resulting in impaired uptake oftions were found, comprising 13 short intragenic deletions/
cytosolic calcium into the endoplasmic reticulum, and conseinsertions (11 of which were frameshifting), seven splice site
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Figure 1. Immunocytochemical analysis &fTP2A2expression in adult skin and heart sections and in cultured keratinocyte and fibroblast cells. (a—c) Expression
detected using an antibody specific for the SERCA2a isofornajraf adult skin sectionb] an adult heart section and)(cultured fibroblasts. In each case,
staining was with DAB. (&) Expression detected using an antibody specific for the SERCA2b isoford) @n(adult skin section, staining with DABg)(an

adult heart section, staining with DAB, arfig ¢ultured keratinocytes, staining with nick€AB and nuclear counterstaining using methyl green.

mutations, three nonsense mutations and 17 missense mutaln cases in whom unusual cutaneous manifestations were
tions. The latter were found to be distributed throughout theresent, only missense mutations were found. In two such ped-
protein molecule (Fig. 2). igrees, the consistency of the phenotype could not be estab-
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Table 1. ATP2A2mutations in 47 pedigrees of Darier’s disease

Origin-ID  Site Mutation Amino acid Protein effect, or domain Cases Exceptional or associated features
Deletion/insertion
UK-Q Exon 2 119-120 del Frameshift 2
UK-A392 Exon 5 433-434 del Frameshift 1
NL-C23 Exon 7 579-590 del Aaa 194-19P-strand 2
NL-C33 Exon 8 1070-1082 del Frameshift 1
UK-B39 Exon 9 1113-1114 del Frameshift 1 Not known
UK-B42 Exon 10 1220-1221 del Frameshift 1
UK-Bm Exon 14 2017 del Frameshift 2
CH-B27 Exon 15 2264-2266 del AN755 S5-M5 2
UK-B28 Exon 15 2264-2266 del AN755 S5-M5 1
UK-B2 Exon 19 2843-2844 del Frameshift 1 Retarded and schizophrenic
NL-C32 Exon 19 2779 del Frameshift 3
UK-Gw Exon 13 1678-1679 ins CGAT Frameshift 2
UK-B34 Exon 18 2615-2616 ins CATTT Frameshift 1
UK-R Exon 18 2678ins C Frameshift 5 Two with learning difficulties
Splice sites
UK-B Exon 4 324G-C Deletion exon 4 14
UK-v?@ Intron 6 IVS6+1G- A Splice donor site 1
UK-Cx2 Intron 6 IVS6+1G- A Splice donor site 1
NL-C26 Intron 7 IVS7+1G-C Splice donor site 1
UK-Br Intron 13 IV13+1G- A Deletion exon 13 8 One retarded, one tetralogy of Fallot
UK-B10 Exon 14 2098 G:A M699I or splice donor 1
mutation
UK-Sh Intron 17 IV17+1G> A Splice donor site 7
UK-B23 Intron 19 IV19+2T- A Splice donor site 1 Nonsense
NL-C30 Exon 8 1092 G.A C364X
UK-B3 Exon 14 2029C. T R677X 1
S-C12 Exon 14 2029CT R677X 1
UK-P Exon 16 2368C.T Q790X 12 Multiple neuropsychiatric features; see text
Missense
UK-S Exon 1 1A-G M1V Start codon 4 One case very severe; two flexural
UK-B112 Exon 1 68 G-A G23E N-terminal 1 Less academic achievement than unaffected identical twin
UK-Pa Exon 3 294 T.C L65S M1 2 Mother confluent erosive lesions on lower legs and scarring acne; affected
daughter had fits; see Figure 3c
UK-Py Exon 8 632 G-A G211D B-strand 2 Confluent cornifying lesions on legs and arms in one adult; see Figure 3b
0-C7 Exon 8 667 G A V223M B-strand
S-Sw Exon 8 803G T C268F M3 3 Haemorrhagic
NL-C24 Exon 8 1043 C 1348T Phosphorylation 1
H-Vi Exon 12 1484 C-T S495F Phosphorylation 9 See ref. 43
UK-W Exon 14 2024 T-C F675S Nucleotide binding 11 Multiple neuropsychiatric features; see text
UK-Dn Exon 14 2047 A-G K683E Hinge 2 One has been depressed. A family member committed suicide
UK-Bm2 Exon 14 2047 A-G K683E Hinge 3
UK-O Exon 15 2300 A-G N767S M5 2 Haemorrhagic; see Figure 3d
I-11 Exon 15 2300A-G N767S M5 3 Haemorrhagic
1-12 Exon 15 2300 A-G N767S M5 2 Haemorrhagic; see ref. 44
UK-X Exon 15 2305G-C G769R M5 4
UK-F Exon 16 2512G.C A838P M7 16 One case has petit mal epilepsy
UK-G Exon 16 2512G.C A838P M7 6 In one case severe infected lesions on lower leg led to amputation
UK-C6 Exon 17 2527GT V843F M7 1 Depression
CH-B20 Exon 18 2623 TG C875G M7-M8 2 Retinitis pigmentosa in affected brothers. See ref. 41
NL-C29 Exon 19 2828C.G H943R M9 1 Learning difficulties
UK-K Exon 20 2924 C-.G P975R M10 2 Myopathy during etretinate treatment

aPreviously reported mutations (20).

lished as in each only a mother and young daughter were livingatter patient also had cystic acneiform lesions with unusual

and affected. In one of these, a woman had cornifying diseaseeply pitted scars. Her late mother was reported by a derma-
of the arms and lower legs (family UK-Py; Fig. 3b), and in thetologist to have had very severe DD (severe disease is more
other more erosive lesions (UK-Pa; Fig. 3c) were present. Theommon in men). In a third variant family (UK-S), a mother
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Phosphorylation present study, the patients in whom mutations were identified
(Table| 1)) included two sporadic cases with notably low intelli-
gence'ar schizophrenia and members of four pedigrees where

Nucleotide-binding

/, & hinge one or more family members have had retardation, learning or
p-stran behavioural difficulties, or a history of fits. In two of the fami-
‘t lies, UK-P and UK-W, definable neuropsychiatric features

were particularly common, but there was no consistent pattern
in affected family members. Of 12 living cases in UK-P, one is
schizophrenic with epilepsy and has a son with behavioural
and learning difficulties and a sister with severe retardation
AR and fits since birth, ascribed to birth injury, and a fourth
LY affected member had childhood epilepsy and learning difficul-
ties. Of 11 cases in UK-W, one is severely retarded with fits,
two uncles had learning difficulties, one with fits, and a cousin
Ca? binding has epilepsy alone. Some such associations may be coinciden-
tal; in another family (UK-Bm), several members had had clin-

Figure 2. Location of missense mutations throughout the hurAdiP2A2 ical depression, but at least one family member with bipolar

encoded polypeptide. The predicted secondary structure includes three glob%S . .
lar cytoplasmic domains separated by a stalk sector from the transmembrafésOrder (but no evidence for cutaneous symptoms) did not

part of the molecule. The cytoplasmic domains contafiasarand, a phospor- have the pathogenic mutation (data not shown). Unlike cutane-
ylation domain and an ATP-binding domain. A hinge region links the ATP- gus variants, which were associated only with missense muta-
binding domain to the transmembrane region which includes 10 transmenig pedigrees where neuropsychiatric features were present

brane coiled-coil helices, of which four contain Gainding sites (M4, M5, h dall cl f . Table 1
M6 and M8) (21). The missense mutations identified in DD patients (see alsghowed all classes o0 mutation ( aﬁe )

TabI are represented by filled circles, except for those associated with the

haemorrhagic variant (which are represented by striped circles). S1-S5 refer |SCUSSION

stalk sectors and M1-M10 refer to transmembrane helices 1-10. Adapted from

ref. 21. SERCAZ2 is a member of a family of structurally relatectCa
ATPases, each of which has a distinct developmentally regu-

and adult daughter both had moderate flgxural lesions, but.t laﬁgt%nndstiﬁ?ﬁg Sgre]glfe'% (I:D(?(;E%nsoéIg)c(:rjbr\:eLS(?(l)%nn((jzii)i‘aRs?(t:v?/iS{iere

daL_Jghter also .had extensive truncal lesions and deep pitt uscle) cause some cases of the inherited myopathy Brody

facial scars which she blamed on sunbed use. Her teenage s Sease (27) and, in mice, mutations in the gene encoding

had more typical early features of DD. All affected members OlsERCA3 cause t’he deaﬁ/\;addler phenotype (28). SERCA2

this family were, however, found to have an M1V substitutionencooled by th&\TP2A2gene, has two protein isofo.rms with ’

which could possibly have a rather mild effect on normal func— i acids 1-993 in comm(;n but differing at the C-terminus.

. &he SERCA2a isoform has an extra four amino acids and pre-

tion located elsewhere cannot be excluded. _ dominates in cardiac and slow-twitch skeletal muscle; the

The acral haemorrhagic phenotype (Fig. 3d) is expresse§ERCA2b isoform, expressed in smooth muscle and non-
consistently by all affected members within families, includingmyscle tissues, has a different 49 amino acid C-terminal
the four families studied here. Missense mutations were identbeptide containing a hydrophobic sequence that may form an
fied in all four of these pedigrees. In one family from Scotlandg|eyenth transmembrane domain (21,29,30). SERCA2b has a
(UK-O) and two unrelated families from different regions in higher C&* affinity but lower turnover than SERCA2a (21,31).
ltaly (I-11 and I-12), affected individuals had an identical muta- |n the current study, we found that the SERCA2b isoform was
tion, predicting an N767S substitution in the fifth transmem-readily detectable in various epidermal structures, but not in
brane domain (Fig. 2). Marker analysis using microsatellites ifhe dermis of adult skin. Equivalent analyses with SERCA2a-
the immediate vicinity ofATP2A2showed that the disease specific antibodies failed to identify significant expression.
haplotype in the Scottish family was quite unrelated to thaHowever, both forms were identified in cultured keratinocytes
found in the two lItalian families which also had different and fibroblasts, suggesting that conditions in culture are not
disease haplotypes (data not shown). In the fourth such famililly representative of thén vivo state. In all cases, positive
(S-Sw from Sweden), affected individuals had a C268F substaining was limited to the cytoplasm, consistent with the
stitution in the third transmembrane domain. known function of SERCA2.

The assessment of neuropsychiatric features in DD remainsData from our extended mutation analyses of AlP2A2
problematic. Despite a widespread view amongst cliniciangene are consistent with the single locus for DD suggested by
who study the disorder that a neuropsychiatric component ignkage analyses (13-19). Given that the gene is large, with 21
common, it is hard to confirm that mild defects are due to thecoding exons, it is possible that the patients in whom no
disease without careful psychometric testing, controlled byATP2A2mutation was identified have larger scale mutations
studying unaffected siblings. In this context, it is noteworthyremoving whole exons at a time, which would not be detected
that a sporadic case with DD (UK-B11) who left school agedoy our screening strategy. Although SERCA2b is expressed
15 without academic qualifications has a genetically identicapreferentially in epidermis, all the mutations identified would
but unaffected twin brother who does not have the pathogenioe predicted ;Efffed both isoforms. Many of the mutations

I

Cytoplasm C terminus

ER Membrane

ER Lumen

mutation and who completed secondary education andghown in Tab can be expected to result in loss of function
achieved a senior position in his chosen profession (20). In thiey introducin premature termination codon: the four non-
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Figure 3. Classical and unusual forms of DDa)(Classical Darier’s skin lesions, brown warty papuldy. Confluent hyperkeratotic lesions of the lower legs
(family UK-Py). (c) More erosive lesions of the lower legs (family UK-Pa]) The acral haemorrhagic variant: on palms and dorsal fingers, haemorrhage into
acantholytic vesicles gives rise to black macules (family UK-O).

sense mutations, the frameshifting insertions/deletions anplthogenesis for DD in which haploinsufficiency results in
many of the splice site mutations. In probably all such casegbnormal responses, but where pathological effects are pro-
MRNA will be degraded rapidly by the nonsense-mediatediuced only under conditions of stress, e.g. UVB irradiation. It
RNA decay pathway, and no polypeptide synthesized (32)s uncertain whether acantholysis is a cause or consequence of
These mutations are therefore consistent with a model dhe disordered keratinization, but it is well recognized that cal-
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cium homeostasis is critical for proper desmosome assembly The nature of the association of neuropsychiatric disorders
(33,34), and thapsigargin, an inhibitor of SERCA2, impairswith DD remains elusive. Mental handicap, sociopathic behav-
cell adhesion in the Madin—Darby canine kidney cell modeiour, schizophrenia and bipolar disorder have all been reported.
(35,36). The known functions of SERCA2 would also predictA role for SERCAZ2 in neurological development or function
an effect on cardiac muscle, and indeed mice hemizygous forramains highly plausible, since the gene is widely expressed in
null mutation inATP2A2exhibitimpaired cardiac performance brain (43). In order to address this issue within our study pop-
(37). The absence of a reported cutaneous phenotype in thegiation, we focused on a few pedigrees with the clearest evi-
mice may reflect the late onset of DD, or the need for addidence of concomitant neuropsychiatric disorder. Even so, we
tional stresses to precipitate skin disease. Conversely, therehigve found that these are associated with different mutation
no clinical evidence of cardiac insufficiency in human DD, soclasses. A sporadic case with schizophrenia (UK-B2) and other
compensatory or alternative mechanisms may exist in man. individuals with learning difficulties or neuropsychiatric fea-
In the present study, we found that 17 of the 40 mutationéures in families UK-R, UK-Br and also in UK-P had muta-
reported, or 42.5% of the total, were missense mutationdions expected to cause nonsense-mediated mRNA decay,
which is in close agreement with the 38% figure reported foivhile others, as in UK-W, had missense mutations. This find-
missense mutations in an independent study of 19 families arig implies that any predisposition to neuropsychiatric disorder
six sporadic patients (38). In contrast to chain-terminating? DD is an inconsistent consequence of defectieP2A2
mutations, mutant proteins encoded by missense mutatioXPression which is not mutation specific, and depends on con-
potentially may further disrupt membrane localization or func-comitant genetic and environmental factors.
tion of SERCAZ2. In vitro site-specific mutagenesis of
SERCAZ2a disrupts sites of calcium binding (21), regulation by\1ATERIALS AND METHODS
phospholamban (39) or phosphorylation (40). Although the
effects of the exact mutations reported here are uncertain, sup- ;
stitutions at 1348, K683, N767, G769 and C875 (but not czes)an“”OCymChem'S”y
partially or completely abrogate SERCA2a activity (D.H.Normal adult skin samples were fixed in formalin and paraffin
MacLennan, personal communication). In particular, the nonembedded. Primary cultures of neonatal keratinocytes and
conservative substitution K683E, at a residue which is highlyiibroblasts were grown as monolayer cultures in KGM and
conserved across the superfamily of membrane ATPases, BMEM, and cells fixed in acetone. Paraffin sections were
predicted to disrupt formation of a phosphorylated intermedidewaxed by heating at 8G for 10 min and treated with Histo-
ate with ATP or inorganic phosphate (41). clear (National Diagnostics). Sections were rehydrated through
Tabéﬁ shows that missense mutations make a dispropoqiecreasing concentratipns of ethanol f'ind rinsed in water _and
tionate éentribution to DD pedigrees in whom unusual clinicalPhosphate-buffered saline (PBS). Sections were permeabilized
features have been noted. Severe disease with cornifyirlj PBS containing 0.2% Triton X-100 for 15 min as described
lesions (as in UK-Py), and more erosive lesions in UK-Pa an@reviously (44). Non-specific binding sites were blocked with
UK-S, are recognized variant presentations. Although not afformal goat serum (1:60) for 20 min. After removal of excess
family members were severely affected, the associated mi$Erum, sections were incubated for 60 min with primary anti-
sense mutations in these families (respectively G211D ifithe P0dy diluted 1:500 or 1:1000 in PBS/0.1% bovine serum albu-
strand, L65S in the first transmembrane domain and M1V ifMin. Polyclonal antibodies to SERCA2a and SERCA2b were a
the N-terminal domain; Fig. 2) may be a predisposing facto@ift from Dr F. Wuytack and were reported previously (24,25).
for developing such unusual features. A missense mutatiofrollowing three washes in PBS, the secondary biotinylated
C875G, was also found in two Swiss brothers (CH-B20) withdoat anti-rabbit antibody (1:100) was applied for 30 min. After
DD and retinitis pigmentosa (42), but this unique association i§ further three washes in PBS, the biotin-avidin-peroxidase

most likely to be due to the chance co-existence of a secorfMPIex (Vectastain ABC kit; Vector Laboratories) was
mutation at another locus. applied for 30 min. After three washes in PBS, sections were

The most consistent familial variant is the one with acralVlsuallzed using 0.05% DAB (3'3-diaminobenzidine) and

haemorrhagic lesions, and this is the one where we have de .01% hydrogen peroxide_ (44). The cultured keratinocyte Sec-
onstrated the clearest association between missense mutat({S'> wire vl\;ashed or;]ce in 0.1 M (zjicetat_e buffer pH i'? addi-
and atypical phenotype. In the four families studied, all 'Oln tot 66?) O\ﬁ washes, pI’IOI’_ti letelclztmn %S(')ré%/ngAeB_[;AsB
affected members had haemorrhagic lesions, and in all thesQ ution ( ‘MM ammonium nickel sulfate, 0.05% r
MM ammonium chloride, 0.298-D-glucose, 1 U/ml glucose

families we were able to identify patient-specific mlssenseoxidase) made up in 0.1 M acetate buffer pH 6, and nuclei

mutations. Three families had an identical N767S mUtatlorEzounterstained with 1% methyl green for 1-2 min. All sections

fcaéea?t(')nhg\]lz ;fitshe:%résemgrdtggtﬁ'e l;jeoinmag]s’sggi;tr:éjﬁittlr?r:j /ere dehydrated in acetone and histoclear before mounting.
PP X Y, 9 mission of the primary antibody was used as a control, and

ferent marker haplotypes in geographically distant popuIationEoform specificity of the antibodies was shown by control

(from Scotland and two regions of Italy). The fourth, Swedish,_,_. . - ‘o
family had a C268F substitution located in the neighbouringssﬁgg?k? pﬁ;rarﬂ3lstcgei?1rgkrirr11ussg(l:%0?]r;d by immunostaining. of

third transmembrane domain. These findings are particularly
intriguing, since they imply that certain mutations may be spex, _... .
cifically disruptive to SERCAZ2 function, perhaps in vascularPat'emS and families

endothelium cells as well as in keratinocytes, or that the mutarRatients with generalized forms of DD mostly were referred by
protein has a secondary effect in these sites. dermatologists in the UK and The Netherlands (NL), but a
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Table 2. Genomic primers for mutation analysis

Exon Forward primer sequence Reverse primer sequence Tempef&re (
12 GGAGTGCGAGGCGGAGGCGAGGAG GGTGGAGCCCGGTCAGCCATCTTC 67
2 CCCTCTTGACACATTGCTTGAC ACATGCTGCCAGTAATAAAATCCT 60
3 TCCTCTGTTGGTGTGCTGAT AATATGTTTTCACCCAATGGAC 50
4 ACCATGCTCGGCCAGTGCTA TCAGGAAAAACAGATAACAGAAAG 55
5 TCAGGCAGGTCTTTACTACTCTTC AAAAGGACTACATTCAGAAA 51
6 ACATAGTTTTAAAAGTTGCTCATT GGGATACCATAAAGGGACAG 58

7 CTTGGTGTGGGTCGCAGAGAT CAGTGATGGTTGGCAGTGAAAAA 58
8a GTCGGTATTTAAGTTGGGATGTGG GCAATGCAAATAAGGGAGATGAC 58
8b AACTAGATGAATTTGGGGAACAGC GGGAGGCTTCGAACAATGG 58
8c AGTGGCCCTGGCTGTAGCA AACAAAGAACCACGACACGGAATA 58
9 AATCCCTTTTAAATACTCTG GACATGCTGCAAATCAATACAAA 56
10 GGCGACCATACCCTGCTCTAA TCCACCCACCCCACCCTTGAA 58
11 TTATCTGTGTACTTCTCCCTTTTT TGATAAGCAGCATGAACAATAAAC 51
12 AATTGCCACCCAGTAGTATCCATA TTAACCCTGGCAAGAACATC 60
13a AAGATCCCGGTGAACCAATAAAAC GGCCAGGCATCGCAGTGT 60
13b TGTCATTCGAGAGTGGGGTAGTGG  AATGAATCGTGCAGGGTGTGGAC 60
1l4a ACTAGAACTTGCCACTTTTATTTA GCGTTCAGGCAGGCGTCTCG 58
14b TCTTCGGGCAGGATGAG AGAGGCTACTATGTGCTTGTGT 58
15 AGTGGGCTTTTGCCTAGGGGTATG  TAAAGGCGTACAGTAAGTGATGCT 57
16 AAATAGTGGCCAGAAGTCAT ATACGGGGATAGAAGAAAAA 55
17 GCATCAGCATCACTGTGTTTGTTC CTTAAGATGATTTGATAGATACC 55
18 CTGGGCTGATAGGAATTTGATTGG CTCAGCCTGCCGTGAAGGTG 58
19 AGGGTCTTACTGCCACTGT AGCCCCACCCAACCACTT 62
20a GGAGGCTGGAGGCGTGACAC AGGGGCATTATGAGCAGCACAAA 55
20b SERCA2b  GCCCGCAACTACCTGGAACC TTGATTAAGTTAAACATCTTCTTT 56
21 SERCA2a CTTTTCATCTGTCGCTGTT AAGTGAGTTGGGAAGTTTTT 49

2Requires addition of 2 M betaine.
Larger exons were amplied using overlapping primer pairs, indicated by a, b, or c.

Italy (1), Hungary (H) and Austria (O). The diagnosis was con-genomic DNA (Table 2). PCRs were carried out using standard
firmed by a participating dermatologist (C.S.M., E.H., H.L., reaction mixes contairing 1.5 mM magnesium chloride, except
P.M.S.,D.H.,P.I,AV.,, T.G., C.M.,R.R. or G.N.) on the basisfor the PCR to amplify exon 1 which was supplemented with
of clinical examination and was supported by histological2 M betaine. After an initial denaturation step at°@4for
examination of a skin biopsy in at least one member of each min, we carried out 35 cycles of amplification consisting of
family. Diagnostic features included keratotic papules 0830-60 s at 92C, 30-60 s at the optimally determined anneal-
plagues on the trunk, typical nail dystrophy and/or palmar pitsng temperature (51-68T) and 30-60 s at 7Z. PCR products
(2). Clinical features in UK families B, F and G were reportedwere screened for mutations by either SSCP or direct sequen-
by Munro (2); references to other published cases (42,45,46Yng. SSCP gels consisted ok MDE solution (FMC), 5%
are shown in Taljle 1. In the majority of families, including all 9lycerol and 0.8 TBE buffer, and were run at 300 V over-
of those from the UK, The Netherlands and Hungary, all availNight. Following electrophoresis, gels were fixed in ethanol/
able family members were ascertained to establish undia@cet'c acid and stained with silver nitrate, using standard
nosed disease, consistency of phenotype and the presence#thods. _ _ -
additional features. In other cases, information regarding vari- PCR fragments showing apparently patient-specific aberrant
ant clinical phenotype was sought from referring clinicians.Migration patterns or extra bands were validated by confirming
Family UK-B11 comprises identical twins, only one of whom their absence from 140 control chromosomes. The only non-
is affected with DD. The study was approved by the locaP@thogenic polymorphism detected in this study was a silent G
Ethics Committee. Blood samples and skin biopsies werf® A substitution at the third base position of the codon GCG
obtained after patients had given informed consent. which specifies alanine at position 724. Patient-specific PCR
products were sequenced in forward and reverse orientations.
PCR (or RT-PCR) products which showed a single band on
2% agarose gel were purified directly using a Qiaquick PCR
Genomic DNA was extracted from peripheral blood leucocytegurification kit (Qiagen). PCR or RT-PCR products which
using standard procedures. Primers were designed to amplifhowed more than one band were run in low melting point

minority were referred from Switzerland (CH), Sweden (S),all 21 coding exonEEand flanking intronic splice sites from

Mutation analysis
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agarose gel. The bands were separated and gel purified using@ lkeda, S., Haake, W.A., Ewing, N., Polakowska, R., Sarret, Y., Trattner,
Qiaex gel purification kit (Qiagen). The purified products were
sequenced using the ABI Prism AmpliTag-reaction dye termi-

nator cycle sequencing kit (PE Applied Biosystems) and an;

Applied Biosystems model 373A automated sequencer or a

Thermosequenas&P]ddNTP terminator cycle sequencing kit 18.

(Amersham) according to the manufacturer’s instructions.

PCR products which showed ‘superimposed’ sequences we

subcloned into pGEM-T vector (Promega) or the TA subclon-
ing kit (Invitrogen), and mutiple subclones were sequenced.

20.
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