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Summary

Keratolytic winter erythema (KWE), also known as “Oudts-
hoorn skin disease,” or “erythrokeratolysis hiemalis,” is an
autosomal dominant skin disorder of unknown etiology
characterized by a cyclical erythema, hyperkeratosis, and
recurrent and intermittent peeling of the palms and soles,
particularly during winter. Initially KWE was believed to
be unique to South Africa, but recently a large pedigree of
German origin has been identified. The disorder occurs with
a prevalence of 1/7,000 in the South African Afrikaans-
speaking Caucasoid population, and this high frequency
has been attributed to founder effect. After a number of
candidate regions were excluded from linkage to KWE in
both the German family and several South African families,
a genomewide analysis was embarked on. Linkage to the
microsatellite marker D8S550 on chromosome 8p22-p23
was initially observed, with a maximum LOD score (Z..)
of 9.2 at a maximum recombination fraction (0,,,,) of .0
in the German family. Linkage was also demonstrated in
five of the larger South African families, with Z,,, = 7.4
at 0,,,., = .02. When haplotypes were constructed, 11 of 14
South African KWE families had the complete “ancestral”
haplotype, and 3 demonstrated conservation of parts of this
haplotype, supporting the hypothesis of founder effect. The
chromosome segregating with the disease in the German
family demonstrated a different haplotype, suggesting that
these chromosomes do not have a common origin. Recom-
bination events place the KWE gene in a 6-cM interval
between D8S550 and D8S552. If it is assumed that there
was a single South African founder, a proposed ancestral
recombinant suggests that the gene is most likely in a 1-cM
interval between D8S550 and D8S265.
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Introduction

Keratolytic winter erythema (KWE) (McKusick [1994]
number MIM 148370) is an autosomal dominant disor-
der of epidermal keratinization, first described in South
Africa by Findlay et al. (1977). It is also known as
“Oudtshoorn skin disease,” in reference to the place
most frequently mentioned as the ancestral home of fam-
ilies with members affected with this skin disorder in
South Africa. It was initially thought to be unique to
South Africa, but other cases recently have been de-
scribed in Germany. Many members of a large German
family described here are similarly affected, whereas an-
other case describes an apparently spontaneous form
of KWE in a 4-year-old female child with unusually
extensive involvement of the trunk (Krahl et al. 1994).

Clinically KWE is characterized by recurring cycles
during which there is an initial erythema (redness) in-
volving the entire palmar and plantar surfaces, followed
by a thickening of the keratin layer and by the formation
of superficial dry blisters that form the focus from which
centrifugal peeling develops. This peeling occurs at mul-
tiple sites on the palms and soles, proceeding centrifu-
gally, and becomes arrested at major skin creases, where
slight hyperkeratosis persists for several weeks (Hull
1986). A striking feature of this disorder is the onset
and recurrence of the phenotype during cold weather
(Findlay et al. 1977; Hull 1986). The KWE phenotype
displays clinical variability that is generally related to
the age at onset. Individuals who are more severely af-
fected tend to have an onset early in infancy, whereas
milder cases develop later. The majority of cases mani-
fest within the first 5 years of life (Hull 1986). In general,
the lesions are more severe during the winter months
and improve or even disappear during summer (Hull
1986). In the worst cases, symptoms appear during in-
fancy and persist all year round, with extensive and
often complicated lesions (Findlay et al. 1977). In these
cases annular or rosettelike lesions may be present, oc-
curring particularly on the edges of the soles and ex-
tending onto the dorsa of the feet. The lower legs and
knees are commonly involved, whereas extension to the
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thighs and buttocks occurs less commonly (Hull 1986).
The dorsa of the hands are similarly involved, and
spread to the forearms is not common. Although lesions
may occur on the trunk, they are extremely rare and, if
present, have not been extensive (Findlay et al. 1977).
The disorder is also associated with a palmoplantar
sweat that occurs primarily during winter (Findlay et al.
1977; Hull 1986) but that may also be a problem during
summer (Hull 1986). A comprehensive histological de-
scription based on South African patients was published
by Findlay and Morrison (1978).

The prevalence of KWE in South Africa was estimated
at ~1/7,000 in the Afrikaans-speaking Caucasoid popu-
lation (Hull 1986). Genetic drift by founder effect was
suggested as the cause of the high frequency of KWE in
the Afrikaans-speaking Caucasoid population (Findlay
et al. 1977; Hull 1986). There is strong evidence for the
occurrence of founder effect in this population, with
high frequencies of a number of other genetic disorders,
including porphyria variegata (Dean 1971), lipoid pro-
teinosis (Heyl 1970), and familial hypercholesterolemia
(Jenkins et al. 1980), to name a few. An earlier extensive
genealogical study showed that all KWE families could
be integrated into a single unifying pedigree descending
from single founder during the 18th century (Hull
1986).

In order to identify the underlying gene, we have in-
vestigated several KWE families from Germany and
South Africa, for linkage. After excluding several candi-
date regions, we analyzed microsatellites distributed
throughout the genome, using the Max-Delbriick Center
(MDC) microsatellite mapping set (M. Jung, unpub-
lished data). Linkage to KWE was identified on chromo-
some 8p in the extended family of German origin and
in five of the larger South African families. The construc-
tion of haplotypes from these data was used to investi-
gate the founder-effect hypothesis within the South Afri-
can families and to test the possibility of a common
disease origin, as well as to obtain a more precise map-
ping of the gene.

Subjects, Material, and Methods

Subjects

Patients were identified according to published criteria
(Findlay et al. 1977; Hull 1986) and showed consider-
able variation in severity. In Germany, an extended
KWE pedigree from a remote part of Hesse in central
Germany was collected. In the six-generation family, 8
affected individuals are deceased, but 20 patients and 14
unaffected family members were investigated. In South
Africa, 14 families, varying considerably in size, were
used in the present study. Results were obtained for 130
individuals, 70 of whom were affected. The families used

in this study are referred to by their laboratory numbers
(11, 17, 19, 24, 26, 28, 32, 35-37, 39, 41, 44, and

371

45). After informed consent was obtained, DNA was
extracted from peripheral blood tissue. LOD scores were
determined separately in the German and South African
KWE families.

Skin Biopsies

Skin biopsies were obtained from the palms of two
of the German patients. The histological features noted
included an acanthotic epidermis that showed hypergra-
nulosis and orthokeratosis. Focal areas of mild spon-
giosis with exocytosis of lymphocytes were present. The
epidermis showed necrotic keratinocytes and mitoses. A
moderate lichenoid inflammatory infiltrate was noted in
an otherwise normal dermis. During this study, skin
biopsies were not done on the South African patients,

but a comprehensive histological description was pub-
lished by Findlay and Morrison (1978).

Analysis of Polymorphic Markers

During the first stage of this study, a genomewide
search was initiated that used the South African families
with laboratory numbers 17, 18, 19, 26, 37, and 41
(100 individuals, including 47 affected). The markers
used detected microsatellite-repeat polymorphisms, and
information about these markers was obtained from the
Cooperative Human Linkage Centre (CHLC) and Ge-
nome Data Base (GDB) on-line services. Some of these
markers mapped to candidate genes and regions. Several
candidates were also investigated for linkage to KWE,
by use of the German family. All markers were amplified
as recommended for each primer combination and were
radioactively labeled and detected by use of standard
procedures. In the German family, segregation at kera-
tin-gene loci on chromosomes 12 and 17 was addition-
ally evaluated by use of polymorphisms within keratin
genes. A microsatellite in the keratin 9 gene (KRT9) was
analyzed as described elsewhere (Reis et al. 1994), and
insertion/deletion polymorphisms in the genes for kera-
tins 1, 4, 5, and 10 were identified by PCR and subse-
quent SSCP analysis according to procedures described
by Hennies et al. (1995).

In the second stage of this study, a systematic ge-
nomewide search in the German KWE family, using the
MDC microsatellite panel, was performed. This marker
collection currently consists of 25 panels, each repre-
senting either one entire chromosome or one chromo-
some arm, and comprises a total of 333 microsatellites
derived from the final Généthon linkage map (Dib et al.
1996). The markers are evenly distributed throughout
the autosomal genome, with an average spacing of 11
cM. This and the fine mapping in both the German
and South African families were performed by use of
fluorescent methods. PCR amplification of these mark-
ers was performed for 27 cycles. Each cycle consisted
of a denaturation step at 94°C for 30 s, a 30-s annealing
step at a temperature specific for each marker, and an



372

extension at 72°C for 30 s. Each run was preceded by
a 5-min denaturation at 94°C and was followed by a
10-min extension at 72°C. The reaction was performed
in a 10-ul volume that consisted of 7 pmol of each
primer (one of which was fluorescently labeled), 0.2 mM
each dNTP, 0.4 units of Taq polymerase (Perkin-Elmer),
and 20-100 ng of genomic DNA. Electrophoresis and
analysis were performed by use of the Applied Biosys-
tems model 373 automated DNA Sequencer. Alleles
were numbered according to their sizes, and consistent
nomenclature was used in the German family and South
African families.

Linkage Analysis

Two-point linkage was performed by use of the
MLINK component of the LINKAGE computer pro-
gram, version 5.10 (Lathrop et al. 1984). The allele fre-
quencies were calculated by gene counting, with use of
all unaffected chromosomes and with avoidance of du-
plication. The ILINK component of the LINKAGE com-
puter program, version 5.10, was used to calculate the
maximum LOD score (Z,,.x) and maximum recombina-
tion fraction (0,,,,). In all the aforementioned analyses,
an autosomal dominant mode of inheritance and full
penetrance were assumed. In all instances the MLINK
LOD scores were calculated at recombination fractions
of 0, .05, .1, .2, .3, and .4 (equal for males and females).

For all data generated on the ABI automated DNA
sequencer, linkage analyses were done with the com-
puter program LINKRUN (T. F. Wienker, unpublished
data). LINKRUN performs linkage analyses based on
the program package LINKAGE, version 5.21 (Lathrop
et al. 1984) but directly processes the data as generated
by the automated sequencer. LOD scores for two-point
linkage data were calculated between each marker locus
and the KWE phenotype. Linkage was considered to be
excluded by LOD scores <—2, and LOD scores >3
confirmed linkage.

Results

Exclusion Data

Several candidate gene loci were analyzed for linkage
to the disease, by use of the large German family. Since
type I and type II keratin genes are clustered in small
regions on chromosomes 17 and 12, respectively (Ro-
mano et al. 1991; Yoon et al. 1994; Milisavljevic et
al. 1996), all the keratin genes could be analyzed and
successfully excluded by use of a few markers only. A
chromosome 1q21 region containing the epidermal dif-
ferentiation complex (Volz et al. 1993; Mischke et al.
1996), as well as various genes encoding components of
desmosomes, such as those for plakoglobin on chromo-
some 17q12-q21 (Aberle et al. 1995) and for the desmo-
somal cadherins (i.e., desmogleins and desmocollins) on
chromosome 18q12 (King et al. 1993; Buxton et al.
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1994; Geurts van Kessel et al. 1994; Wang et al. 1994),
could also be excluded from linkage to KWE (data not
shown).

In the South African families, linkage was excluded
from the two keratin clusters on chromosomes 12 and
17 (A. Spurdle and M. Starfield, unpublished data). A
“blunderbuss” linkage approach using six families that
were of South African origin and that consisted of a total
of 100 individuals, including 47 affected individuals,
excluded KWE from linkage to 47 anonymous polymor-
phic loci, which were mainly tetranucleotide-repeat
polymorphisms (obtained from CHLC) (data not
shown). Some of these loci were situated within regions
where loci encoding proteins believed to be important
in intracellular adhesion in the epidermis had been
mapped; these loci included those for the desmosomal
glycoproteins, the desmogleins and the desmocollins, on
chromosome 18q12 (King et al. 1993; Geurts van Kessel
et al. 1994; Buxton et al. 1994; Wang et al. 1994), and
those for the desmosomal plaque proteins desmoplakin
I and II, on chromosome 6p21-pter (Arnemann et al.
1991). The locus for the gene causing Hailey-Hailey
disease, on chromosome 3 (Ikeda et al. 1994), was also
excluded from linkage to KWE.

Linkage to 8p

Subsequently, a systematic genomewide scan was per-
formed with the German KWE family and, after analysis
of 230 microsatellite markers, linkage of KWE to
D8S550, on the short arm of chromosome 8, was ob-
served. No recombination events were observed with
this locus, giving Z .. = 9.16 at 0,,,, = .0 (table 1).
Linkage was also demonstrated in five of the larger
South African KWE families (laboratory numbers 17,
19, 26, 41, and 45) totaling 79 individuals, including
44 affected with KWE, by assessment of the inheritance
of KWE with alleles of the polymorphic marker D8S550
(Zmax = 7.353 at 0, = .024) (table 2).

Fine Mapping

Significantly positive two-point LOD scores were ob-
tained between the disease phenotype and (@) nine other
markers spanning a region of 45 cM (table 1), in the
German family, and (b) eight markers spanning an 11-
cM region, in the five South African families (table 2)
(Dib et al. 1996). There was some overlap in the markers
used in the two studies. In the German family, recombi-
nation events were identified with D85520 on the distal
end and with D8S511 on the proximal end, flanking a
10-cM interval harboring the KWE locus (figs. 1 and
2). Analysis of the markers used to confirm linkage in
the South African families further refined the region to
6 cM between D8S550 (distal) and D8S552 (proximal)
(figs. 2 and 3).

Haplotype Analysis

Haplotypes were initially deduced in the German fam-
ily and in the five South African families described above
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Pairwise LOD-Score Values between KWE in One Extended German Family and Microsatellite Markers

on Chromosome 8p

LOD SCORE AT RECOMBINATION FRACTION OF

MARKER .00 .01 .05 .10 .20 .30 Znax Ormax
D8S264 —%© -1.79 .60 1.30 1.48 1.11 1.51 167
D8S520 —% 4.57 4.76 4.42 3.40 2.23 4.79 .035
D8S1755 2.02 2.00 1.77 1.52 1.01 .54 2.02 .000
D8S550 9.16 9.00 8.35 7.50 5.69 3.77 9.16 .000
D8S265 9.22 9.06 8.40 7.54 5.72 3.76 9.22 .000
D8S1759 2.56 2.51 2.32 2.07 1.51 93 2.56 .000
D851130 8.95 8.77 8.13 7.29 5.50 3.61 8.95 .000
D8S552 6.92 6.82 6.37 5.76 4.39 291 6.92 .000
D8S1106 7.34 7.20 6.64 5.92 4.40 2.81 7.34 .000
D8S1754 6.96 6.83 6.29 5.59 4.11 2.57 6.96 .000
D8Ss11 —o0 3.31 3.62 3.41 2.64 1.69 3.62 .043
D8S560 —% -.42 1.14 1.55 1.47 1.01 1.60 133

(figs. 1 and 3). The purpose of the construction of haplo-
types was twofold: first, to visually determine, through
the analysis of recombination events, the minimum re-
gion that harbors the locus responsible for KWE and,
second, to search for a common KWE haplotype that
would confirm the founder-effect hypothesis in the
South African families and to test for a common origin
in German and South African populations. The haplo-
types were constructed in the order telomere-D8S516-
D8S1695-D8S520-D8S1755-D8S550-D8S265-
D8S1759-D851130-D8S552-centromere (Dib et al.
1996). In the majority of affected individuals from these
families, a distinct common haplotype, 2-3-9-3-1-10-2-
5-5, was shown to segregate with the KWE gene in the
South African families (fig. 3). The haplotype in the

Table 2

German family was 4-7-1-2-5-6-2-u-7 (fig. 1), sug-
gesting that a common origin is most unlikely.

After the identification of the common haplotype in
the first five South African families, haplotypes were
deduced for a further nine South African families (51
individuals, including 26 affected with KWE), to
strengthen the evidence for the existence of the founder
chromosome and to try to further refine the region. All
except three families demonstrated the complete founder
haplotype to be present in at least one member in the
oldest generation sampled. The three families clearly
demonstrated parts of the “founder” haplotype. Only
one family, family 44, contributed further fine-mapping
information. If the ancestral connection is assumed to
be based on a founder effect, a recombination between

Pairwise LOD-Score Values, between Polymorphic Markers on Chromosome 8p and KWE in Five South
African Families, at Various Combined Male and Female Recombination Fractions

LOD SCORE AT RECOMBINATION FRACTION OF

MARKER? .00 .05 .10 .20 .30 40 Zmax O max
D8S516 1.940 6.485 6.203 4.991 3.276 1.418 6.485 .050
D8S1695 2.770 2.513 2.237 1.544 .835 323 2.770 .000
D8S520 5.619 5.196 4.677 3.499 2.265 1.069 5.619 .000
D8S1755 3.350 5.511 5.090 3.806 2.327 0.891 5.555 .033
D8S550 4.325 7.190 6.546 4.888 3.071 1.309 7.353 .024
D8S265 11.489 10.601 9.551 7.197 4.641 2.030 11.489 .000
D8S1759 1.806 1.579 1.351 925 523 .188 1.806 .000
D8S1130 9.912 8.952 7.944 5.895 3.734 1.618 9.912 .000
D8S552 —o0 3.608 3.949 3.323 2.106 767 3.957 .099

*The order of the markers follows the linkage map of Dib et al. (1996) and is listed from telomere to

centromere.
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Figure 1 Pedigree of the large German family with KWE. The mutant haplotype, which is denoted by a box, confirms the mapping of

the KWE gene to chromosome 8p. Recombination events involving the mutant haplotype are indicated by arrows. Recombinations seen at
D8S520 (in individual V-8) and D8S511 (individual V-13) delimit a 10-cM region containing the KWE gene.

D8S265 and KWE (fig. 2) in this family places the gene
in a 1-cM interval between this marker and D8S550.

Discussion

KWE is a skin disorder characterized by palmoplantar
keratolysis that spreads to the areas between the fingers
and toes and to the dorsa of palms and soles and that
may produce an annular erythema on the distal extremi-
ties and, occasionally, also on the buttocks and, rarely,
on the trunk. These families show a striking seasonal
variation, with marked worsening being seen with the
onset of colder weather and with milder symptoms dur-
ing summertime. KWE is differentiated from epidermo-
lytic palmoplantar keratoderma, a disorder also charac-
terized by palmoplantar erythema, by both the age at
onset of the disease and the characteristic histopathol-
ogy. In all the cases that we studied, KWE was first
evident during childhood, whereas, on the other hand,
epidermolytic palmoplantar keratoderma first manifests
not later than at the age of ' year (Thomas et al. 1984;
Berth-Jones and Hutchinson 1989). The disease is also
distinguished from nontransgredient palmoplantar kera-
toses, by its extension onto the dorsal parts of the hands,
feet, and other parts of the body.

A number of different genes have recently been identi-
fied in various forms of palmoplantar keratoderma. In

particular, mutations in the genes for keratins 1, 2e, 6a,
9, 16, and 17 have been shown to cause different body
site—specific keratoses (reviewed by McLean and Lane
1995; see additional reports by Kimonis et al. 1994;
Bowden et al. 1995; McLean et al. 1995; Shamsher et
al. 1995). It has been demonstrated, however, that other
epidermal proteins also may be responsible for inherited
skin disorders involving palmoplantar keratoderma (see
review by Epstein 1996). Candidate gene loci for linkage
to KWE therefore include the keratin-gene clusters on
chromosomes 12 and 17; the plakoglobin gene located
close to the type I keratin—gene cluster; the epidermal
differentiation complex, on chromosome 1q21, that
contains the loricrin gene, which is affected in mutilating
palmoplantar keratoderma (Maestrini et al. 1996); and
the clusters of desmoglein and desmocollin genes on
chromosome 18q12. All these loci were excluded from
linkage to KWE.

After analyzing a large number of microsatellite mark-
ers, we identified a new locus, on chromosome 8p, at
which the gene for KWE in the German family is located.
Linkage of the disease was observed to a region around
the marker D8S550. Calculation of pairwise LOD scores
gave firm evidence for linkage, with Z.,, = 9.2, both
at D8S550 and at the adjacent marker locus, D85S2635,
without any recombinants (table 1). Haplotype analysis
in this chromosomal region further substantiates our
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Figure 2 Diagram illustrating refinement, on the basis of recombinations, of the region containing the KWE gene. Recombinant haplotypes

that segregate with KWE in the different families are shown. Families 17, 19, 24, 26, 28, 32, 35, 37, 39, 41, and 45 all demonstrate an intact
“founder” chromosome in the oldest generation of the family sampled. Extrapolation using these families places the gene between D8S550
and D8S552. Families 44, 11, and 36 do not have an intact founder chromosome segregating with KWE, but, if one assumes that their ancestors
had the complete ancestral haplotype, then the most likely position of the KWE gene is between D8S550 and D8S265. The German family
was demonstrated to have a completely different haplotype, as shown in the diagram. Recombinations in this family allowed the refinement
of the region to 10 cM between the markers D8S520 (distal) and D8S511 (proximal).

findings (fig. 1). The KWE families of South African
origin showed linkage to the same chromosomal region,
with a LOD score of 11.5, at D8S265, without any
recombinants (table 2). Recombination events in the
German family (fig. 1) place the gene within a 10-cM
region between D8S520 (distal) and D8S511 (proximal),
whereas analysis of recombinants in the South African
families significantly reduces the region, to 6 ¢cM, be-
tween D8S550 and D8S552 (fig. 3).

The founder-effect hypothesis for the high frequency
of the KWE gene in the Afrikaans-speaking Caucasoid
population has been confirmed by the presence of a com-
mon ancestral KWE-associated haplotype segregating
with the disease in affected members. Only three families
did not display the complete haplotype; but they did
have parts thereof, most likely displaying ancestral re-
combination events. One of these three families, family
44 (fig. 2), showed the conserved haplotype, from

D8S516 up to and including D8S550. The proposed
recombination was between D85265 and KWE. Strictly
viewed, one of two explanations may account for this
finding; the first is that there has been an ancestral re-
combination, and the second is that there has been a
new mutation. Since the latter seems unlikely, the data
would suggest that the KWE locus lies in a 1-cM interval
between D8S550 and D8526S5 (fig. 2). The German fam-
ily exhibited a haplotype completely different from that
in the South African families, suggesting that KWE in
these two countries has different origins. Thus, the re-
sults from the linkage and haplotype analyses strongly
suggest locus homogeneity for KWE in both the German
family and the South African families. The patient de-
scribed by Krahl et al. (1994) presented with a sporadic
case in her family, and only by mutation analysis after
cloning of the KWE gene will it be possible to determine
whether she suffers from the same disorder.
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Figure 3 Pedigrees and haplotypes in selected South African KWE families. A, Family 435, the largest family sampled, in which the “ancestral”
haplotype is seen. A double crossover is observed in a whole branch of this family, including individuals 1I-7, 1I-9, II-11, and II-13 and their families.
The recombination event between D8S516 and KWE, as well as that between D8S552 and KWE, place the gene in the region between these two
markers. B, Family 26. Along with the existence of the founder haplotype are crucial recombination events in individual II-4 and in her son, II[-4,
between D8S550 and KWE, as well as between D8S552 and KWE, suggesting that KWE is situated in the conserved region between D8S550 and
D8S552.
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The localization of KWE completes the first step to-
ward cloning of the gene. Unfortunately, few genes have
been assigned to the chromosome 8p21.1-pter region,
and none of these is likely to be involved in the develop-
ment and physiology of the skin (Spurr et al. 1995).
Thus, at present, no suitable candidate genes in the re-
gion harboring KWE have been identified, and the pur-
suit of the gene will have to follow the positional cloning
route. The cloning of the gene responsible for KWE will
enhance the understanding of the complex process of
keratinization and will reveal the molecular basis of the
defective protein, which, in turn, may result in a defini-
tive and successful treatment for KWE, for which there
currently is no cure.
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