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Abstract

Epidermolytic hyperkeratosis (EHK) is an autosomal domi-
nant genodermatosis characterized by hyperkeratosis and blis-
tering of the skin. Histopathology demonstrates suprabasilar
blister formation with aggregation of tonofilaments. In this
study, we tested the hypothesis that the EHK phenotype is
linked to one of the suprabasilar keratins (KRT10 or KRT1)
present in the types I and II keratin gene clusters in chromo-
somes 17q and 12q, respectively. For this purpose, Southern
hybridizations were performed with DNAfrom a large kindred
with EHK, consisting of 11 affected individuals in three genera-
tions. Segregation analysis with markers flanking the keratin
gene clusters demonstrated linkage (Z = 3.61 at 0 = 0) to a
locus on 12q, while markers on 17q were excluded. These data
implicate KRT1, the type II keratin expressed in suprabasilar
keratinocytes, as a candidate gene in this family with EHK. (J.
Clin. Invest. 1993. 91:357-361.) Key words: bullous skin dis-
eases * genetic linkage analyses * genodermatoses - keratiniza-
tion disorders

Introduction

Epidermolytic hyperkeratosis (EHK)' is a heritable keratiniza-
tion disorder with a marked tendency for blistering. The preva-
lence of this disorder is estimated to be - 1:200,000. (For re-
views, see references 1 and 2). The disease is present at birth or
shortly thereafter, and the condition can be generalized (bul-
lous congenital ichthyosiform erythroderma) or localized, af-
fecting primarily the flexural areas of the skin. With time, the
skin becomes hyperkeratotic and verrucous, and the blistering
tendency becomes less pronounced, though it can persist
throughout life. The inheritance pattern is autosomal domi-
nant, but there is considerable heterogeneity regarding the se-
verity of the disease, as well as evidence for variable expression
within families. Histopathology of the cutaneous lesions re-
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veals that the tissue cleavage occurs intraepidermally through
separation of abnormal suprabasilar keratinocytes, combined
with focal hyperkeratosis (3).

Significant progress has recently been made in delineating
the underlying mutations in various forms of epidermolysis
bullosa, a group of heritable blistering diseases (4, 5). In partic-
ular, several forms of epidermolysis bullosa simplex have been
shown to result from mutations in the keratin genes expressed
in the basal keratinocytes, KRT5 and KRT14 (6-8). These
candidate genes were initially suggested by characteristic aggre-
gation of tonofilaments of the basal keratinocytes (9). Similar
abnormalities have been demonstrated in the suprabasilar kera-
tinocytes in EHK, including aggregation of tonofilaments and
lysis of suprabasilar keratinocytes ( 10, 11 ). Based on these simi-
larities between EHKand epidermolysis bullosa simplex, we
used linkage analysis to test the hypothesis that the EHKpheno-
type is due to mutations in the suprabasilar keratin genes
(KRT 10 or KRT1) present in the types I and II keratin gene
clusters on chromosomes 1 7q and 12q, respectively.

Methods

Clinical. Peripheral blood samples were obtained from a family with
clinical features of EHK(Fig. 1 ). The affected individuals had a history
of blisters at birth with accompanying erythroderma, and in the adult
individuals, thickened, verrucous skin, primarily on the flexural areas
on the arms and legs was noted (Fig. 1). The blister formation was
considerably more frequent during the summertime, and was induced
by relatively minor trauma. All affected individuals depicted pro-
nounced hirsutism on the extremities noticeable as early as 3 yr of age
(Fig. 1).

The pattern of transmission of the phenotype was consistent with
autosomal dominant inheritance (Fig. 2, top). The proband (IV-9) was
a 3-yr-old female with characteristic clinical features (Fig. 1 ). It was of
interest to note that the maternal great-grandfather (1-2) of the pro-
band was anamnestically affected, yet his 13 siblings were free of the
disease. Therefore, his phenotype may have been the result of a new
mutation in this kindred.

Another interesting feature was the occurrence of retinitis pigmen-
tosa in this family. However, careful examination of the pedigree indi-
cated that the retinitis pigmentosa mutation did not co-segregate with
the EHK phenotype. In fact, the retinitis pigmentosa mutation was
inherited from the maternal grandfather of the proband (11- 10), while
the EHKmutation was transmitted through the maternal grandmother
of the proband (11-3).

Diagnostic histopathology of the skin performed on patients 111-5
and IV-8 revealed prominent hyperkeratosis, zones of compact ortho-
keratosis, and reticular alteration with ballooning in the upper spinous
and granular layers of the epidermis (Fig. 3). The epidermal cells in the
region of the blister formation were enlarged and vacuolated, and in
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Figure 1. Clinical features of epidermolytic hyperkeratosis in the family. The proband (IV-9 in Fig. 2), a 3-yr-old female, presented with erosions
and blisters primarily on the extremities. Note marked ridgelike hyperkeratosis on the knees (A, B, and D) and on the anterior aspects of the
ankles (E). The presence of an intact blister of the knee is indicated (D, arrow), and there were extensive erosions on the arms (A and C) and
legs (F). Also, note the marked hirsutism in this young patient (A, B, and F).
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some areas had completely degenerated to form the blister space. These
features are diagnostic for EHK(3).

DNAanalysis. DNAwas isolated from peripheral blood and di-
gested either with Hinf I or MspI restriction endonuclease, according to
the manufacturer's recommendations (Boehringer-Mannheim Bio-
chemicals, Indianapolis, IN). The Southem transfer analyses of the
restriction enzyme digests and probe hybridizations were performed as
described previously ( 12). The following DNAprobes were used for
analysis: for chromosome 12q, pYNH15 (D 1 2S 17) (13) and WV214

~ p }O - . X ^; *-*-v_-

Figure 3. Histopathology of the skin in the patient (IV-8) with epi-
dermolytic hyperkeratosis. Note prominent hyperkeratosis and hy-
pergranulosis, and the presence of abnormal keratinocytes with bal-
looning degeneration in the spinous and granular layers of the epi-
dermis.

Figure 2. Pedigree of the
family with epidermolytic
hyperkeratosis, and Southern
analysis of DNAfrom indi-
viduals within the family.
(Top) Note the presence of
EHKphenotype in 11 living
individuals in three genera-
tions (solid symbols). The
genotype, as derived from
Southern analysis with a
COL2A1 marker, as shown
in B, is indicated under each
symbol. (Bottom) Southern
blot with the WV214probe
of Hinf I digested DNAfrom
15 individuals identified by
their pedigree number. Note
the presence of three variable
alleles, A, B, and C(see text).
There is a constant band be-
tween the two fragments of
the Callele. The results dem-
onstrate complete co-segrega-
tion of the maternal B allele
with the EHKphenotype (see
Table I).

(COL2A 1) ( 14); for chromosome 17, pCMM86(D 1 7S74) (15). The
DNA probes were radioactively labeled using the random primer
method. Two-point linkage analyses were performed with the LIPED
program (Dr. Jurgott, Columbia University, NewYork) (16).

Results

A large pedigree consisting of 11 living affected individuals in
three generations, with clinical and histopathologic features
characteristic of EHK(Figs. 1 and 2), was studied by genetic
linkage analysis. To examine the possibility that the EHKphe-
notype in this family was linked to the type II keratin gene
cluster on chromosome 12q, an informative restriction frag-
ment length polymorphism in COL2A1 was used to examine
the co-segregation of the marker and the clinical phenotype
using WV214 as a probe (Fig. 2). Southern hybridizations with
DNAisolated from peripheral blood from affected and unaf-
fected individuals, after digestion with Hinf I, revealed the pres-
ence of three alleles: A (2.0 kb), B ( 1.7 kb), and C ( 1.0 and 0.7
kb) (Fig. 2, bottom). The results indicated for complete co-se-
gregation of the maternal B allele with the clinical phenotype in
this family, and the maximum LOD score (Z) was 3.61 at
recombination fraction (0) 0.0 (Table I). This logarithm of the
odds score establishes linkage of EHKto the region of chromo-
some 12q containing the type II keratin gene cluster ( 12, 17,
18). Another RFLP in the same region, detected by the DNA
probe YNH15 (D l 2S 17), was noninformative.

The predominant type II keratin expressed in suprabasilar
keratinocytes, KRT1, pairs with a type I keratin, KRT10, to
form a heterodimer ( 19). In concurrent studies, we tested for
linkage of EHKin this family to the region of 1 7q containing
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Table I. Linkage Analysis in a Family with Epidermolytic Hyperkeratosis

Z at 6 (Om = of)

Probe Locus 0 0.01 0.05 0.1 0.2 0.3 0.4

WV214 COL2A1 3.61 3.56 3.32 3.02 2.35 1.60 0.74
CMM86 D17S74 -oo -6.42 -3.07 -1.75 -0.63 -0. 17 -0.01

type I keratin gene cluster. For this purpose, a DNAprobe
CMM86was also used for hybridizations of the Hinf I digested
DNAon the same Southern blots ( 15). This locus, Dl 7S74,
has previously been shown to flank the type I keratin gene
cluster on chromosome 17q at an approximate distance of 5
cM (20). The linkage analysis demonstrated exclusion of the
EHKphenotype from the vicinity of D17S74 (Z < -2.0 at 0
< 0.09, or - 10 cM) (Table I).

Discussion

Keratins form intermediate filaments of the epidermal keratin-
ocytes by formation of heterodimers which polymerize
through discrete molecular interactions ( 19). The keratins can
be divided into two major subgroups on the basis of molecular
charge: The type II keratins are basic proteins and include the
epidermal keratins 5 and 1, which are expressed in the basilar
and suprabasilar keratinocytes, respectively. The type I kera-
tins are acidic polypeptides, and include keratins 14 and 10,
again expressed in the basilar and suprabasilar keratinocytes,
respectively. Since the intraepidermal tissue separation ob-
served in EHKoccurs at the suprabasilar level, the keratins 1
and 10 were considered as candidate genes in EHK. Other can-
didate genes would include those involved in the terminal dif-
ferentiation of the epidermis, such as the envelope protein fi-
laggrin, which has been mapped to chromosome Iq (21). In
addition, the gene for epidermal transglutaminase on chromo-
some 14 could serve as a candidate gene in keratinization dis-
orders, since this enzyme catalyzes the intermolecular cross-
linking of keratins necessary for proper stratification of the skin
(22). The results of our study clearly demonstrate linkage to
the region containing the type II keratin gene cluster on chro-
mosome 12q. This conclusion was based on complete co-segre-
gation of the clinical phenotype and the COL2A1 marker
which has been mapped to the locus 1 2q 13. 1 (17). Although
the relative map positions of COL2A1 and the type II keratin
locus are not precisely established, cytogenetic and linkage data
from other families indicate close proximity ( 12, 17, 18, 23).
Our studies also excluded the region containing the type I kera-
tin gene cluster on 17q. Thus, the most likely candidate gene
for the mutation in EHKin this family is KRT1. It should be
noted that chromosome 12q also contains the gene locus for
retinoic acid receptor-y (24), a potential candidate gene for
keratinization disorders. However, the characteristic histopa-
thology of EHK(9, 10), and the tissue specific expression of
the defect limited to the suprabasilar keratinocytes, without
evidence of systemic manifestations, suggest that this gene is
less likely candidate for mutations in this family with EHK.
Finally, although the EHKlocus demonstrated co-segregation
with COL2A1 locus without recombination, this gene is not a
candidate gene since type II collagen is expressed exclusively in
the cartilaginous tissues (25) which are not affected in EHK.

Recent studies have demonstrated that epidermolysis bul-
losa simplex, a heritable blistering disease, has been mapped
either to chromosome 1 2q or 1 7q (6-8, 12). It is conceivable,
therefore, that either one of the constitutive subunits of the
basal keratin heterodimers harbor mutations resulting in simi-
lar phenotypes. Based on this observation, it is possible that in
other families with EHK, KRT1Ocould be a candidate gene. In
fact, recent publications have identified discrete point muta-
tions both in KRT1 and KRT1O in several individuals with
EHK(26-28). Several lines of evidence, including demonstra-
tions that transfection of keratinocytes with a gene mutated by
site-directed mutagenesis (27) or in vitro assembly of a mu-
tated peptide (28) resulted in defective intermediate filament
formation, suggested that these point mutations were responsi-
ble for the EHKphenotype. Consequently, these studies sup-
port our hypothesis that KRT1 is a candidate gene in the fam-
ily examined in our study. Furthermore, demonstration of mu-
tations in different regions of these keratin genes may explain
the clinical variability noted in different families with EHK.

The demonstration of genetic linkage in this family now
provides a means for accurate genetic counseling and prenatal
diagnosis within this family. Development of polymerase chain
reaction-based detection of restriction fragment length poly-
morphisms within or near the KRT1 locus could serve as a
rapid means to elucidate the genotype in this family by amplifi-
cation of the corresponding segment of DNA isolated from
chorionic villus biopsy specimens, from periumbilical vein
blood sample, or from fetal cells obtained through amniocente-
sis. This approach could replace the invasive procedure of fetal
skin biopsy which was the only available means of diagnosis
until now.
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