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Summary

To explore the relationship between abnormal keratin
molecules, 10-nm intermediate filament (IF) organization,
and epidermal fragility and blistering, we sought to deter-
mine the functional consequences of homozygosity for a
dominant keratin defect. We describe a family with an
autosomal dominant skin-blistering disorder, epidermoly-
sis bullosa simplex, Koebner subtype (EBS-K), that has a
novel point mutation, occurring in the keratin 5 gene
(KRT5), that predicts the substitution of an evolutionarily
conserved lysine by an asparagine residue (K173N). Unlike
previous heterozygous mutations located within the initial
segment of domain 1A of keratin molecules, K173N heter-
ozygosity did not result in severe disease or clumping of
keratin filaments. One family member was found to be
homozygous for the K173N allele, having inherited it from
each of her affected first-cousin parents. Despite a lack of
normal keratin 5 molecules, and an effective doubling of
abnormal molecules, available for heterodimerization with
keratin 14 during IF formation, there were no significant
differences in the clinical severity or the ultrastructural
organization of the keratin IF cytoskeleton of the homozy-
gous individual. These data demonstrate that the K173N
mutation behaves as a fully dominant allele and indicate
that a limited number of abnormal keratin molecules are
sufficient to impair cytoskeletal function and elicit epider-
mal fragility and blistering.

Introduction

Several disorders of blistering and fragility of the epidermis
result from defects in the keratin intermediate filament
(KIF) cytoskeleton. KIFs of epithelial cells are assembled
from cytoplasmic type I (acidic) and type II (neutral basic)
keratin polypeptides that individually are unstable and im-
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mediately form a coiled-coil heterodimer. The heterodimers
are the building blocks for the higher-order interactions
necessary for assembly of the 10-nm-diameter KIF (re-
viewed by Steinert 1993). The tissue- and differentiation-
specific expression of each mutated keratin gene appears
to be the primary determinant of the clinical phenotype in
epidermal blistering disorders. A single mutation in either
gene encoding the coexpressed basal cell-specific keratins
5 (K5, type II) and 14 (K14, type I) causes at least three
of the autosomal dominant disorders known as "epider-
molysis bullosa simplex" (EBS) (Bonifas et al. 1991; Cou-
lombe et al. 1991; Dong et al. 1993; Rugg et al. 1993;
Stephens et al. 1993; Chan et al. 1994a), which are charac-
terized primarily by nonscarring intraepidermal blisters re-
sulting from basal cell cytolysis (Fine et al. 1991). Muta-
tions in the suprabasal cell-specific keratins underlie sev-
eral autosomal dominant conditions characterized by
epidermolytic hyperkeratosis with cytolysis of the su-
prabasal cells of the spinous layers. For example, mutation
of keratins 1 or 10 (K1, type II; and K10, type I) result in
the generalized blistering disorder bullous congenital ich-
thyosiform erythroderma (BCIE; or epidermolytic hyper-
keratosis [EH]; Traupe 1989), while mutation of keratin 9
(K9), expressed in the suprabasal cells of sole and palm,
results in the localized blistering disorder epidermolytic pal-
mar plantar keratoderma (EPPK; Reis et al. 1994; Torchard
et al. 1994).

Identified keratin gene defects, which include point muta-
tions and in-frame deletions (reviewed by Compton 1994),
produce abnormal molecules that disrupt heterodimeriza-
tion and/or interactions between heterodimers necessary
for KIF assembly/function. Several lines of evidence provide
support for dominant-negative effects of keratin mutations.
Disorganized clumps of KIF in basal and suprabasal cells
are hallmarks of Dowling-Meara, the most severe type of
EBS (EBS-DM), and of BCIE and EPPK (Traupe 1989;
Fine et al. 1991), respectively. Perturbation of KIF networks
has also been induced in vitro by synthetic mutant oligo-
peptides or during transient transfections by bacterially ex-
pressed mutant K5 or K14 (Coulombe et al. 1991; Letai
et al. 1993; Steinert et al. 1993). In addition, basal cell KIF
networks and epidermal tissue architecture in the mouse
were altered by a K14 transgene with a C-terminal deletion
(Vassar et al. 1991).
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The identification of keratin mutations that underlie hu-
man skin-blistering disorders may reveal critical residues
or domains involved in assembly and/or function of normal
KIF and may explain the molecular basis for the clumping
of certain abnormal KIFs. In contrast to the histopathology
of EBS-DM, basal cell KIFs do not aggregate into clumps
in other EBS disorders, specifically the Koebner subtype
(EBS-K) with generalized blistering and the Weber-Cock-
ayne subtype (EBS-WC) with blistering primarily localized
to the hands and feet (reviewed by Fine et al. 1991). Al-
though all three EBS subtypes result from mutations in
K5 or K14, the molecular basis for clumping of certain
abnormal KIF molecules is not known. Functional assays
suggest that mutations at the ends of the keratin central
rod domain are the most effective in perturbing KIF organi-
zation (Coulombe et al. 1991; Letai et al. 1993; Steinert et
al. 1993). Further investigations are necessary to determine
the effects that specific mutated residues or domains and/
or altered ratios of defective to normal peptides have on
KIF organization and function.

In an attempt to identify an individual homozygous
for a keratin mutation, we have studied a large family
with a consanguineous mating between two related indi-
viduals with dominant EBS. The phenotype of an indi-
vidual homozygous for a defective keratin would reveal
the functional consequences of effectively doubling the
number of abnormal keratin molecules available for het-
erodimer formation, in a background of no normal mol-
ecules. Although individuals homozygous for mutations
for dominant human disease can provide insight into
pathogenesis, they are rarely encountered (Wilkie 1994).
Examples of disorders in which homozyogotes were
found to have more severe disease than did their hetero-
zygous relatives include thalassemia (Weatherall 1994),
familial hypercholesterolemia (Hobbs et al. 1992),
Charcot-Marie-Tooth syndrome (Lupski et al. 1991),
and achondroplasia (Shiang et al. 1994). Fewer domi-
nant disorders in which homozygotes and heterozygotes
are affected to a similar degree have been reported, per-
haps because clinical recognition of homozygosity is pre-
cluded and homozygosity can only be identified by mo-
lecular studies. Mutational and/or linkage analyses have
identified individuals with fully dominant mutant alleles
for amyloidotic polyneuropathy (Holmgren et al. 1992),
Huntington disease (The Huntington's Disease Colabo-
rative Research Group 1993), and multiple endocrine
neoplasia type 1 (Brandi et al. 1993).

In the present article, we describe a multigenerational
family with autosomal dominant EBS-K with a mutation
in the beginning of the evolutionarily conserved central rod
domain of the K5 gene (KRT5). One affected individual
was found to be homozygous for the KRT5 mutation,
having inherited the same mutated allele from each of her
affected first-cousin parents. KRT5 homozygosity did not
affect significantly either the clinical severity of the domi-

nant EBS disorder or the ultrastructure of the basal cell
KIF network.

Material and Methods

Family-Tissue Studies
Family EB13, identified and published initially as EBS-

DM (Hacham-Zadeh et al. 1988), was recontacted, inter-
viewed, physically examined, and sampled for blood; the
homozygous status of individual 31 was unknown at time
of exam. Affected family members had nonscarring gener-
alized blistering with obvious exacerbation during the sum-
mer and with fever, few or no milia, and no tooth involve-
ment, as reported elsewhere (Hacham-Zadeh et al. 1988).
Immnortalized cell lines were established by transformation
of peripheral lymphocytes with Epstein-Barr virus (Nietzel
1986). From a total of eight individuals, skin biopsies (2
mm), taken from the upper outer arm after rubbing or, in
one case, without rubbing, were analyzed (see Results).
Skin biopsies were transported in glutaraldehyde and were
processed for electron microscopy as described elsewhere
(Smith and Sybert 1990).

Linkage Studies
For genotyping, Southern blots were prepared and hy-

bridized as described elsewhere (Kayes et al. 1992), to
probes pEFD33.2 (D12S14) and pCMM86 (D17S74).
LOD scores were calculated with the computer program
LIPED (Ott 1976) modified to handle large numbers of
alleles (Schellenberg et al. 1992). To reduce computation
time, sampled but unaffected individuals in consanguineous
marriages were assumed to be unrelated to the rest of the
pedigree. Analyses were done under the assumption that
the disease locus and marker loci were in linkage equilib-
rium. The EBS disease allele was assumed to have a fre-
quency of .005. Allele frequencies used for the marker loci
were estimated from the observed alleles in the pedigree,
because frequency information was unavailable for a repre-
sentative control population. It should be noted that, in the
case of G531C, this most likely overestimates the frequency
of the mutant allele. Analysis with a low allele frequency
of .0001 for the G521C mutation gave essentially the same
results, however, as were obtained with the estimated allele
frequencies.

Mutation Detection
To identify the KRT5 mutation, each exon, along with

adjacent intron boundaries, was amplified using flanking
intronic primers (P. Ehrlich and K. Stephens, unpublished
data) and was sequenced directly (Kretz et al. 1989). The
KRT5 G521C mutation was amplified from genomic DNA
by PCR with primers K5-672, 5'GCTATGGClTJTG-
GAGGTGGT; and K5-I1-49, 5'CCTI7Cfl7lCTCTCTC-
TlTI GGC. The primer names designate their positions at
bp 672 of KRT5 cDNA sequence (GenBank accession
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number M21389; Eckert and Rorke 1988) and bp 49 of
intron 1 (I1; P. Ehrlich and K. Stephens, unpublished data).
Two hundred fifty nanograms of genomic DNA was ampli-
fied in a 50-pl volume with 0.5 gM each primer, 40 nmol
dNTPs, 2 Units Taq polymerase, and 1 x PCR buffer with
1.5 jiM Mg"+ (Perkin Elmer), for 35 cycles of 940C for
45 s, 550C for 30 s, and 720C for 45 s. Allele-specific
hybridization was performed by making duplicate Southern
blots (Kayes et al. 1992) of PCR products with the afore-
mentioned primers, prehybridized for >1 h at 550C as
previously described, except that the formamide concentra-
tion was reduced to 20% and hybridized to 0.2 X 106 dpm
32P-y-ATP-labeled oligonucleotide/ml. One each of the
blots was hybridized, for >1 h, to either the wild type-
specific oligonucleotide 5'GCAGATCAAGACCCT-
CAACA or the mutant-specific oligonucleotide 5'GCA-
GATCAACACCCTCAACA. Nonspecific hybridization
signal was removed with washes in 6 x SSC, 0.1% SDS
for 67°C for 10 min.

Results

linkage of EBS to the Keratin Type 1I Gene Cluster
To determine whether the skin-blistering disorder in fam-

ily EB13 was due to a defect in a keratin gene, we analyzed
the segregation of polymorphic loci that mapped near the
keratin type I and type II gene clusters on chromosomes
17 and 12, respectively. Figure 1 shows the 39 members
of family EB13 who participated in our study; this family

was described elsewhere as having EBS-DM (Hacham-Za-
deh et al. 1988). As shown in table 1, free recombination
was observed between the EBS phenotype and D17S74, a
locus linked to the type I keratin gene cluster that includes
KRT14, the gene encoding K14. These data provided sig-
nificant evidence to exclude the EBS gene from a location
within 19% recombination of either side of D17S74. The
maximum LOD score (Zmax) between the EBS phenotype
and the D12S14 locus was 7.60 at a recombination fraction
(0) of .0. These data provided significant evidence for link-
age, in this family, between the defective EBS gene and
D12S14, a locus tightly linked to KRT5 (Bonifas et al.
1991). Together, these data strongly indicated that the de-
fective gene responsible for EBS in this family was located
in or near the keratin type II gene cluster.
The segregation pattern of D12S14 alleles in this family

demonstrated that all affected individuals coinherited the
EBS phenotype and the 9.8-kb D12S14 allele from their
affected parent; no recombination events were observed
(fig. 1). Affected individual 31 inherited a 9.8-kb allele from
each of her affected parents, individuals 10 and 11, which,
in the absence of genetic recombination, suggested that
individual 31 was homozygous for the mutated EBS allele.

Identification of a KRT5 Homozygote
To determine if the EBS defect resided in KRT5, the gene

was amplified from genomic DNA of an affected individual
and was sequenced directly. A single-base G-C substitu-
tion was identified in individual 11 and was confirmed by

93 9 i9j 39.3 9. 9.3 9. 9
9. 9. 72 9J 3.2 3.2 3.29.3 92

Figure I Pedigree of EBS family and segregation of marker D12S14. The four-generational pedigree of family EB13, including four documented
consanguineous marriages (double lines), is depicted. Numbers to the upper left of symbols are identifiers for each individual who donated blood for
this study. The alleles for the polymorphism revealed by D12S14 (9.8, 7.2, and 3.2 kb) are given below each sampled individual. The arrow denotes
homozygous individual 31; two of her siblings died in infancy, from causes unrelated to EBS (Hacham-Zadeh et al. 1988). [1 = Unaffected male; 0
= unaffected female; * = affected male; * = affected female; O = unaffected, sex not designated; and * = affected, sex not designated. A question
mark (?) within a symbol indicates that the affection status was unknown; a diagonal line (/) through a symbol indicates that the individual is deceased;
and numbers within the symbols are used to indicate individuals of similar status. Two individuals whose blood was not collected and who were
sampled for skin biopsies are indicated by asterisks (*).
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Table I

Genetic Linkage Analysis

LOD SCORE AT 0 =

Locus .0 .001 .05 .1 .2 .3 .4 Zmax 6

D17S74 .............. -X -26.64 -7.84 -4.65 -1.88 -.66 -.12 .0 .5
D12S14.............. 7.60 7.59 6.87 6.12 4.60 3.04 1.44 7.60 .0
KRT5 (G521C) ......... 7.13 7.12 6.42 5.69 4.20 2.70 1.24 7.13 .0

NOTE.-Zmax = Zmax at 0 (maximum estimated recombination fraction).

direct sequencing of this region in affected individuals 2,
10, 31, and 32 and in an unaffected, unrelated individual
used as a control. As illustrated in figure 2B, for affected
individual 2, comigrating G and C fragments of approxi-
mate one-half intensity were detected at base number 521
(the first base of the initiating methionine is assumed to be
position 1). This transversion, designated "G521C," pre-
dicts the replacement of the lysine residue at KRT5 codon
173 by an asparagine (K173N). Direct sequencing demon-
strated unambiguously that individual EB13-31 was homo-
zygous for the G521C mutation (fig. 2C) and that both of
her affected parents were G521C heterozygotes (data not
shown).
To assay each family member for the G521C substitu-

tion, an allele-specific oligonucleotide (ASO) hybridization
assay was developed. With a single exception, all affected
family members were heterozygous for the G521C muta-
tion and showed positive hybridization signals to both the
wild type- and mutant-specific oligonucleotides (data not
shown). The exception was individual 31, the putative ho-
mozygote, for whom a positive hybridization signal was
detected only with the mutant-specific ASO.
When the KRT5 G521C mutation was used as a genetic

marker, Zmax was 7.13 (table 1). No recombination events
were detected between the mutation and the EBS pheno-

A 3

type. Of the six unaffected family members sampled (fig. 1),
none carried the mutation. Although ethnically matched,
unrelated, unaffected individuals were not available, we did
determine that the mutation was not a common polymor-
phism in the Caucasian population; no instances of G521C
mutation were observed among 92 independent alleles
(data not shown).

KIF Histopathology
To verify the previously reported diagnosis of EBS-DM

(Hacham-Zadeh et al. 1988) in family EB13 and to analyze
the KIF of the homozygous individual, skin biopsies of
unaffected and affected family members were examined by
electron microscopy. Verification of the EBS-DM diagnosis
was critical because the published electron micrographs
(Hacham-Zadeh et al. 1988) were not considered by us to
demonstrate the characteristic KIF clumping that is diag-
nostic for EBS-DM. Biopsies were evaluated in a blinded
fashion with an initial designation of "EBS-unknown sub-
type." Examination of unaffected individual 25 revealed
KIF of normal organization and abundance, with no evi-
dence of basal cytolysis (fig. 3a). Basal cells of affected
heterozygous individual 24 (fig. 3b) and homozygous indi-
vidual 31 (fig. 3c) were lysed or showed regions of cyto-
plasmic dissolution, an early indicator of cell lysis. In both

C

TI172 lie

A
A 173 Ly31Asn

G/C

C 174 7hr
C

T 175 Lou
C

T A G C T 172 lie

A 173 Asn

A
C 174 Thr

TI175Leu
C

Figure 2 KRTS sequence of family EB13. The KRTS gene was amplified from genomic DNA and was sequenced directly as described. The
sequence surrounding codon 173 is depicted for an unaffected, unrelated control individual (A), affected individual 2 (B), and affected individual
31 (C).

TA G C T A G CSTI 172 lie
A
A 173 Lys

A
C 174 Thr
C

T 175 Leu
C
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Figure 3 Electron microscopy of skin. a, Unaffected individual 25, with basal cell KIF of normal appearance and distribution in the cytoplasm
(arrows). b, Affected heterozygous individual 24, with normal appearing KIF and areas of cytoplasmic dissolution (arrows). c, Affected homozygous
individual EB13-31, with normal appearing KIF (arrows). The normal focusing of KIF into desmosomes can be observed at the periphery of some
cells. The dermal-epidermal junction is indicated (arrowhead), and the scale bar (5 microns) applies to all panels. For comparison, panel d, which
shows the epidermis of an unrelated patient with EBS-DM (patient EB2-1 in Stephens et al. 1993), reveals deep basal intracellular cleavage of
keratinocytes accompanied by circumscribed clumps of keratin filaments (arrows) and dense bundles or whorls of keratin filaments that leave the
remaining cytoplasm with diminished keratin filament networks.
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Figure 4 Epidermal blistering: a comparison of blistering severity
and extent on legs, feet, and plantar surfaces of G521C heterozygous
individual 37 (age 7-8 years; panel A) and G521C homozygous individual
31 (age 11 years; panel B).

samples, keratin filaments were distributed throughout the
cytoplasmic compartment, and no circumscribed clumps
of KIF were observed. For comparison, an electron micro-
graph of KIF clumping typical of EBS-DM is shown in
figure 3d. No evidence of circumscribed clumps of KIF
was observed in examination of skin biopsies from four
heterozygous individuals (individuals 7, 23, 24, and 37),
one presumably heterozygous (by pedigree data) individual,
one affected female who was either heterozygous or homo-
zygous (fig. 1, asterisks), and from the known homozygous
individual 31. No significant differences were observed in
the epidermal ultrastructure of the KRT5 homozygote 31,
as compared with her heterozygous family members. These
data supported the diagnosis of EBS-Koebner, rather than
the EBS-DM subtype.

Clinical Features
Affected individuals had generalized blistering that

worsened with heat and improved with age. Both the ab-
sence of KIF clumping in basal cells and the worsening
with heat are consistent with a diagnosis of EBS-K and do
not support the previous diagnosis of EBS-DM (Hacham-
Zadeh).
The clinical features of the KRT5 homozygous individual

31 fell within the spectrum of EBS-K disease. Her mother
considered her to be more clinically involved than her rela-

tives, because she failed to improve significantly with cold
weather, did not show a diminution in her blistering at as
early an age as did other affected family members, and
required hospitalization at birth. Nevertheless, the clinical
findings for homozygous individual 31 were considered not
to be outside the spectrum of the disease within her family.
Her clinical features did not differ sufficiently to raise con-
cern by her physicians that she had a different or signifi-
cantly worse disease. Clinical photographs demonstrate the
similarity, in blistering severity and extent, observed in the
homozygous individual and a heterozygous relative (fig. 4).

Discussion

We have described several lines of evidence demonstra-
ting that a GC base-pair substitution at base-pair position
521 (G521C) of the KRT5 gene is responsible for the EBS-
K phenotype observed in a multigenerational family. The
G521C mutation predicts a substitution of lysine by an
asparagine at codon 173 (designated "K173N"), which is
an evolutionarily conserved residue within domain 1A, a
frequent location for keratin mutations (Compton 1994).
The codon 173 lysine residue was invariant among type II
keratin polypeptides, suggesting that it plays an important
role in KIF assembly, stability, or function (fig. 5). The
mutated K173N residue is the fifth residue of domain 1A
located at the amino-terminal end of the central rod domain
(fig. 6). Functional studies have shown that the beginning
segment of domain 1A is a region critical for formation of
heterodimers (Albers and Fuchs 1989; Steinert et al. 1993).
The substitution of a charged lysine by an uncharged polar
asparagine may disrupt both the secondary structure of K5
and consequent interactions with its keratin mate, K14,
or may interfere with higher-order interactions of K5/K14
heterodimers. Further support for a critical function for
this initial segment of domain 1A is derived from evidence
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Figure 5 Conservation of K173 residue. The peptide sequences of
different type II vertebrate keratins were aligned for comparison of the
first 16 residues of domain 1A. The invariant lysine residue is highlighted,
and GenBank accession numbers are given; the sequence for human gene
K6b is from Tyner et al. (1985).
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Figure 6 Mutational analysis of keratin peptides. The generic secondary structure of IF proteins, including type I and type II keratins, is
depicted with a central rod domain comprising four helical subdomains (1A, 1B, 2A, and 2B), separated by three linker regions (L1, L12, and
L2) and flanked by head-and-tail regions of variable sequence and length. Mutated residues in KS or K14 that are responsible for clinical
subtypes of dominant EBS are indicated above the diagram, as EBS-WC (l), EBS-K (T), and EBS-DM (S?) (Rugg et al. 1993; Chan et al. 1994a;
Yamanishi et al. 1994; reviewed in Compton 1994). An asterisk (*) denotes the EBS-K mutation (K173N) at residue 5 of domain 1A reported
in this article. A K14 mutation reported in an apparent recessive EBS-K family (Hovnanian et al. 1993) is indicated (v). Below the diagram,
keratin mutations underlying other skin-blistering disorders include K1 or K10 mutations in BCIE (I), K9 mutations in EPPK (,), and K2e
mutations in IBS (J) (Rothnagel et al. 1993, 1994; reviewed in Compton 1994). The arrow denotes an evolutionarily conserved arginine, at
residue 10 of domain 1A, that is frequently mutated in K14 for EBS-DM, in K10 for EH, and in K9 for EPPK (Rothnagel et al. 1993; Stephens
et al. 1993; Reis et al. 1994).

that mutations in different type I and type II keratins under-
lie several disorders of keratinization (fig. 6). For example,
several type I keratins have a mutational hotspot in argi-
nine, the 10th residue of domain 1A (fig. 6, arrow), presum-
ably because of spontaneous deamination of a methylated
CpG dinucleotide (Rothnagel et al. 1993; Stephens et al.
1993; Reis et al. 1994). Depending on the tissue- and differ-
entiation-specific expression of the type I keratin, these mu-
tations result in EBS-DM, BCIE, or EPPK (fig. 6).
To date, mutations underlying several disorders charac-

terized by KIF aggregation-specifically, EBS-DM, BCIE,
EPPK, and ichthyosis bullosa of Siemens (IBS)-are clus-
tered at either the beginning of domain 1A or the end of
domain 2B (fig. 6). In contrast, the mutations identified in
blistering disorders without KIF clumping (EBS-K and EBS-
WC) are located farther inside the rod domain. The muta-
tion in family EB13 did not result in KIF clumping, despite
its location in the initial segment of domain 1A. Three
other EBS-K point mutations include one each in the L12
and 2B domains of K14 and one in the 2B domain of K5
(fig. 6). These data, in conjunction with data correlating
the position of domain 1A substitutions with the degree of
in vitro KIF disruption, support the hypothesis that muta-
tions at the ends of the central rod are more detrimental
to KIF structure than are mutations mapping farther within
the rod (Letai et al. 1993). However, the K173N mutation
in the fifth amino acid residue of domain 1A in this family
demonstrates that not all substitutions in the beginning of
domain 1A disrupt the KIF structure sufficiently to result
in clumping. Perhaps the fifth residue of K5 domain 1A is
less critical, or the Asn substitution less detrimental, than
amino acid substitutions in the neighboring residues 4, 6,
8, 9, and 10 (the last of which is the mutational hotspot)
of K1, K10, and K14 (fig. 6), amino acid substitutions that
all resulted in KIF clumping. Another mutation occurring
in the initial rod segment and resulting in apparent EBS-K
disease was reported recently by Yamanishi et al. (1994).
However, the effect on KIF clumping of the Leu-+Phe sub-

stitution of the seventh residue of domain 1A ofK14 cannot
be assessed, because electron-microscopic analyses were not
reported. Heterozygous mutations in the initial segment of
domain 1A that give rise to milder disease without KIF
clumping could also result from reduced expression of the
mutant protein. In this case, fewer abnormal keratin mole-
cules would be available for dominant-negative interactions
with their normal keratin mate during heterodimer forma-
tion. Milder disease due to reduced production of abnormal
subunits of multimeric or dimeric proteins is well docu-
mented for the COLlA1 and c-kit genes responsible for
the dominant disorders osteogenesis imperfecta and pie-
baldism, respectively (Willing et al. 1990, 1992; Spritz et
al. 1992). However, this is an improbable explanation for
our family, since it would predict increased clinical and
histopathological severity for the homozygous individual,
which was not the case.
An important result from this study was that K173N

homozygosity had no significant effect on either clinical
severity or KIF clumping. The similar clinical phenotype
of individuals in the heterozygous and homozygous states
demonstrated that a level of 50% abnormal K5 molecules,
which would result in approximately one-half abnormal
K5/K14 heterodimers (under the assumption of equal ex-
pression of mutant and normal alleles), was sufficient for
epidermal fragility resulting in the EBS-K phenotype. In the
epidermis of homozygous individual 31, only mutant K5
molecules were produced, and every K5/K14 heterodimer
was abnormal. Yet, there were no ultrastructurally detect-
able KIF differences observed in the epidermis of the homo-
zygote compared with the epidermis of heterozygous rela-
tives. These data demonstrate that KIF function can be
disrupted by a limited number of abnormal K5 molecules
and that increasing this number has no further detectable
effects on KIF organization or function. The relative num-
ber of abnormal keratin molecules necessary for phenotypic
expression of epidermal fragility and blistering may be quite
small. In vitro, KIFs were disrupted by the presence of

L--..
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1% abnormal keratin molecules with deletion of amino or
carboxy ends of the rod domain (Coulombe et al. 1990).

Current evidence suggests that protein expression of the
mutant keratin allele, rather than the specific residue mu-
tated, is a critical determinant in inheritance and phenotype
of EBS. As summarized earlier, dominant EBS disease re-
sults from heterozygous mutant alleles that produce abnor-
mal keratin molecules, which incorporate into KIF and
disrupt their structure and function. As summarized in fig-
ure 6, heterozygous missense or in-frame mutations under-
lying EBS and BCIE have been identified at residues
throughout the keratin molecule. The K5 homozygosity
documented here has expanded our understanding of dom-
inant EBS disease by demonstrating that a dominant-nega-
tive missense mutation of keratin is fully dominant. While
the presence of abnormal K5 or K14 molecules underlies
dominant EBS disease, the lack of all K5 or K14 molecules,
normal or abnormal, appears to underlie recessive EBS
disease. Two independent cases of a homozygous K14 null
mutation have been reported in an affected child of a con-
sanguineous marriage, resulting in lack of detectable K14
mRNA, K14 protein, and basal cell KIF (Chan et al. 1994b;
Rugg et al. 1994). In these two families, the heterozygous
parents were asymptomatic, presumably because of the
lack of disrupting abnormal K14 molecules, while the ho-
mozygous offspring was affected because of lack of normal
K14 molecules. Interestingly, a precedent for these observa-
tions has been established by another multimeric structural
protein. Heterozygous mutations producing abnormal pro-
collagen subunits that disrupt collagen fiber assembly/func-
tion underlie dominant osteogenesis imperfecta, while ho-
mozygous null mutations producing neither normal nor
abnormal procollagen result in recessive osteogenesis im-
perfecta (Schnieke et al. 1983; Pihlajaniemi et al. 1984;
Cohn et al. 1990; Willing et al. 1990, 1992). In addition
to providing insight into KIF structure and function, the
completely dominant behavior of the KRT5 homozygous
allele predicts that homozygosity for dominant-negative al-
leles of subunits of other multimeric structural proteins
may behave in a similar fashion.

Note added in proof.-GenBank accession numbers for
KRT5 intronic sequences are U05838-U05849.
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