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Abstract

Epidermolysis bullosa (EB) is a group of heritable mech-
ano-bullous skin diseases classified into three major catego-
ries on the basis of the level of tissue separation within the
dermal-epidermal basement membrane zone. In the most
severe, dystrophic (scarring) forms of EB, blisters form be-
low the cutaneous basement membrane at the level of the
anchoring fibrils, which are composed of type VII collagen.
Ultrastructural observations of altered anchoring fibrils and
genetic linkage to the type VII collagen locus (COL7A1)
have implicated COL7A1 as the candidate gene in the dys-
trophic forms of EB. We have recently cloned the entire
cDNA and the gene for human COL7AL. In this study, we

describe distinct mutations in both COL7A1 alleles in three
brothers with severe, mutilating recessive dystrophic EB
(the Hallopeau-Siemens type, HS-RDEB). The patients are

compound heterozygotes for two different mutations, both
of which result in a premature termination codon in
COL7A1, and the parents were shown to be clinically het-
erozygous carriers of the respective mutations. Premature
termination codons in both alleles of COL7A1 appear to be
the underlying cause of severe, recessive dystrophic EB in
this family. (J. Clin. Invest. 1995. 95:1328-1334.) Key
words: genodermatosis * bullous skin diseases * collagen
gene mutations * anchoring fibrils

Introduction

Epidermolysis bullosa (EB)' is a group of inherited mechano-
bullous diseases characterized by easy blistering and fragility
of the skin and mucous membranes (1, 2). On the basis of
clinical, morphologic, and ultrastructural analyses, EB can be
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divided into three major categories. (a) In the simplex forms,
tissue separation occurs at the level of the basal keratinocytes,
and mutations in the keratin genes, KRT5 and KRT14, have
been shown to underlie this form of EB (3, 4). (b) In the
junctional forms of EB, the tissue separation occurs within the
cutaneous basement membrane, and the lamina lucida protein
laminin 5 (previously known as nicein/kalinin) (5) has been
implicated as the candidate gene(s) with subsequent demonstra-
tion of mutations in the LAMB3 and LAMC2genes (6-8).
(c) In the dystrophic (scarring) forms of EB, the tissue separa-
tion occurs below the basement membrane within the papillary
dermis at the level of the anchoring fibrils. Both autosomal
dominant and autosomal recessive inheritance patterns have
been documented, and the blistering tendency can be highly
variable within different forms of EB ( 1).

The most severe form of recessive dystrophic EB (the Hallo-
peau-Siemens type, HS-RDEB), is characterized by mutilating
scarring of the hands and feet, joint contractures, strictures of the
upper gastrointestinal tract, and the development of aggressive
squamous cell carcinomas in affected areas of the skin. These
features frequently shorten the life span of the affected individu-
als to two or three decades. Several lines of evidence suggest
that the type VII collagen gene (COL7A1) is the candidate
gene in RDEB (9). First, electron microscopy of the skin in
affected individuals demonstrates altered morphology and scar-
city, or even absence of anchoring fibrils, attachment structures
extending from the lamina densa of the cutaneous basement
membrane zone to the papillary dermis (10). Previous biochem-
ical studies have indicated that type VII collagen is the major,
if not the exclusive, component of the anchoring fibrils ( 11).
The electron microscopic findings are supported by immuno-
fluorescence studies with anti-type VII collagen antibodies,
which frequently demonstrate weak, discontinuous, or negative
staining reaction for type VII collagen epitopes in the skin of
RDEBpatients (12). Second, cloning of the type VII collagen
gene and identification of informative RFLPs have allowed
demonstration of close genetic linkage between the type VII
collagen locus, which has been mapped to the p21 region of
human chromosome 3, and both the autosomal dominant and
autosomal recessive forms of dystrophic EB ( 13 - 16). In partic-
ular, genetic linkage analysis of eight families with dominant
dystrophic EB, using intragenic or flanking RFLPs, has demon-
strated a LOD score (Z) of > 25 with no recombination ( 14,
15, 17, 18). Furthermore, examination of 19 informative fami-
lies with mutilating HS-RDEBwith an intragenic PvuII RFLP
has demonstrated a LOD score of 3.97 at 0 = 0 ( 16). Collec-
tively, these observations suggest that most, if not all, families
with the dystrophic forms of EB demonstrate genetic linkage
to the locus, with no evidence for locus heterogeneity thus far
in COL7A1.
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Type VII collagen is a homotrimer composed of three identi-
cal polypeptide subunits, known as al (VII) chains ( 19). Each
a 1 (VII) chain consists of a central collagenous region, 140 kD
in size, flanked by a relatively large amino-terminal noncollage-
nous (NC-l ) domain and a smaller, 20 kD, carboxy-terminal
noncollagenous (NC-2) domain (20, 21). We have recently
completed characterization of the intron/exon organization of
the type VII collagen gene (22). The gene contains 118 exons
in 31 kb of genomic DNA, more exons than in any previously
characterized gene. The primary sequence of NC-1, as deduced
from cloned cDNAs, revealed a chimeric arrangement of subdo-
mains with homology to proteins with adhesive properties (20,
23). These subdomains include a segment with homology to
cartilage matrix protein, nine consecutive fibronectin type III-
like repeats and a segment with homology to the A domain of
von Willebrand factor. During the assembly of anchoring fibrils,
two individual type VII collagen molecules are thought to align
in an antiparallel orientation stabilized by intermolecular disul-
fide bonds at the overlapping NC-2 domains. Subsequently,
multiple anti-parallel dimer molecules assemble to form anchor-
ing fibrils, which contain the NC- I domain at each end of these
structures.

Cloning of type VII collagen has facilitated molecular analy-
sis of the underlying mutations in different forms of dystrophic
EB. For example, we have identified a glycine substitution
(G2040S) in the triple helical domain of type VII collagen in
a large family with dominant dystrophic EB (DDEB) (24).
Furthermore, we identified a single base substitution in two
siblings with a mild form of RDEB(mitis type), which resulted
in a methionine-to-lysine substitution in a highly conserved
segment within the carboxy-terminal noncollagenous (NC-2)
domain of type VII collagen (25). In the homozygous state,
this missense mutation resulted in a mild scarring form of dys-
trophic EB, while the mother and a half-brother were heterozy-
gous carriers of the mutation without clinical consequences.
In contrast, in patients with severe, mutilating HS-RDEB, we
previously identified a homozygous insertion/deletion mutation
which leads to premature termination of translation in FNIII
domain 4A (26), and more recently, additional mutations in
COL7A1 also resulting in premature termination codons
(PITCs) (27, 28). In three different HS-RDEB patients, the
mutations on both alleles lead to premature termination codons,
predicting termination of translation of type VII collagen poly-
peptides.

In this study, we analyzed COL7A1 for mutations underly-
ing HS-RDEB in three male siblings of Japanese ancestry. The
results demonstrate distinct mutations in both COL7A1 alleles
resulting in PTCs, while the parents were heterozygous carriers
with the respective mutations. Collectively, these findings ex-
tend and support the concept that premature termination codon
mutations on both COL7A1 alleles are the major underlying
cause of severe, mutilating HS-RDEB.

Methods

PCRamplification and heteroduplex analyses. DNA isolated from pe-
ripheral blood lymphocytes was used as a template for amplification of
genomic sequences within COL7A1. For this purpose, oligonucleotide
primers were synthesized on the basis of intronic sequences (Christiano
et al., manuscript in preparation) to generate products spanning several
exons. To amplify the 674-bp fragment containing exons 7-9, the prim-

ers were: upstream primer, 5 'GGCTGGGCAAGATAAAGTGA3';
downstream primer, 5'CGTCCCAGCCTGAAGAAAGT3'.The fol-
lowing primers were used to amplify a 760-bp segment containing exons
69-71: upstream primer, 5 'TGAGTGCGGATGTTGGGTAG3';down-
stream primer, 5 'AGCAAGAGGTCAGAGGAGCG3'.For PCRampli-
fication, 500 ng of genomic DNA was used as template, and the
amplification conditions were 94°C for 7 min; followed by 94°C for 45
s; 55°C for 45 s; 72°C for 45 s, for 40 cycles; in an OmniGene thermal
cycler (Marsh Scientific, Inc., Rochester, NY). Amplification buffer
contained 1.5 mMMgCl2, and 2 U of Taq polymerase (GIBCO-BRL),
in a total volume of 50 tLI. Aliquots of 5 I1 were analyzed on 1.0%
agarose gel electrophoresis and 10 bsl of the sample was prepared for
heteroduplex analyses according to the manufacturer's recommendation
(MDE, AT Biochemicals, Malvem, PA). Heteroduplexes were visual-
ized by staining with ethidium bromide. If a band of altered mobility
was detected in heteroduplex analysis, the PCRproduct was subcloned
into a PCRcompatible vector (TA; Invitrogen, San Diego, CA), and
sequenced by standard techniques (29).

Verification of the mutations. The putative mutations detected in the
PCRproducts were verified at the genomic level in each case. For this
purpose, a search for potential changes in restriction endonuclease sites
as a result of the mutation was performed. If an altered restriction
enzyme site was detected, DNA in the region of the mutation was
amplified by PCR, and the products were cleaved with the restriction
enzymes DdeI, AciI, and MspI according to the manufacturer's recom-
mendations (Boehringer-Mannheim, Indianapolis, IN; and NewEngland
Biolabs Inc., Beverly, MA).

Results

Strategy for identification of mutations in COL7AI
To search for mutations in COL7A1 in patients with RDEB,
we developed a scanning strategy which is based on PCRampli-
fication of genomic DNAsegments, followed by agarose gel
electrophoresis and heteroduplex analysis of the PCRproducts.
Each PCRproduct spans 2 to 5 exons of the gene, which encom-
passes a total of 118 exons in its entirety (22, and Christiano
et al., manuscript in preparation). Thus, a total of 50 PCR
products are required to scan the entire COL7A1 gene. In the
event that a band with altered mobility in the heteroduplex
analysis is noted, the PCRproduct is subcloned and subjected
to nucleotide sequencing by the dideoxynucleotide termination
method (29). Using this strategy, in this study we have identi-
fied two distinct mutations in three brothers with RDEB. Both
mutations cause a premature termination codon within COL7A1
arising by a different mechanism, and predicting the synthesis
of a truncated a l (VII) chain.

Identification of distinct mutations in both alleles
of COL7AJ
Clinical features. The probands were 20-, 16-, and 13-yr-old
Japanese brothers with extreme fragility of the skin which had
been noted at birth. The skin involvement led to extensive muti-
lating scarring, loss of nails, and joint contractures (Fig. 1).
The patients also had blistering of the mucous membranes in
the oral cavity, and esophageal strictures which had caused
severe malnutrition and anemia. These complications led to the
demise of the oldest brother at the age of 21, while this manu-
script was under review.

Diagnostic light and transmission electron microscopy re-
vealed sub-basal lamina dermal-epidermal separation. Further-
more, no anchoring fibrils were observed in the skin of the
patient II-2 (Fig. 2). These findings are consistent with the
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Figure 1. Clinical presentation of the probands affected with the severe, Hallopeau-Siemens type of RDEB. Note the mutilating scarring, fusion of
the digits and loss of nails on the hands and feet. The panels from top to bottom represent the 13-, 16-, and 20-yr-old brothers (11-1, II-2, and II-
3 in Fig. 2), respectively.
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A

y y rJ Figure 2. Pedigree of the family.
1-1 1-2 The probands with RDEB(see

Fig. 1) are indicated by filled
squares. Haplotype analysis be-
neath each character depicts an
intragenic PvuH RFLP in
COL7A1 (A/B), the Y31lX

Al1-A - mutation (y/x), and the

J
5818delC mutation (+/-). The
parents are clinically unaffectedcarriers of one of the mutated

11-1 11-2 11-3 alleles (box).

Hallopeau-Siemens type of RDEB (10). The patients had no
unaffected siblings, and the parents were clinically normal (Fig.
2). There was no evidence of consanguinity.

Identification of mutations. To search for mutations in
COL7A1, genomic DNA isolated from peripheral blood was
used as the template for PCRamplification, as described above.
Putative mutations in two different segments of COL7A1 were
identified in the probands. First, a shift in the heteroduplex
analysis was noted when the PCRproduct spanning exons 7-
9 was subjected to analysis (Fig. 3 A). Sequencing of this
fragment revealed a C-to-A transversion at position 933 within
exon 7 of COL7A1, as compared to the normal allele (Fig. 3
B). This mutation, which converted a tyrosine codon (TAC)
into a nonsense mutation (TAA), is designated Y31 IX.

The search for the mutation in the other COL7A1 allele of
the proband resulted in identification of a shift in heteroduplex
analysis when the PCR product spanning exons 69-71 was

analyzed (Fig. 4 A). Sequencing of the product revealed a
deletion of a C at position 5818 within exon 70 of COL7A1
(Fig. 4 B). This deletion, 5818delC, resulted in a frameshift
and a premature termination codon 64 amino acids downstream
from the site of the nucleotide deletion. The premature termina-
tion codon was predicted to result in a truncated a I (VII) chain
which terminates within exon 73, encoding parts of the noncol-
lagenous "hinge" region within the collagenous domain of the
a l (VII) chain. Thus, the probands in this family are compound
heterozygotes with two distinct mutations, each causing a pre-
mature termination codon in different regions of COL7A1.

Verification and inheritance of the mutations. To verify
these two mutations at the genomic level and to examine the
inheritance of the mutations within the family, DNAfrom the
clinically affected siblings and their unaffected parents was ana-
lyzed. Heteroduplex analysis by electrophoresis using PCR
products spanning exons 7-9, revealed that the mother (individ-
ual I-2 in Fig. 2), as well as the probands (II-1, II-2, and II-3)
demonstrated a similarly shifted band (Fig. 4, lanes 2-5) while
the father's (I-i) did not show such a shift. The mutation, a C-
to-A transversion, created a new restriction enzyme site for DdeI
(CTAAG). Digestion of amplified DNAwith this endonuclease
confirmed that the individuals analyzed in lanes 2-5 were het-
erozygous for the mutation Y31 IX, while lanes 1 and 6 demon-
strated the normal restriction pattern only (Fig. 3 C).

To examine the inheritance of the mutation 5818delC in
exon 70 in the family, heteroduplex analysis was performed on
the same individuals indicated above. The results revealed that
individuals I-1 (the father) as well as H-1, II-2, and II-3 (the
probands) demonstrated an altered band, as shown in lanes 1,
and 3-5 in Fig. 4 A. The mutation 5818delC in exon 70 resulted
in the generation of a new AciI restriction site (GCGG) and
the loss of an MspI site (C.CGG). Individuals with a band
showing altered mobility in the heteroduplex analysis also con-
tained a new restriction enzyme site for the endonuclease AciI,

1 2 3 4 5 C

G A T C

B [

4--_ TYR
... ... (TAC)

'.'s

NORMAL
ALLELE

G A T C

a_ "

~4-- STOP

(TAA)

MUTANT
ALLELE

Y31 1X

M l 2 3 4 5 C

Figure 3. Heteroduplex analysis
of PCRproducts corresponding to
exons 7-9 in COL7A1 in the fam-
ily. The lane C represents an unre-
lated healthy control (A). Se-
quence analysis of the bands dem-
onstrating altered mobility in lanes
2-5 revealed a C-to-A transver-
sion resulting in a nonsense muta-
tion in exon 7 (B). The nucleotide
substitution was verified by DdeI
restriction enzyme digestion of the
PCRproduct (C). The mutation
creates a new restriction site for
this enzyme (CTAAG), and
yields digestion fragments of 384
and 221 bp from the normal allele,
and 261 and 123 bp from the mu-
tant allele, after cleavage of the
384-bp fragment. The lane Mcon-
tains molecular weight markers
(C). This mutation converts a ty-
rosine codon (TAC) to a nonsense
mutation (TAA), and is desig-
nated Y311X.
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Figure 4. Heteroduplex analysis
of PCRproducts containing exons
69-71 of COL7AI in the family
(A). Sequence analysis of the
bands with altered mobility in
lanes I and 3-5 revealed a one
base pair deletion of a C in exon
70, as shown in (B). The mutation
was verified by restriction endo-
nuclease digestion (C). The dele-
tion of one C creates a new restric-
tion enzyme site for Aci I
(GCGG) and yields digestion
fragments of 539, 187 and 150 bp
from the normal allele and 279-
and 260-bp bands from the mutant
allele after digestion of the 539-
bp band (C). This mutation, des-
ignated 5818deIC, leads to a
frameshift and premature termina-
tion codon (TGA) 64 amino acids
downstream in exon 73 of
COL7A1.

indicating that they were heterozygous for this mutation (Fig.
4 C), and had lost an MspI site (not shown). Thus, the probands
with severe HS-RDEBwere shown to be compound heterozy-
gotes for both mutations, while their father (I-I) and mother
(I-2) were heterozygous carriers of different mutations.

These mutations were not observed in 36 alleles of 18 unre-

lated unaffected individuals, suggesting that they are not poly-
morphisms. The mutation Y31 IX was also not observed in
80 unrelated dystrophic EB patients. However, the mutation
5818delC was observed in the heterozygous state in one un-

related RDEB patient from Japan and his father, suggesting
that 5818delC may be a more common mutation in this gene

pool (30).

Discussion

In this study, we have identified discrete mutations in COL7A1
in both alleles of three brothers with HS-RDEB. Both mutations
are predicted to result in the synthesis of truncated al (VII)
collagen chains. In these patients, a different mutation was iden-
tified in each COL7Al allele, consisting of a nonsense mutation
and a deletion of a single C nucleotide, respectively. Each parent
of the probands was shown to be a heterozygous carrier of one

of the mutations, without clinical consequences.
The spectrum of clinical severity and the mode of inheri-

tance (autosomal dominant vs. autosomal recessive) in the dys-
trophic forms of EB apparently reflect different types and com-

binations of mutations within COL7AL. Wehave recently iden-
tified a homozygous methionine-to-lysine substitution in a mild
(mitis) form of recessive dystrophic EB (25). This mutation
was located in the carboxy-terminal NC-2 domain within a

region consisting of 67 amino acids which were precisely con-

served between hamster and human COL7Al sequences (21).
This mutation resided 4 and 6 amino acids upstream from two
conserved cysteine residues, which have been postulated to par-

ticipate in intermolecular disulfide bonding during the assembly
of anchoring fibrils (19). Thus, this mutation affecting the NC-

2 domain resulted in a relatively mild clinical phenotype in the
homozygous individuals, while the heterozygous carriers were

clinically normal.
In cases where premature termination codons have occurred

on both COL7A1 alleles in five unrelated pedigrees, including
the one described in this study, the consequences have been
profound, and the genetic lesions resulted in severe, mutilating
scarring due to pronounced fragility of the skin and the mucous

membranes. In addition to these families, we have recently
identified several different premature termination codon muta-
tions on one COL7Al allele of unrelated RDEBpatients while
the mutations in the other COL7A1 allele have not been identi-
fied in these cases as yet (27, 28, and Christiano et al., unpub-
lished observations). Premature termination codons have been
described as the underlying cause of several different disorders,
with one commonly observed consequence of the mutation. In
cystic fibrosis, Marfan syndrome and /3-thalassemia, for exam-

ple, presence of a PTCor nonsense mutation results in a marked
diminution in the mRNAtranscript level from the mutant allele
(31-34). Previous studies on the effect of nonsense mutations
have shown that mRNAstability per se was not affected by the
PTC, but that the reduced transcript levels primarily reflect
altered RNAprocessing (35, 36). Although the precise mecha-
nisms are not yet well understood, both splicing and nuclear
transport of RNAs appear to be involved in the reduction of
mRNAtranscript levels by PTCs. In addition, PTCs and non-

sense mutations have also been shown to result in omission of
the exon bearing the PTC from the transcript (37). Although
mRNAfrom the patients examined in this study was not avail-
able for evaluation of the effects of PTCs on transcript levels,
we have recently examined type VII collagen mRNAlevels in
two other cases with RDEB. Specifically, in one case with PTCs
in both alleles, the type VII collagen mRNAlevels were reduced
to 14% of normal. Furthermore, a compound heterozygote with
a PTC in one allele and a missense mutation in the other, re-

vealed a reduction in the transcript level to - 12% of normal.
Immunoprecipitation of radiolabeled proteins with an anti-type
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VII collagen antibody yielded no evidence of either intracellular
or secreted truncated polypeptides (Christiano et al., unpub-
lished observations). Thus, in the patients (II-1, 11-2, and 11-3)
examined in this study with the most severe, mutilating form
of HS-RDEB, PTCs in both alleles of COL7A1 are likely to
result in the complete absence of any full-length COL7A1 poly-
peptides, and consequently, no detectable anchoring fibrils in
the skin, as demonstrated by diagnostic transmission electron
microscopy.

Precise understanding of the mutations underlying the dif-
ferent forms of EB provides a means for early DNA-based
prenatal diagnosis from chorionic villi during the first trimester
of pregnancy in families such as this, or by blastomere analysis
before implantation (38, 39). These DNA-based approaches
of prenatal diagnosis will replace the currently used invasive
procedure of fetal skin biopsy in families at risk for recurrence
of the disease. Furthermore, understanding of the molecular
basis of different forms of EB, such as COL7A1 mutations in
RDEB, will set the stage for future approaches of gene therapy.
Potential possibilities for the gene therapy include stable trans-
fection of autologous keratinocytes with the normal type VII
collagen gene, followed by replantation of the transfected kera-
tinocytes expressing the normal gene to denuded areas of the
skin (40, 41). Alternatively, the use of a biolistic particle accel-
erator (42) could deliver the normal gene to the stem cell popu-
lation of the epidermal keratinocytes in the future.
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