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Introduction

Considerable progress has recently been made in understand-
ing the molecular basis of the cutaneous basement membrane
zone (BMZ)' with respect to several heritable and acquired
diseases of the skin. One of these diseases is epidermolysis bul-
losa (EB), a heterogeneous group of conditions characterized
by the formation of blisters and erosions of the skin and mu-
cous membranes in response to trauma ( 1, 2). The clinical and
genetic heterogeneity of EB is reflected by the large number of
subtypes which have been delineated to reflect salient features
of the clinical phenotype and the mode of inheritance (1). In
the simplest form of classification, EB can be divided into three
major categories on the basis of the level of tissue separation
(Fig. 1), as demonstrated by diagnostic electron microscopy.
(a) In the simplex, nonscarring forms of EB, the blister forma-
tion occurs intraepidermally at the level of the basal keratino-
cytes; (b) in the junctional forms of EB, the tissue separation
occurs within the dermal-epidermal basement membrane at
the level of the lamina lucida; (c¢) in the dystrophic, scarring
forms of EB, the tissue separation occurs below the basement
membrane within the upper dermis at the level of the anchor-
ing fibrils (Table I). Both autosomal dominant and autosomal
recessive patterns of inheritance can be recognized (1, 2).

In addition to the heritable subtypes, epidermolysis bullosa
acquisita (EBA), an acquired autoimmune disease in which
the patient’s serum contains autoantibodies directed against
type VII collagen, results in a clinical presentation similar to
that of the inherited dystrophic forms of EB (3). In addition to
EBA, several different blistering skin diseases have an autoim-
mune pathogenesis, and circulating autoantibodies recogniz-
ing cutaneous epitopes have been demonstrated in patients’
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sera. These acquired conditions include bullous pemphigoid
(BP) and pemphigus vulgaris (PV), among others (see
Table I).

The cutaneous BMZ consists of a large number of distinct
macromolecules that form an intricate network at the dermal-
epidermal interface through discrete molecular interactions
(Fig. 1). Some of the components of the cutaneous basement
membrane zone, such as type IV collagen, laminin and nido-
gen, are expressed ubiquitously in basement membranes
throughout the body (4). However, some structural macromol-
ecules are present exclusively in the BMZ of stratifying squa-
mous epithelia, i.e., the skin, mucous membranes, and the cor-
nea of the eye (2). The presence of a large number of structural
components in the cutaneous basement membrane zone sug-
gests that several genes could potentially serve as candidate
genes in the various forms of EB and other cutaneous blistering
diseases (Table I).

Over the past two decades, much of our understanding of
the general structural features of basement membrane compo-
nents has been derived from neoplastic animal tissues, such as
the murine EHS tumor, which produce large quantities of
BMZ macromolecules (3). In contrast, the low abundance and
relative insolubility of the cutaneous BMZ components in nor-
mal human tissues have largely precluded extensive character-
ization of these molecules at the protein level. More recently,
however, molecular cloning of many of the human genes corre-
sponding to the BMZ components has allowed precise elucida-
tion of the primary sequences of structural macromolecules of
the cutaneous BMZ.

This overview will highlight recent advances in the molecu-
lar genetics of the cutaneous BMZ in relation to pathomechan-
isms of blistering skin diseases.

Molecular biology of the hemidesmosomal proteins

One of the characteristic features of the BMZ of stratifying
squamous epithelia is the presence of hemidesmosomes, at-
tachment structures which reside at the basal keratinocyte-
lamina lucida interface (Fig. 1). Immunoelectron microscopy
has topographically localized at least three protein components
to the hemidesmosomes. They include bullous pemphigoid an-
tigen 1 (BPAG1), a 230-kD noncollagenous protein which is
the major autoantigen in BP, a blistering autoimmune disease
(5). Another hemidesmosomal protein is bullous pemphigoid
antigen 2 (BPAG2), a 180-kD collagenous protein which
serves as an autoantigen in some patients with BP, and also in
herpes gestationis, a blistering disease associated with preg-
nancy (6). Several lines of evidence indicate that the two bul-
lous pemphigoid antigens are clearly distinct gene products.
Specifically, cloning of the corresponding cDNAs has indicated
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Figure 1. Schematic representation of the organization of the cutaneous basement membrane zone. As shown on the left, the figure depicts basal
keratinocytes overlying the papillary dermis, with the basement membrane zone separating the two compartments. The presence of ultrastruc-
turally recognizable morphologic structures are indicated on the left, and the individual proteins comprising these components are indicated on
the right. Also note the level of tissue separation in the simplex, junctional, and dystrophic forms of EB.

that there is no sequence homology between the primary se-
quences of these proteins, as deduced from the nucleotide se-
quences (7-9). Furthermore, the genes for BPAG1 and
BPAG?2 have been mapped to two different chromosomes, viz.
to the short arm of chromosome 6 and the long arm of chromo-
some 10, at loci 6p11-12 and 10q24, respectively (10, 11).
The third protein associated with the hemidesmosomal
complexes is 604 integrin, an attachment protein which is
expressed by epithelial cells (12). The «634 integrin has been
shown to be polarized to the underside of epidermal keratino-
cytes, on the surface apposed to the basement membrane,
where it has been postulated to mediate the attachment of hemi-

Table I. Molecular Basis of Blistering Skin Diseases

desmosomes to the underlying BMZ. Since previous studies
have suggested that BPAG1 is largely intracellular and BPAG2
is a transmembrane protein, while «684 integrin may reside
largely in the extracellular space, these observations suggest
that the hemidesmosomal proteins form a continuous link
which secures the attachment of the basal keratinocytes to the
underlying basement membrane (2).

The pathoetiologic role of circulating autoantibodies in
EBA and BP, recognizing type VII collagen and BP antigen
epitopes, respectively, is still unclear. In contrast, the circulat-
ing IgG antibodies in PV are clearly pathogenetic. Amagai et al.
(13) have convincingly demonstrated that IgG antibodies rec-

Level of tissue* Candidate? Chromosomal locus See
Disease separation genes/proteins of the gene reference

Heritable diseases

EB simplex Basal keratinocytes Keratins 5* and 14* 12q, 17q 25

EB junctional Lamina lucida Anchoring filament proteins (see text) ND#

EB dystrophic Sub-lamina densa Type VII collagen* 3p21 20

Epidermolytic hyperkeratosis Intraepidermal, suprabasilar Keratins 1* and 10 12q, 17q 42
Acquired diseases

EB acquisita Sub-lamina densa Type VII collagen 3p21 20

Bullous pemphigoid Lamina lucida BPAG1 and/or BPAG2 6pll, 10q24 10, 11

Herpes gestationis Lamina lucida BPAG2 1024 11

Pemphigus vulgaris Intraepidermal, subrabasilar PVAS® (cadherin) 18 43

Pemphigus foliaceus Intraepidermal, superficial Desmoglein I (cadherin) 18 43

* For structural details of the BMZ, see Fig. 1.

* Specific mutations or genetic linkage have been demonstrated in heritable diseases in the genes marked by an asterisk. The proteins indicated

under acquired diseases serve as autoantigens.
§ PVA, PV antigen; ND, not determined as yet.
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ognizing an antigenic region in the PV antigen, a cell surface
cadherin, are capable of producing a suprabasilar acantholysis
when injected to the skin of neonatal mice.

Anchoring filament proteins

In the junctional forms of EB, the tissue cleavage occurs within
the lamina lucida, in the region of skin-specific structures
known as anchoring filaments (1, 2). Considerable progress
has recently been made in understanding the structure of an-
choring filament proteins. Initially, a monoclonal antibody
(GB3) was shown to recognize a large glycoprotein, BM600,
which appears to be exclusively expressed in the cutaneous
basement membrane zone and particularly within the lamina
lucida (14). The BM600 protein, which has recently been re-
named nicein, consists of three disulfide linked polypeptide
subunits that constitute an ~ 600-kD protein. Recently, char-
acterization of two additional basement membrane zone pro-
teins, kalinin and epiligrin, revealed structural and biological
features remarkably similar to nicein (15, 16). It is conceiv-
able, therefore, that these three proteins are identical or closely
related.

Epitopes for nicein/kalinin/epiligrin have been localized
to the anchoring filaments within the lamina lucida by immu-
noelectron microscopy (15). Since immunostaining of skin
from patients with the junctional forms of EB with the GB3
antibody, as well as with another monoclonal antibody 19-
DEJI1 (2), shows little immunoreactivity, while the staining
pattern is normal in other forms of EB, it is conceivable that the
corresponding gene(s) are candidates in the junctional forms
of EB. Although no direct evidence for a mutation in nicein/
kalinin/epiligrin has been demonstrated as yet, this hypothesis
can be tested by direct analysis of the primary sequences of
these gene(s) in patients with the junctional forms of EB as
soon as the normal sequences are available.

Molecular genetics of type VII collagen

The anchoring fibrils are morphologically distinct attachment
structures that extend from the lower portion of the basement
membrane to the papillary dermis (Fig. 1). Several indepen-
dent lines of evidence suggest that the anchoring fibrils play a
critical role in stabilizing the association of the lower part of the
basement membrane to the underlying dermis (17).

Type VII collagen is present in human tissues in a limited
pattern of distribution, and specifically, it is found almost exclu-
sively in the basement membrane zone below the stratifying
squamous epithelia of the skin, mucous membranes, and the
cornea of the eye (18). This collagen is the major component
of anchoring fibrils, as demonstrated by immunolocalization
studies. Type VII collagen consists of three identical a-chains,
[al(VII)];, and each a-chain is synthesized as a precursor poly-
peptide, proal(VII) chain (19). Each proa-chain, ~ 300 kD
in size, consists of a central collagenous domain that accounts
for about half of the mass of the molecule, a larger amino-ter-
minal noncollagenous domain, NC-1, and a smaller carboxy-
terminal noncollagenous domain, NC-2 (Fig. 2). In the extra-
cellular space, the individual type VII collagen molecules form
an antiparallel dimer through overlapping carboxy-terminal
sequences (Fig. 2). Multiple dimer molecules then assemble
laterally to form anchoring fibrils that contain large globular
NC-1 domains at both ends of the structure (19). It has been
suggested that the NC-1 domains interact at one end with com-
ponents of the dermal-epidermal basement membrane, and at

1 @——

NC-1 triple helix NC-2

Figure 2. Schematic representation of type VII collagen and its as-
sembly to anchoring fibrils. /. Type VII collagen consists of a central
triple-helical domain flanked by an amino-terminal noncollagenous
domain, NC-1, and a carboxy-terminal noncollagenous segment,
NC-2. 2. In the extracellular space, two procollagen molecules align
to form antiparallel dimers which are stabilized by the formation of
disulfide bonds. 3. The NC-2 domain is proteolytically cleaved to
yield stable type VII collagen dimers. 4. Several of these dimer mole-
cules laterally assemble into anchoring fibrils which can be recognized
by their characteristic banding pattern.

the other end with islands of basement membrane-like struc-
tures, known as anchoring plaques, within the upper dermis
(Fig. 1). Also, some of the anchoring fibrils form U-shaped
structures with both NC-1 domains attached to the lamina
densa, so that the anchoring fibrils entrap other components of
the dermal connective tissue, such as the broad, banded colla-
gen fibrils consisting primarily of type I and III collagens. These
arrangements securely bind the cutaneous basement mem-
brane to the underlying dermis, providing stability to the lower
portion of the basement membrane zone (2).

Elucidation of the primary sequence of the proal(VII)-
chain has recently been advanced by cloning of human type
VII collagen cDNAs (20, 21). These studies have revealed sev-
eral intriguing features within the type VII collagen molecule.
For example, the nucleotide sequences unequivocally predict
that the NC-1 domain is amino-terminal with respect to the
central collagenous domain, while NC-2 resides at the carboxy-
terminal end of the molecule. This domain assignment con-
trasts the previous model which was based on preliminary bio-
chemical information of type VII collagen (19). Furthermore,
elucidation of the primary sequences within the collagenous
domain has revealed the presence of characteristic Gly-X-Y
repeats, which are frequently interrupted by noncollagenous
imperfections (17). It is conceivable that such interruptions
provide flexibility to the molecule, as predicted from studies
using biophysical parameters and rotary shadowing electron
microscopy (22). Such flexibility may be necessary for the an-
choring fibrils to function as the attachment structures at the
lamina densa/papillary dermis interface.

Elucidation of the primary sequences of the proal(VII)
collagen chain has revealed features that may be of biological
importance. These include the presence of several RGD tripep-
tide sequences potential cell binding sites. Furthermore, the
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NC-1 domain contains nine segments with homology to fibro-
nectin type III motifs, as well as subdomains with homology to
the A domain of von Willebrand factor. These sequences pre-
dict that adhesive properties of the NC-1 domain of type VII
collagen may play a role in cell-matrix interactions.

Localization of the type VII collagen gene (COL7A1) to a
chromosomal locus on the short arm of human chromosome 3
and identification of two informative polymorphisms within
the gene have facilitated genetic linkage analyses in families
with the dystrophic forms of EB (20, 21, 23).

Genetic linkage analyses and keratin mutations
in epidermolysis bullosa simplex

Remarkable progress has recently been made in understanding
the molecular basis of the simplex forms of EB (EBS). These
nonscarring forms of EB are inherited ih an autosomal domi-
nant manner in the majority of cases ( 1). Initial ultrastructural
observations indicated that clumping of intracellular tonofila-
ments occurred in association with blister formation in some
forms of EBS. Subsequent linkage analyses mapped several
EBS loci to either chromosome 12 or chromosome 17, in the
vicinity of gene clusters known to encode keratins expressed in
the epidermis (24-26). Specifically, keratin 5 on chromosome
12 and keratin 14 on chromosome 17 are exclusively expressed
in the basal keratinocytes, where they assemble into heterodi-
meric filaments necessary for the integrity of the basal cell cyto-
skeleton (27). Further support to the hypothesis that abnormal-
ities in the keratin genes may underlie EBS was generated by
creation of a series of transgenic mice into which truncated
constructs of the keratin 14 gene had been integrated (28). The
transgenic animals developed a clinical disease characterized
by intraepidermal blistering at birth, and ultrastructural evi-
dence suggested clumping of tonofilaments. Subsequently, spe-
cific mutations have been demonstrated in patients with EBS.
In particular, in two patients from different families with EBS
herpetiformis (the Dowling-Meara variant), there was a point
mutation in codon 125, which normally encodes an arginine
residue (25). In one case, the mutation changed the arginine to
cysteine, while in the other, the arginine was changed to histi-
dine. Another family with the Kébner-type of EBS, with gener-
alized distribution of lesions, has been shown to have a point
mutation in keratin 14 resulting in substitution of a leucine
residue by a proline at position 384 (25). In another keratiniza-
tion disorder, epidermolytic hyperkeratosis, characterized by
intraepidermal blistering, suprabasilar keratins, 1 and 10 have
been implicated in the disease process ( Table I). Although the
precise molecular consequences of these keratin mutations are
as yet unclear, these mutations apparently result in poor inter-
mediate filament formation, causing fragility of keratinocytes
and manifesting as tissue separation within the epidermis.

Evidence for type VII collagen as the candidate gene

in the dystrophic forms of EB

Previous studies have clearly demonstrated abnormalities in
the anchoring fibrils in the dystrophic forms of EB (DEB) (2).
In particular, electron microscopy of the skin in patients with
the dominantly inherited forms of DEB (DDEB) has demon-
strated that the anchoring fibrils are reduced in number and/or
are morphologically altered (17, 29). In the more severe, reces-
sively inherited forms of DEB (RDEB), the anchoring fibrils
can be entirely absent or only a few severely abnormal fibril
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structures can be detected (30). Since type VII collagen is the
major component of the anchoring fibrils, it has been postu-
lated that COL7A1 is the candidate gene for mutations in fami-
lies with the dystrophic forms of EB.

This hypothesis has recently been tested by genetic linkage
analyses (23, 29). To provide informative markers for these
studies, we initially identified a Pvull restriction fragment
length polymorphism (RFLP) which was shown by direct se-
quencing of the genomic region to reflect an A to G transition
in the third position of a proline codon (23, 31). This Pvull
RFLP was initially applied to a large Finnish kindred with 20
affected and 23 unaffected living individuals in four genera-
tions, to examine the segregation of COL7A1 alleles with the
DDEB phenotype (23). Cosegregation of the RFLP marker
and the clinical phenotype was observed in this family, demon-
strating strong genetic linkage with the maximum Lod score
(2) of 6.6 at a recombination fraction 6 = 0 (23, 29). The
strong genetic linkage (Z > 3) and the absence of recombina-
tion between the COL7A1 and DDEB loci, as well as demon-
stration of anchoring fibril defects in the affected individuals,
strongly suggested that the type VII collagen gene harbors the
mutations causing the blistering disease in this family.

Subsequent to the initial demonstration of linkage between
COL7A1 and DDEB, several additional kindreds of diverse
ethnic background, with clinical and genetic features diagnos-
tic of DDEB, have been examined (32). Strong genetic linkage
in families of Finnish, Dutch, Japanese, and U.S. Caucasian
extraction has been observed with COL7A1 and several infor-
mative flanking markers (29, 32). Thus, the linkage data indi-
cate a single locus on chromosome 3p as the site of the domi-
nant dystrophic EB mutation(s), with no evidence for genetic
heterogeneity thus far.

Previous studies have also indicated that the RDEB are
characterized by morphologic abnormalities or by the absence
of anchoring fibrils (30). Thus, it is conceivable that type VII
collagen is also a candidate gene for mutations in families with
RDEB. This hypothesis has recently been tested in a study by
Hovnanian et al. (33), which examined 24 kindreds with at
least one individual presenting with a mutilating form of
RDEB. In five of these pedigrees, there were two or more af-
fected individuals, and consanguinity was documented in three
families. The parents of the affected individuals were clinically
normal in all cases. Thus, the appearance of the clinical pheno-
type in these individuals is consistent with a recessively in-
herited mutation. Genetic linkage analyses using the Pvull
RFLP within COL7A1 as a marker indicated cosegregation of a
particular type VII collagen allele and the clinical phenotype in
several of these families, with a combined maximum Lod score
(Z) of 3.97 at a recombination fraction () zero (33). These
data strongly support the possibility that type VII collagen is
the primary candidate gene for mutations in both the domi-
nantly and recessively inherited forms of DEB. Previous stud-
ies have suggested that proteolytic enzymes, such as collage-
nase, may play a role particularly in RDEB (34). It should be
noted, however, that recent studies have excluded the collage-
nase locus on chromosome 11 as the site of the primary muta-
tion in some families with RDEB (35).

Although the precise mutations in type VII collagen in the
dystrophic forms of EB are currently under intense investiga-
tion, we speculate that mutations in COL7A 1, by analogy with
other collagen genes, including those for types I, II, I1I, and IV,
will consist of a spectrum of different kinds of mutations (36).



For example, the mutations could lead to altered expression of
the gene, which would explain the low abundance of type VII
collagen in dominantly inherited DEB, or might explain the
complete absence of type VII collagen and anchoring fibrils in
recessively inherited forms. Structural mutations in the type
VII collagen gene could also introduce changes in the protein
which would delay secretion of the molecules into the extracel-
lular space, or interfere with the assembly of type VII collagen
into the anchoring fibrils (30). By analogy with other collagen
genes, mutations substituting critical glycine residues with
other amino acids within the collagenous domain could lead to
reduced stability of the collagenous triple helix, thus conferring
instability to the entire type VII collagen molecule and possibly
to the anchoring fibrils.

Applications of gene therapy to EB

The potential use of gene transfer approaches appears to be
particularly well suited to cutaneous diseases characterized by
abnormalities in the genes that are expressed primarily by kera-

tinocytes. In particular, the technologies to propagate epider-

mal cells in culture and to use such cells as autologous grafts are
well established, and are in clinical use for severe cutaneous
burns and leg ulcers (37). Furthermore, such grafting proce-
dures have been applied with promising results to selected pa-
tients with the junctional forms of EB (38). Thus, one of the
future goals of research towards improved management and
potential cure of various forms of EB relates to strategies that
could replace the mutated gene by targeted transfection with
the wild type gene in transplantable keratinocytes (39). This
strategy appears to be particularly applicable to patients who
carry a null allele, which is not expressed, leading to the com-
plete absence of type VII collagen production and absence of
anchoring fibrils in certain cases with the RDEB (30). In the
case of dominant-negative mutations, in which the mutated
gene product interferes with the function of the normal pro-
tein, the strategy of using antisense oligomers directed against
expression of the mutated allele could potentially be useful.
The latter approach could be combined with pharmacologic
upregulation of the expression of the normal allele in the hetero-
zygous individuals. In this regard, it is of interest to note that
transforming growth factor-g is a powerful upregulator of type
VII collagen gene expression in cultures of human epidermal
keratinocytes (40). Thus, cotransfection of transplantable ker-
atinocytes with the transforming growth factor-3 gene together
with the normal type VII collagen gene could lead to enhanced
synthesis of type VII collagen in situ. Intriguingly, a recent
study has demonstrated that direct trans-epidermal introduc-
tion of human DNA into mouse skin using a biolistic micro-
projectile accelerator leads to expression of the gene, as de-
tected by development of antibodies against the human protein
(41). Similar approaches could be applicable to different forms
of EB once the candidate genes and the precise underlying mu-
tations have been elucidated in detail. It is clear that ap-
proaches of molecular and cell biology in combination with
molecular pharmacology will facilitate the development of
strategies to counteract these often fatal and frequently devas-
tating diseases of the skin.
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