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SUMMARY

Desmosomal junctions are abundant in epidermis and
contain two classes of transmembrane glycoprotein, the
desmacollins and the desmogleins, which are members
of the cadherin superfamily of Ca2*-dependent cell
adhesion molecules. The desmacollin subfamily includes
DGIV/V and DGII/II while the desmoglein subfamily
includes DGI, HDGC and the autoantigen of the blis-
tering skin disease pemphigusvulgaris (PVA). Thereare
also several non-glycosylated proteins, including the
desmoplakins and plakoglobin, present in the desmoso-
mal plaque, which forms a link between the glycopro-
teins and the cytokeratin intermediate filaments. To
provide a picture of the expression of the desmosomal
genes and their products in epidermis, we have used in
situ hybridisation and immunofluor escence staining on
sections of human foreskin. We find that, as expected,
desmoplakin DPI/II and plakoglobin are expressed
throughout the epidermis, gradually accumulating
during differentiation, which probably reflects the
increased numbers of desmosomes. In contrast, while

keratin 14 and the hemidesmosomal component bullous
pemphigoid antigen | (BPAGI) are basal-specific,
desmocollin DGIV/V isexpressed only in the upper spin-
ous/granular layers of the epidermis, whereas DGI /111
expression is enriched in the basal layers. Amongst the
desmogleins, expression of DGI appears similar to
desmoplakin and plakoglobin; PVA is more prevalent
in the lower spinous layers, whereas HDGC expression
is detected basally but not suprabasally. The major
desmosomal cadherin transcripts are desmocollin
DGIV/V and desmoglein DGI. The resultant changesin
desmosomal composition and structure may reflect the
maturation of desmosomes, presumably being related to
the need for changes in cell adhesion during stratifica-
tion, terminal differentiation, and desguamation, and
point to the desmosome being a key player in epider-
mal differentiation.
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INTRODUCTION

Growth and differentiation of the epidermis is marked by
changes in morphology and biochemical composition as
keratinocytes migrate from the basal layer through the spin-
ous and granular layers. Keratinisation culminates in the
production of terminaly differentiated cells in the stratum
corneum, which are sloughed from the surface and contin-
ualy replaced by differentiating cells from below. In par-
ticular, changes in the intermediate filaments of the epi-
dermal cytoskeleton (cytokeratins) have been described as
differentiation occurs (for review, see Fuchs, 1990). Thus
basal cells have a cytoskeleton composed of a relatively
dispersed, but extensive, network of cytokeratin filaments,
which are made up of a 1:1 ratio of two keratin proteins,
K5 and K14 (Nelson and Sun, 1983). Cells in the first
suprabasal layer, the spinous layer, are larger than cells in
the basal layer and synthesise two new keratins, K1 and

K10, forming cytoskeletal filaments that aggregate into thin
(tonofilament) bundles (Eichner et al., 1986).

Desmosomes are cell junctions which provide anchorage
for intermediate filaments and thus interconnect the cells
into a three-dimensional lattice (for reviews, see Franke et
al., 1987; Garrod et al., 1990; Schwarz et a., 1990). Desmo-
somes are present in the basal layer, increase in number
and change in dimensions and electron density before the
final breakdown in the later stages of keratinization (White
and Gohari, 1984; Skerrow et al., 1989; Chapman and
Walsh, 1990). By the time the stratum corneum is reached,
there is an impermeable and highly protective layer in
which desmosomes appear to play little part in cell-cell
adhesion.

Some tissue specificity has been described in the proteins
of the urea-soluble desmosomal plaque; thus DPIV (‘band
6') (Kapprell et al., 1988) and desmoyokin (Hieda et al.,
1989) are found only in stratified epithelia. One report that
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desmoplakin DPII, an alternatively spliced product (Green
et al., 1990) of the same gene DSP (Arnemann et al., 1991)
coding for desmoplakin DPI, was restricted to stratified
epithelia (Cowin et al., 1985) has been challenged (Angst
et a., 1990).

For some time there has been immunological evidence
that there is heterogeneity in the composition of the glyco-
sylated proteins, the desmocollins and desmogleins, which
are present in the urea-insoluble desmosomal ‘cores'.
Immunological cross-reactivity of desmogleins and desmo-
collins among species and within tissues in the same species
has been reported to differ (Giudice et al., 1984; Suhrbier
and Garrod, 1986). Significantly, certain mouse polyclonal
anti-desmocollin antisera (Parrish et a., 1986) and mono-
clonal anti-desmoglein antibodies (Jones et al., 1987) only
recognise desmosomes from suprabasal cells.

Definite evidence for the stratification-related expression
of isoforms of the desmosomal glycoproteins (King et a.,
1991) has been found subsequent to the cloning and mol-
ecular characterisation of the cDNASs coding for these pro-
teins. cDNAs of the desmocollins and desmogleins have
been cloned from human (Nilles et al., 1991; Parker et al.,
1991; Wheeler et a., 19914, b) and bovine sources (Good-
win et a., 1990; Koch et a., 1990, 1992; Callins et &l.,
1991; Mechanic et al., 1991) (for reviews, see Magee and
Buxton, 1991 and Buxton and Magee, 1992). Sequence
analysis of these clones has shown that the desmosomal
glycoproteins are members of the cadherin superfamily of
cell-cell adhesion molecules, making them prime candidates
for the role of cell adhesion within the desmosome. Com-
parison of the human and bovine desmocollin cDNA clones,
together with amino acid analysis of desmocollin-like gly-
coproteins from human epidermis, led to the realisation that
there were at least two isoforms of the desmocollins, with
similar but different sequences, coded by distinct genes.
Immunofluorescence experiments with monoclonal and
polyclonal anti-desmocollin antibodies demonstrated that
one desmocollin isoform, DGIV/V, was expressed only
suprabasally (King et al., 1991). A monoclonal antibody
recognising the other class, DGII/III, stained throughout the
living layers of the epidermis, but DGIV/V and DGII/III
may share epitopes, making it difficult to detect differences
in gene expression within the epidermis solely by immuno-
logical means. A similar problem has been emphasised in
the expression of the keratin genes (Bosch et al., 1988). It
was therefore necessary to perform in situ hybridisation
experiments to determine specific expression of these
closely related genes. The initially isolated human desmo-
collin cDNA clone was of the DGII/INI type (Parker et a.,
1991), human cDNA clones of the DGIV/V type having
been subsequently isolated (I.A. King, unpublished data),
whereas the first bovine clones (Collins et al., 1991; Koch
et a., 1991b; Mechanic et al., 1991) were of the DGIV/V
type and expressed only suprabasally (Koch et al., 1991b),
a bovine DGII/III type has recently been reported (Koch et
al., 1992).

Recent cDNA cloning results have aso identified two
more desmoglein isoforms with stratification-related
expression, in addition to the originally described DGI
(gene DSG1). These are HDGC (Koch et al., 1991a)
(encoded by gene DSG2) isolated from a simple epithelial

human colon carcinoma cell line, and PVA (gene DSG3),
the autoantigen DSG3 from the blistering skin disease pem-
phigus vulgaris (Amagai et al., 1991). Prior to its identifi-
cation as a desmoglein, PVA was shown by immunofluo-
rescence (Beutner et a., 1968) to be limited to stratified
squamous epithelia, now confirmed by Northern blotting
with a cDNA clone as probe (Amagai et al., 1991). PVA
has not been definitely shown to be a desmosomal glyco-
protein; it may be along the entire cell surface of the ker-
atinocyte and not necessarily located exclusively in desmo-
somal junctions, athough recent immunogold labelling
studies suggest that it isindeed concentrated in desmosomes
(J.R. Stanley, personal communication).

In this paper we present the results of in situ hybridisa
tion experiments on human epidermis with antisense probes
for the two desmocollins, DGIV/V and DGII/III, and the
three desmogleins, DGI, HDGC and PVA, together with
probes for the desmosome plaque proteins desmoplakins
DPI/1l (gene DSP) and plakoglobin DPIII (gene JUP), the
basally expressed keratin K14 and bullous pemphigoid anti-
gen | (gene BPAGL), a component of hemidesmosomes.
The results demonstrate that the various isoforms of the
desmosomal cadherins are expressed in a stratification-
related manner, reminiscent of the keratin isoforms. In view
of their potential as cell adhesion molecules, this suggests
that the adhesive capacity of desmosomes changes as strat-
ification proceeds.

MATERIALS AND METHODS

Reverse transcription-PCR (RT-PCR)

Total RNA was isolated from cultured keratinocytes by the guani-
dinium isothiocyanate extraction method (Chirgwin et al., 1979).
Poly(A)* RNA was separated by standard methods using
oligo(dT)-cellulose. In two parallel experiments 1 pg of poly(A)
RNA was primed with oligo(dT) and hexanucleotide primers, and
subsequently reverse transcribed using a commercially available
cDNA synthesis kit (Boehringer Mannheim). About }io of the
volume was used in a direct PCR or nested PCR amplification
reaction, as described earlier (Arnemann et a., 1991). In order to
amplify the desired genes the following sequence-specific primers
were used:

Desmoplakin : DPI/II (clone pJA44T4)

Nest I: JA98, 56 TGGTAGATAGAAAGACAGGC-3¢(pos. 4199-
4218); JAB2, 56GTGCCCAATAGAACTACTGC-3¢ (pos. 5256-
5237).

Nest 1I: JA95B, 56GTAGGAAGAATTCCCTGTGGC-3¢ (pos.
5217-5197); JA99, 5¢ACAAGGGCCTTGTTGTTGACAGG-3¢
(poS. 4247-4267).

Bullous pemphigoid antigen | : BPAGI (clone
pJA34T4)

Nest I: JA119, 56GCTTCTGGACATGAGAACAAT-3¢ (pos.
4654-4674); JA120, 5¢GTGTTTCTTGACATTGAGATTGG-3¢
(pos. 5344-5325).
Nest II: JA121, 5¢GAACAATGGATCCGCTGCGAC-3¢ (pos.
4668-4688); JA122, 5¢GAGATTGGAAAGCTTCCTCTCC-3¢
(pos. 5332-5311).



Keratin K14 (clone pJA80T2)

JA150, 56 GCAAGGATCCCGAGGAATGG-3¢(pos. 3366-3385),
JA151, 5¢TGAAGCTTTATTGATTGCCAGG-3¢ (pos. 4863-
4842).

Pemphigus vulgaris antigen: PVA (clone pJA85T2)
JA135, 5¢TTAGGAGTGACAACATATTGC-3¢ (pos. 3271-
3251); JA140, 56 TGACCACTAAGCTTGGAGC-3¢ (pos. 2245-
2263).

Desmoglein HDGC (clone pJA77T2)

JA156, 56CAGTAGCTTCCCAGTTCC-3¢ (pos. 324-341),
JA157, 56CTGTAAGCTTCATGAAAAATCAG-3¢ (pos. 1126-
1104).

The PCR products were subsequently subcloned into Bluescript
or pGEM-11Zf(-) vectors and their identity confirmed by
sequencing using the Sequenase kit (United States Biochemical
Corp.).

cDNA clones

Clone pHPG Ca2.1 coding for plakoglobin was a kind gift from
W.W. Franke. Clone pJA40T10 is a Bglll/EcoRI subclone of the
cDNA clone pG4 coding for desmoglein DGI (Wheeler et al.,
1991b). Clone pJA2D8 is a Bcll/EcoRI subclone of the cDNA
clone p5B3 coding for desmocollin DGII (Parker et al., 1991).
Clone pJA70T12 is a BamHI/EcoRI subclone of the cDNA clone
plK1 coding for desmocollin DGIV (I.A. King, unpublished data).

In-situ hybridisation
All methods were based on those of Wilkinson and Green (1990).

Preparation of sections

Human foreskin was fixed in 4% formaldehyde in PBS overnight,
dehydrated in ethanol and subsequently embedded in paraffin wax.
Cut ribbons of 6 pm sections were collected on slides subbed in
2% TESPA (3-aminopropyltriethoxysilane; Sigma) in acetone,
dried at 37°C and stored at 4°C.

Preparation of single-stranded RNA probes

The cloned DNA sequences were linearised at a restriction site
within the multiple cloning region distal to the RNA polymerase
initiation site. Probes were labelled with 3S-UTP (>1000
MCi/mmol; Amersham) according to standard protocols using
either bacteriophage T7, T3 or SP6 RNA polymerase. The probes
were treated with RNase-free DNase |, precipitated with ethanol
and dissolved in 100 mM DTT at an activity of 1~ 10°to 2~
10% ctg/min per . The probes were diluted with 9 volumes of
hybridisation buffer (50% formamide, 0.3 M NaCl, 20 mM Tris-
HCI, pH 8, 5 mM EDTA, 10% dextran sulphate, 1 © Denhardt's
solution, 0.5 mg/ml yeast tRNA) and stored until use at
-70°C.

Pre-treatment of sections

The sections were dewaxed in xylene (2 © 10 min), hydrated
through a series of ethanol/water mixtures, subsequently incubated
insaline (5 min) and PBS (5 min), fixed in fresh 4% paraformalde
hyde in PBS and washed in PBS (2 ° 5 min). The sections were
overlaid with 20 pg/ml proteinase K in PBT (PBS; 0.1% Tween
20) and incubated for 5-10 min at room temperature. The sections
were washed in PBS (5 min), re-fixed in 4% paraformaldehyde in
PBS and dehydrated through a series of ethanol dilutions. The air-
dried sections were used for hybridisation.

Hybridisation, washing of sections and
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autoradiography

A 25 ul sample of the hybridisation mix was applied to pre-treated
sections, which were mounted with coverslips and incubated in a
humid chamber at 60°C overnight. Subsequently slides were
washed in: 5 ° SSC/10 mM DTT (50°C, 60 min), 50% for-
mamide/2 © SSC/20 mM DTT (65°C, 30 min), NTE-buffer (0.5
M NaCl, 10 mM Tris-HCI, pH 8, 5 mM EDTA; 37°C, 30 min),
NTE-buffer containing 20 pg/ml ribonuclease A (37°C, 30 min),
NTE-buffer (37°C, 15 min), 50% formamide/2 ~ SSC/20 mM
DTT (65°C, 30 min), 2~ SSC (room temperature, 15 min), 0.1~
SSC (room temperature, 15 min), and finally dehydrated through
30%, 60%, 80% and 95% ethanol, all including 0.3 M sodium
acetate, followed by 100% ethanol. For autoradiography the air-
dried slides were dipped in nuclear research emulsion (llford Ltd.,
Essex, UK), exposed for 2-5 days and finally processed with D19
developer (Eastman Kodak Co., Rochester, New York) (2 min),
1% glycerol/1% acetic acid (1 min) and 30% sodium thiosul phate
(2 min). The dides were rinsed in distilled water, dehydrated in
ethanol (70%, 100%), air-dried, stained with 0.02% toluidine blue
and mounted. Photographs of the sections were taken using an
Olympus Vanox-T microscope and ~ 20 objective with bright-field
or dark-field illumination.

Controls with sense oligonucleotides showed weak, uniform
hybridisation throughout the epidermis and dermis.

Preparation of anti-fusion protein antibodies

The raising of antibodies to DGI as TrpE fusion proteins has
already been described (Wheeler et al., 1991b). These antibodies
recognise the desmoglein-specific cytoplasmic repeat motif and
cross-react with HDGC and possibly with other desmogleins (A.1.
Magee, unpublished data). To raise antibodies to DGII/I11, a 2084
bp fragment of the extracellular region of DGII/I11 was subcloned
in-frame into the BamHI/Hindlll site of the pATH2 expression
vector (Dieckmann and Tzagoloff, 1985). The TrpE fusion pro-
tein was expressed, separated in a 10% polyacrylamide gel stained
with Coomassie Blue, excised and electroeluted. Rabbits were
immunized as described by Wheeler et al. (1991b) and the result-
ing sera were preabsorbed with Sepharose-bound proteins from
Escherichia coli expressing the pATH2 vector alone. The result-
ing antisera recognise both alternatively spliced forms DGII and
DGIII but not DGIV/V (I.A. King, unpublished data).

To raise anti-desmoplakin antibodies as TrpE fusion proteins,
a 912 bp fragment of desmoplakin was cloned into the pATH2
vector. This was accomplished by reverse transcription of 20 g
total RNA of SVK14 cells using an oligo(dT) primer according
to the Amersham cDNA synthesis kit protocol, and amplification
of 4 pl of this 50 ul cDNA reaction (corresponding to bp 4247-
5228 of desmoplakin; Green et a., 1990) by PCR using primers
JA98B (56 TGGTAGATAGAAAGACAGGC-39 and JA82 (5¢
GTGCCCAATAGAACTACTGC-39 under standard conditions.
A 2 pl sample of the reaction mix was amplified in a second reac-
tion using the inner primers JA95B (5¢GTAGGAAGAATTCC-
CTGTGGC-3¢9 and JA99 (5¢ACAAGGGCCTTGTTGACAGG-
39. The 982 bp product was digested with Bcll and Hindlll and
subsequently ligated into BamHI/Hindl11-digested pATH2 vector.
The desmoplakin origin of the clone was confirmed by sequenc-
ing the ends. The fusion protein was expressed and processed as
described above. Antibody specificity was tested by indirect
immunofluorescence microscopy, Western blotting and radioim-
munoprecipitation of cultured cells as described by Penn et al.,
(1987) and Wheeler et d., (1991b).

Other antibodies

The anti-plakoglobin antibody was mouse monoclonal PG 5.1
(Progen, Heidelberg, Germany). Monoclona antibodies against
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human DGIV/V were generated using the 46/48 kDa fragments
in plantar callus (King et al., 1991). These do not cross-react with
DGII/I in immunoblots of various human epidermal tissues (1.A.
King, unpublished observations).

Immunostaining
Preparation of sections
Frozen sections of human foreskin, mounted in Tissue-Tek OCT

compound (Miles Laboratories Inc., Napery, lllinois), were cut at
6 pm and stored at - 70°C before use.

Immunofluorescence

Sections were fixed for 30 min at room temperature in 4%
paraformaldehyde in phosphate-buffered saline (PBS), followed
by three washesin 0.1 M glycine and a 45 min block in PBS con-
taining 0.1% BSA (Sigma) and 0.02% Triton X-100 (Sigma). The
blocking solution was subsequently used for antibody dilution and
washes. Sections were incubated with appropriate dilutions of pri-
mary antisera for 1 h at room temperature, washed for 30 min and
then stained with fluorescein-conjugated species-specific sec-
ondary antisera for 1 h at room temperature. The sections were
washed and mounted in 90% glycerol in PBS, pH 8.6 with the
addition of 2.5% (w/v) 1,4-diazabicyclo-[2.2.2]octane (Sigma),
and viewed with a Leitz Ortholux microscope using a “ 50 oil-
immersion lens.

RESULTS

Characterisation of antisera

Polyclonal rabbit antisera against desmoglein DGI, desmo-
collin DGII/IN and desmoplakins were tested for reaction
with a series of desmosome-expressing cell lines. Immuno-
fluorescence localisation with all three sera showed punc-
tate intercellular staining as expected of desmosomes (see
Wheeler et al., 1991b; data not shown). Immunoprecipita-
tion of [35S]methionine-labelled cell lysates was also per-
formed (Fig. 1). Anti-DGI sera immunoprecipitated a
single major band of approx. 150 kDa from several cell
linesincluding MDCK, SVK 14 and HaCaT (lane 1). Anti-
DGII/I seraimmunoprecipitated a doublet corresponding
to desmocollins DGII and DGIII (lane 2). This serum does
not recognise desmocollin DGIV/V (I.A. King, unpub-
lished data). Anti-desmoplakin antisera recognised both
DPI and DPII (lane 4). Immunoblotting data confirmed the
radioi mmunoprecipitation results (data not shown).

Expression of the desmosomal plaque proteins,
desmoplakin (DPI and DPIl) and plakoglobin
(DPIIN

The desmoplakins DPI and DPII and plakoglobin are major
proteins of the desmosomal plague. Plakoglobin (Franke et
al., 1989) is related to b-catenin, a component of adherens
junctions (McCrea et al., 1991; Butz et a., 1992; Peifer et
al., 1992). In situ hybridization was performed with 3°S-
labelled single-stranded RNA probes as described in Mate-
rials and Methods. The results (Fig. 2b and d) show that
both the desmoplakin and plakoglobin genes are expressed
throughout the living layers of the epidermis athough
expression in the basal layers is weak. There appears to be

Fig. 1. Immunoprecipitation
analysis of antisera. MDCK cells
(lane 1) or TR131 cells (lanes 2-4)
were |labelled overnight with
[35S]methionine. Lysates were
prepared in SDS, diluted and
ﬁ immunoprecipitated with rabbit
antisera against desmoglein DGI
E oy (lane 1), desmocollin DGII/11I
(lane 2), desmoplakins (lane 4) or
normal rabbit serum (lane 3).
Molecular mass markers are
myosin (200 kDa), phosphorylase
(92 kDa) and bovine serum
abumin (68 kDa).

more expression suprabasally, which isto be expected since
there have been reported to be 4 times more desmosomes
in the granular layer of the skin than in the basal layer
(Klein-Szanto, 1977). Immunofluorescence staining (Fig. 5a
and b, below) shows a pattern of protein distribution sim-
ilar to the pattern of gene expression, although here stain-
ing is evident in the basal layer.

Expression of keratin K14 and the bullous
pemphigoid antigen | (BPAG1)

In contrast, the expression of the intermediate filament ker-
atin K14 and the bullous pemphigoid antigen |, a compo-
nent of hemidesmosomes, which link the epidermis to the
underlying dermis, is only evident in the basal epidermal
layer (Fig. 2f and h), as expected from previously published
work (Moll et al., 1982; Mutasim et al., 1985; Regnier et
al., 1985; Westgate et al., 1985; Tyner and Fuchs, 1986).

Expression of the desmocollins

Although the amino acid sequences of the two isoforms of
desmocollin are closely related (68% similarity), neverthe-
less the DNA sequences are sufficiently different (only 60%
identity) to allow specific hybridization of nucleic acid
probes to one isoform only. The desmocollins DGII and
DGIIl are dternative splice products of a single gene
(Parker et a., 1991), mapping on chromosome 9 (Arne-
mann et a., 1991), which differ by the insertion of a 46 bp
exon with an in-frame stop codon in DGIII. DGIV and
DGV are homologous alternatively spliced proteins,
encoded by a single gene, mapping on chromosome 18 (J.
Arnemann, unpublished data), with a similar 46 bp exon
present only in DGV cDNASs. The clones used to synthe-
sise the single-stranded RNA probes correspond to either
DGII/l or DGIV/V and do not distinguish between alter-
natively spliced forms. Strong hybridization signals with
the DGIV/V probe are observed only in the upper spin-
oug/granular layers of the epidermis (Fig. 3b). The basa
and lower spinous layers were negative. This was a simi-
lar distribution to that observed by immunofluorescence
with a DGIV/V monoclona antibody (Fig. 5d). In contrast,
hybridisation signals with the DGII/I1I probe are less strong,
with expression in the basal layer and in the cells immedi-
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Fig. 2. In situ hybridisation of human foreskin, bright-field/dark-field, using [35S]labelled RNA probes prepared as described in Materials
and Methods. (a, b) Desmoplakin, DPI/I1; (c, d) plakoglobin, DPIII; (e, f) bullous pemphigoid antigen, BPAGI; (g, h) cytokeratin K14.

Bar, 100 pm.

ately suprabasal (Fig. 3d). The immunofluorescence stain-
ing obtained with DGII/Ill antibodies was considerably
weaker than with DGIV/V reagents (Fig. 5e). Staining was
generaly strongest in the basal layer, becoming attenuated
towards the outer layers of the tissue.

Expression of the desmogleins

The three desmogleins DGI, HDGC and PVA are, like the
desmocollins, sufficiently dissimilar in their nucleic acid
sequences not to cross-hybridise (% nucleic acid identity
between them is not more than 59%). In situ hybridisation
experiments (Fig. 4b) demonstrate that, amongst the
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Fig. 3. Insitu hybridisation asin Fig. 2, with RNA probes for the desmocallins: (a, b) DGIV/V; (c, d) DGII/III.

desmogleins, DGI expression is similar to that of desmo-
plakin and plakoglobin. (There is some staining in the stra-
tum corneum, which was also observed with other probes,
and which we attribute to non-specific binding.) DGI is the
most strongly expressed of the desmogleins with weak or
non-existent expression in the basal and peribasal layers. In
contrast, PVA expression is more prominent in the lower
spinous layers of the epidermis (Fig. 4d). Expression of
HDGC, on the other hand, is difficult to ascertain from our
experiments, possibly because it is a minor desmosomal
component. Although HDGC appears to be expressed in
basal cells it was not detected in the higher layers of the
epidermis (Fig. 4f). Immunofluorescence staining with an
anti-DGI antibody (Fig. 5¢) reveadls strong staining through-
out the epidermis with weak staining of the basal cells.
Compared to the in situ hybridisation results (Fig. 4b),
staining with this antibody was stronger in the lower spin-
ous layers probably reflecting cross-reactivity with other
desmogleins such as PVA.

DISCUSSION

Epidermal differentiation involves changes in the size,
shape and adhesive properties of keratinocytes and this is
accompanied by well-documented changes in cytokeratin
expression. Desmosomes, which maintain the structura
integrity of the epidermis by linking the cytokeratin net-
works of neighbouring cells, are also known to undergo
morphological changes during keratinisation. It now
appears that these changes in desmosome form and adhe-
sive properties parallel molecular changes in the expression

of particular desmosome components concerned with epi-
dermal cell adhesion.

From the results of cDNA cloning and sequencing it is
now known that there are a number of different isoforms
of the putative adhesion molecules of the desmosome, the
desmocollins and the desmogleins. The relative adhesive
capacities of these different isoforms have yet to be ascer-
tained. In the present paper we have shown that the expres-
sion of these isoforms differs. In particular, the major tran-
scripts are DGIV/V and DGI. DGIV/V expression is
restricted to the upper spinous/granular layers, whilst DGI
is expressed suprabasally in asimilar distribution to the
plague proteins desmoplakin and plakoglobin. In contrast,
desmocollin DGII/III and possibly the desmoglein HDGC
are expressed in the basal and peribasal layers; in the case
of DGII/I1, thisis also evident from the immunofl uores-
cence staining with anti-fusion protein antibodies, which
are isoform-specific. The low level of expression of DGI,
desmoplakin and plakoglobin in the basal layers may be a
reflection of the low numbers of desmosomes there, or
there may be a solely suprabasal distribution of these tran-
scripts. The anti-DGI antibody shows more intense stain-
ing in the lower spinous layers, consistent with a possible
cross-reaction with PVA. It will be most interesting to
determine the differences in expression between DGII and
DGIlII, and between DGIV and DGV, and also to know
what differences there are in the function of these
different isoforms.

Besides DGI, the desmoglein PVA (pemphigus vulgaris
antigen) is also expressed suprabasally with little or no
expression in the basal layers. Although not as prevalent
as DG, it was expressed more strongly in the lower spin-
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Fig. 4. In situ hybridization asin Fig. 2, with RNA probes for the desmogleins: (g, b) DGI; (c, d) PVA; (e, f) HDGC.

ous layers than the major desmoglein. DGI is probably the
autoantigen in the blistering skin disease pemphigus foli-
aceous (Koulu et al., 1984; Stanley et al., 1986), in which
the split in the epidermis is more superficial than in pem-
phigus vulgaris (Korman, 1990). Some inherited bullous
skin diseases, as opposed to autoimmune disorders, such
as the autosomal dominant Darier’s disease and Hailey-
Hailey disease, may also exhibit defects of desmosomal
cadherin structure or expression (Burge, 1989; Burge et al.,
1990, 1991), although no changes have yet been found by
immunofluorescence staining (Burge and Garrod, 1991). It
may of course be that the antibodies used cross-reacted
with more than one isoform, so that differences in one
desmosomal cadherin were obscured. In situ hybridisation
now provides a further way of testing for this. None of the
autoimmune skin diseases has been shown to involve the
desmocollins; one explanation, given that both
desmogleins and desmocollins are likely to be adhesive
molecules, is that the desmocollins are of more funda
mental importance and defects in them may have disas-
trous consequences.

There does not appear to be any particular change in the
expression pattern of the genes coding for the two plague
proteins, desmoplakin and plakoglobin, other than that there
is more expression suprabasaly, paraleling the increased
abundance of desmosomes in the spinous layer compared
with the basal 1ayers (Klein-Szanto, 1977). It was, however,
difficult to demonstrate expression in the basal layer; as
mentioned above for DGI and PVA, whether thisis real or
not is difficult at present to decide.

Changes in desmosomal composition appear therefore to
be restricted to the desmosomal glycoproteins, although cer-
tain plague proteins have been reported to be present only
in stratified tissue (see Introduction). In the basal layers of
the epidermis where desmosomes are relatively sparse
HDGC and DGII/III appear to be the predominant desmo-
somal cadherin species. The fate of desmoglein HDGC in
the upper layers is not yet clear. However, desmocollin
DGIl/IN probably persists in the desmosomes of spinous
cells, since it could be detected in these layers by fluores-
cence. It is not clear whether it persists as an intact, func-
tionally adhesive, molecule in the upper living layers. Pro-
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Fig. 5. Immunofluorescence staining of human foreskin with antibodies against the following proteins: (a) desmoplakin; (b) plakoglobin;
(c) desmoglein DGI; (d) desmocollin DGIV/V; (e) desmocollin DGII/III. Bar, 50 pum.

teolytic fragments of DGII/I11 have been detected in the ter-
minally differentiated layers of human epidermis (I.A.
King, unpublished data). In the lower spinous layers there
appears to be strong expression of PVA and increasing
expression of DGI but little expression of DGIV/V. Expres-
sion of DGI continues in the upper spinous/granular layers
where DGIV/V expression becomes apparent by both in
situ hybridisation and immunofluorescence with mono-
clonal antibodies. The latter contrasts with the results of
Parrish et al. (1986), who obtained polyclonal desmocollin
antibodies that stained all suprabasal layers of the epider-
mis including lower spinous layers. This discrepancy may
reflect cross-reactivity of those polyclona antibodies with
another, unidentified, desmocollin isoform, possibly
expressed, like PVA, mainly in the lower spinous layers.
Transition to the stratum corneum is associated with loss
of desmosome-mediated cell adhesion and concomitant
degradation of desmosomal cadherins (King et al., 1987,
1989). It does not appear at this point therefore, that the
changes in desmosomal cadherin expression during strati-
fication exactly mirror changes in cytokeratin expression
and, if anything, the changes in expression of the desmo-
somal cadherins are not as clear cut as the changesin cytok-
eratin expression.

We thank Wendy Hatton for preparing paraffin wax sections
of human foreskin, Anne Tabiowo for preparing the cryostat sec-
tions, Angela Nieto for advice on in situ hybridisation, Werner
Franke for the gift of the plakoglobin cDNA clone, John Stanley
for the communication of unpublished experiments, and Dai Rees
and Peter Rigby for valuable discussions.

REFERENCES

Amagai, M., KlausKovtun, V. and Stanley, J. R. (1991). Autoantibodies
against anovel epithelial cadherinin pemphigusvulgaris, adisease of cell
adhesion. Cell 67, 869-877.

Angst, B. D., Nilles, L. A. and Green, K. J. (1990). Desmoplakin |1
expression isnot restricted to stretified epithelia. J. Cell Sci. 97, 247-257.

Arnemann, J., Spurr, N. K., Wheeler, G. N., Parker, A. E. and Buxton,
R. S.(1991). Chromosomal assignment of the human genes coding for the
major proteins of the desmosome junction, desmoglein DGI (DSG),
desmocollins DGII/III  (DSC), desmoplakins DPI/II (DSP), and
plakoglobin DPIII (JUP). Genomics 10, 640-645.

Beutner, E. H., Jordon, R. E. and Chorzelski, T. P. (1968). The
immunopathology of pemphigus and bullous pemphigoid. J. Invest.
Dermatol. 51, 63-80.

Bosch, F. X., Leube, R. E., Achtstatter, T., Mall, R. and Franke, W. W.
(1988). Expression of simple epithelial type cytokeratins in stratified
epithelia as detected by immunolocalization and hybridization in situ. J.
Cell Biol. 106, 1635-1648.

Burge, S. M. (1989). Darier’ sdisease, keratinsand proteases: areview. J. R.
Soc. Med. 82, 673-676.



Burge, S. M. and Garrod, D. R. (1991). An immunohistological study of
desmosomes in Darier's disease and Hailey-Hailey disease. Br. J.
Dermatol. 124, 242-251.

Burge, S. M., Millard, P. R. and Wojnarowska, F. (1991). Hailey-Hailey
disease: awidespread abnormality of cell adhesion. Br. J. Dermatol. 124,
329-332.

Burge, S. M., Millard, P. R., Wojnarowska, F. and Ryan, T. J. (1990).
Darier's disease: afocal abnormality of cell adhesion. J. Cutan. Pathol.
17, 160-164.

Butz, S, Stappert, J., Weissig, H. and Kemler, R. (1992). Plakoglobin
and beta-catenin - distinct but closely related. Science 257, 1142-1144.
Buxton, R. S. and Magee, A. |. (1992). Structure and interactions of

desmosomal and other cadherins. Semin. Cell Biol. 3, 157-167.

Chapman, S. J. and Walsh, A. (1990). Desmosomes, corneosomes and
desquamation. An ultrastructural study of adult pig epidermis. Arch.
Dermatol. Res. 282, 304-310.

Chirgwin, J. M., Przybyla, A. E., MacDonald, R. J. and Rutter, W. J.
(1979). Isolation of biologically active ribonucleic acid from sources
enriched in ribonuclease. Biochemistry 18, 5294-5299.

Callins, J. E., Legan, P. K., Kenny, T. P., MacGarvie, J., Holton, J. L.
and Garrod, D. R. (1991). Cloning and sequence analysis of
desmosomal  glycoprotein 2 and glycoprotein 3 (desmocollins):
cadherin-like desmosomal adhesion molecules with heterogeneous
cytoplasmic domains. J. Cell Biol. 113, 381-391.

Cowin, P.,Kapprell, H. P.and Franke, W. W. (1985). The complement of
desmosomal plague proteins in different cell types. J. Cell Biol. 101,
1442-1454.

Dieckmann, C. L. and Tzagoloff, A. (1985). Assembly of the
mitochondrial membrane system. CBP6, a yeast nuclear gene necessary
for synthesis of cytochromeb. J. Biol. Chem. 260, 1513-1520.

Eichner, R., Sun, T.-T. and Aebi, U. (1986). The role of keratin
subfamilies and keratin pairs in the formation of human epidermal
intermediate filaments. J. Cell Biol. 102, 1767-1777.

Franke, W. W., Cowin, P., Schmelz, M. and Kappréll, H. P. (1987). The
desmosomal plague and the cytoskeleton. Ciba Found. Symp. 125, 26-48.

Franke, W. W., Goldschmidt, M. D., Zimbelmann, R., Mueller, H. M .,
Schiller, D. L. and Cowin, P. (1989). Molecular cloning and amino acid
sequence of human plakoglobin, the common junctional plague protein.
Proc. Nat. Acad. Sci. USA 86, 4027-4031.

Fuchs, E. (1990). Epidermal differentiation - the bare essentials. J. Cell
Biol. 111, 2807-2814.

Garrod, D. R, Parrish, E. P., Mattey, D. L., Marston, J. E., Measures,
H. R. and Vilela, M. J. (1990). Desmosomes. In Morphoregulatory
Molecules (ed. G. M. Edelman, B. A. Cunningham and J. P. Thiery), pp.
315-339. New Y ork: John Wiley & Sons.

Giudice, G. J., Cohen, S. M., Patel, N. H. and Steinberg, M. S. (1984).
Immunological comparison of desmosomal components from several
bovine tissues. J. Cell. Biochem. 26, 35-45.

Goodwin, L., Hill, J. E., Raynor, K., Raszi, L., Manabe, M. and Cowin,
P. (1990). Desmoglein shows extensive homology to the cadherin family
of cell adhesion molecules. Biochem. Biophys. Res. Commun. 173,
1224-1230.

Green, K. J.,Parry,D. A, Steinert, P.M., Virata, M.L., Wagner,R.M.,
Angst, B. D. and Nilles, L. A. (1990). Structure of the human
desmoplakins. Implications for function in the desmosomal plague. J.
Biol. Chem. 265, 2603-2612.

Hieda, Y., Tsukita, S. and Tsukita, S. (1989). A new high molecular mass
protein showing unique localization in desmosomal plague. J. Cell Bial.
109, 1511-1518.

Jones, J. C., Vikstrom, K. L. and Goldman, R. D. (1987). Evidence for
heterogeneity in the 160/165 ~ 103 M, glycoprotein components of
desmosomes. J. Cell ci. 88, 513-520.

Kapprell, H. P., Owaribe, K. and Franke, W. W. (1988). Identification of
abasic protein of My 75,000 as an accessory desmosomal plaque protein
in stratified and complex epithelia. J. Cell Biol. 106, 1679-1691.

King, I. A., Magee, A. I., Rees, D. A. and Buxton, R. S. (1991).
Keratinization isassociated with the expression of anew protein related to
the desmosomal cadherins DGII/I11. FEBS Lett. 286, 9-12.

King, I. A., Tabiowo, A. and Fryer, P. R. (1987). Evidence that major
78-44-kD concanavalin A-binding glycopolypeptides in pig epidermis
arise from the degradation of desmosomal glycoproteins during terminal
differentiation. J. Cell Biol. 105, 3053-3063.

King, I. A., Wood, M. J. and Fryer, P. R. (1989). Desmoglein |1-derived
glycopeptidesin human epidermis. J. Invest. Dermatol. 92, 22-26.

Desmosomal cadherin expression 749

Klein-Szanto, A. J. P. (1977). Stereologic baseline data of normal human
epidermis. J. Invest. Dermatol. 68, 73-78.

Koch, P. J., Goldschmidt, M. D., Walsh, M. J., Zimbelmann, R. and
Franke, W. W.(1991&). Complete amino acid sequence of the epidermal
desmoglein precursor polypeptide and identification of a second type of
desmoglein gene. Eur. J. Cell Biol.55, 200-208.

Koch, P. J., Goldschmidt, M. D., Walsh, M. J., Zimbelmann, R.,
Schmelz, M. and Franke, W. W. (1991b). Amino acid sequence of
bovine muzzle epithelial desmocollin derived from cloned cDNA: anovel
subtype of desmosomal cadherins. Differentiation 47, 29-36.

Koch, P. J., Goldschmidt, M. D., Zimbelmann, R., Troyanovsky, R. and
Franke, W. W. (1992). Complexity and expression patterns of the
desmosomal cadherins. Proc. Nat. Acad. Sci. USA 89, 353-357.

Koch, P. J., Walsh, M. J., Schmelz, M., Goldschmidt, M. D.,
Zimbelmann, R. and Franke, W. W. (1990). Identification of
desmoglein, a constitutive desmosomal glycoprotein, as a member of the
cadherin family of cell adhesion molecules. Eur. J. Cell Biol.53, 1-12.

Korman, N. J.(1990). Pemphigus. Dermatol. Clin. 8, 689-700.

Koulu, L., Kusumi, A., Steinberg, M. S,, Klaus-Kovtun, V. and Stanley,
J. R.(1984). Human autoantibodies against adesmosomal coreproteinin
pemphigus foliaceus. J. Exp. Med. 160, 1509-1518.

Magee, A. |. and Buxton, R. S. (1991). Transmembrane molecular
assemblies regulated by the greater cadherin family. Curr. Opin. Cell
Biol. 3, 854-861.

McCrea, P.D., Turck, C. W. and Gumbiner, B. (1991). A homolog of the
armadillo protein in Drosophila (plakoglobin) associated with
E-cadherin. Science 254, 1359-1361.

Mechanic, S., Raynor, K., Hill, J. E. and Cowin, P. (1991). Desmocollins
form a subset of the cadherin family of cell adhesion molecules. Proc.
Nat. Acad. Sci. USA88, 4476-4480.

Moall, R., Franke, W. W., Schiller, D. L., Geiger, B. and Krepler, R.
(1982). The catalog of human cytokeratins: patterns of expression in
normal epithelia, tumorsand cultured cells. Cell 31, 11-24.

Mutasim, D. F., Takahashi, Y., Labib, R. S, Anhalt, G. J., Patel, H. P.
and Diaz, L. A. (1985). A pool of bullous pemphigoid antigen(s) is
intracellular and associated with the basal cell
cytoskel eton-hemidesmosome complex. J. Invest. Dermatol. 84, 47-53.

Nelson, W. G. and Sun, T.-T. (1983). The 50- and 58-kdalton keratin
classes as molecular markers for stratified squamous epithelia: cell
culture studies. J. Cell Biol. 97, 244-251.

Nilles, L. A.,Parry,D.A.D., Powers, E. E., Angst, B. D., Wagner, R. M.
and Green, K. J. (1991). Structural analysis and expression of human
desmoglein: acadherin-like component of the desmosome. J. Cell ci. 99,
809-821.

Parker, A.E.,Wheeler, G.N., Arnemann, J., Piddey, S. C., Ataliotis, P.,
Thomas, C. L., Rees, D. A., Magee, A. |. and Buxton, R. S. (1991).
Desmosomal glycoproteins Il and 111: cadherintlike junctional molecules
generated by alternative splicing. J. Biol. Chem. 266, 10438-10445.

Parrish, E. P., Garrod, D. R., Mattey, D. L., Hand, L., Steart, P. V. and
Weller, R. O. (1986). Mouse antisera specific for desmosomal adhesion
molecules of suprabasal skin cells, meninges, and meningioma. Proc.
Nat. Acad. Sci. USA83, 2657-2661.

Peifer, M., McCrea, P. D., Green, K. J., Wieschaus, E. and Gumbiner,
B. M. (1992). The vertebrate adhesive junction proteins beta-catenin and
plakoglobin and the Drosophila segment polarity gene armadillo form a
multigene family with similar properties. J. Cell Biol.118, 681-691.

Penn, E. J., Hobson, C., Rees, D. A. and Magee, A. |. (1987). Structure
and assembly of desmosome junctions: biosynthesis, processing, and
transport of the major protein and glycoprotein components in cultured
epithelia cells. J. Cell Biol. 105, 57-68.

Regnier, M., Vaigot, P., Michel, S. and Prunieras, M. (1985).
Localization of bullous pemphigoid antigen (BPA) in isolated human
keratinocytes. J. Invest. Dermatol. 85, 187-190.

Schwarz, M. A.,Owaribe, K., Kartenbeck, J. and Franke, W. W. (1990).
Desmosomes and hemidesmosomes: constitutive molecular components.
Annu. Rev. Cell. Biol.6, 461-491.

Skerrow, C. J., Cldland, D. G. and Skerrow, D. (1989). Changes to
desmosomal antigens and lectin-binding sites during differentiation in
normal human epidermis: a quantitative ultrastructural study. J. Cell ci.
92, 667-677.

Stanley, J. R., Koulu, L., Klaus-Kovtun, V. and Steinberg, M. S. (1986).
A monoclonal antibody to the desmosomal glycoprotein desmoglein |
binds the same polypeptide as human autoantibodies in pemphigus
foliaceus. J. Immunol. 136, 1227-1230.



750 J. Arnemann and others

Suhrbier, A. and Garrod, D. (1986). An investigation of the molecular
components of desmosomesin epithelia cells of five vertebrates. J. Cell
Sci. 81, 223-242.

Tyner, A. L. and Fuchs, E. (1986). Evidence for posttranscriptional
regulation of the keratins expressed during hyperproliferation and
malignant transformation in human epidermis. J. Cell Biol. 103,
1945-1955.

Westgate, G. E., Weaver, A. C. and Couchman, J. R. (1985). Bullous
pemphigoid antigen localization suggestsanintracel lular association with
hemidesmosomes. J. Invest. Dermatol. 84, 218-224.

Wheeler, G. N., Buxton, R. S, Parker, A. E., Arnemann, J., Rees, D. A.,
King, I. A. and Magee, A. |. (1991a). Desmosomal glycoproteins|, I

and I11: novel members of the cadherin superfamily. Biochem. Soc. Trans.
19, 1060-1064.

Wheeler, G. N., Parker, A. E., Thomas, C. L., Atalictis, P., Poynter, D.,
Arnemann, J., Rutman, A. J., Piddey, S. C., Watt, F. M., Rees, D. A.,
Buxton, R. S. and Magee, A. |. (1991b). Desmosomal glycoprotein |, a
component of intercellular desmosome junctions, is related to the
cadherin family of cell adhesion molecules. Proc. Nat. Acad. Sci. USA 88,
4796-4800.

White, F. H. and Gohari, K. (1984). Some aspects of desmosomal
morphology during differentiation of hamster cheek pouch epithelium. J.
Submicrosc. Cytol. 16, 407-422.

Wilkinson, D. G. and Green, J. (1990). In situ hybridization and the



Desmosomal cadherin expression 751

three-dimensional reconstruction of serial sections. In Practical
Approach Series: Post-implantation Mammalian Development: a

Practical Approach (ed. A. Copp and D. Cockcroft), pp. 155-171.
Oxford: IRL Press.

(Received 4 September 1992 - Accepted, in revised form,
26 November 1992)



