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Desmocollin 1 (Dscl) is part of a desmosomal cell adhesion receptor formed in terminally differentiating
keratinocytes of stratified epithelia. The dsc1 gene encodes two proteins (Dscla and Dsclb) that differ only with
respect to their COOH-terminal cytoplasmic amino acid sequences. On the basis of in vitro experiments, it is
thought that the Dscla variant is essential for assembly of the desmosomal plaque, a structure that connects
desmosomes to the intermediate filament cytoskeleton of epithelial cells. We have generated mice that syn-
thesize a truncated Dscl receptor that lacks both the Dscla- and Dsclb-specific COOH-terminal domains. This
mutant transmembrane receptor, which does not bind the common desmosomal plaque proteins plakoglobin
and plakophilin 1, is integrated into functional desmosomes. Interestingly, our mutant mice did not show the
epidermal fragility previously observed in dscI-null mice. This suggests that neither the Dscla- nor the
Dsclb-specific COOH-terminal cytoplasmic domain is required for establishing and maintaining desmosomal
adhesion. However, a comparison of our mutants with dscI-null mice suggests that the Dscl extracellular
domain is necessary to maintain structural integrity of the skin.

Desmosomes are adhesive cell-cell junctions that are formed
in epithelia and certain other tissue types (reviewed in refer-
ences 22, 25,27, 30, 40, and 60). They are particularly abundant
in stratified epithelia, such as the epidermis. The cytoplasmic
surface of the desmosome is connected to the intermediate
filament cytoskeleton, thereby establishing a three-dimen-
sional transcellular scaffold of filament proteins that enables
tissues to withstand mechanical stress.

Impaired desmosome function has been found in patients
with mutations in desmosomal genes (reviewed in references
13 and 25; see also reference 33) and patients who develop
autoantibodies against desmosomal proteins (e.g., references
in reference 62). Furthermore, the histopathology of the bac-
terium-induced skin disorders bullous impetigo and staphylo-
coccal scaled-skin syndrome was attributed to enzymatic cleav-
age of the desmosomal transmembrane protein desmoglein 1
(2). In all of the examples listed above, severe skin disorders
were observed, with clinical phenotypes ranging from palmo-
plantar keratoderma to skin blistering. Furthermore, muta-
tions in the genes of the desmosomal plaque proteins plako-
globin and desmoplakin have been linked to cardiomyopathy
(reviewed in reference 13).

Genetically modified animals with mutations in desmosomal
proteins were shown to develop phenotypes consistent with
tissue fragility (1, 5, 6, 14, 28, 33, 37, 38, 67; see also references
21, 23, 24, and 58), demonstrating that desmosomes are crucial
for the mechanical integrity and stability of certain tissues, in
particular stratified epithelia. Furthermore, at least in some
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tissues, the correct temporal-spatial expression pattern of des-
mosomal proteins seems to be a prerequisite for the develop-
ment of normal tissue and organ architecture (reviewed in
reference 25).

The molecular composition of desmosomes has been exten-
sively analyzed in the last few years. At least five components
appear to be necessary to form a simple desmosome: desmo-
glein(s) (Dsg), desmocollin(s) (Dsc), and the plaque proteins
plakoglobin, desmoplakin, and plakophilin(s) (PKP) (25-27,
35).

The transmembrane core of desmosomes is formed by both
Dsg and Dsc. These type I transmembrane glycoproteins be-
long to the cadherin superfamily of calcium-dependent cell
adhesion receptors. It is thought that heterophilic interactions
between Dsc and Dsg establish the intercellular connection
(e.g., see references 17, 26, 43, 63, and 64), although ho-
mophilic interactions between Dsc2 molecules in vitro have
been reported (63). Plakoglobin, PKP(s), and desmoplakin
bind to the cytoplasmic domains of desmosomal transmem-
brane receptors (directly or indirectly), thereby establishing
the electron-dense plaque and the connection to the interme-
diate filament cytoskeleton (reviewed in references 9, 18, 25,
27, and 48).

Three Dsc isoforms (Dscl to Dsc3) have been identified in
mammals (reviewed in references 26, 27, and 35) that show
tissue- and cell type-specific expression patterns 3, 15, 32, 49—
51). All Dsc are synthesized in the epidermis, where they show
very complex and overlapping expression patterns. Dscl is the
predominant Dsc isoform synthesized in terminally differenti-
ating keratinocytes of stratified epithelia (3, 32, 51). This pro-
tein is also present in the hair follicle, in particular the com-
panion cell layer of the outer root sheath and the inner root
sheath (e.g., see reference 42).
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All Dsc proteins are synthesized in two forms (a and b), the
corresponding mRNAs being generated by differential splicing
(reviewed in reference 26). The a and b variants differ only
with respect to the COOH-terminal cytoplasmic amino acid
sequences. The smaller b variants end with short amino acid
sequences that are unique to these variants (11 amino acids in
the case of Dsclb [32]). The a variants have longer COOH
termini (65 amino acids for Dscla) that show sequence homol-
ogies to classical cadherins, such as E-cadherin. These se-
quence elements at the COOH termini of the a variants,
termed cadherin-type sequences (35), allow binding of plaque
proteins and are therefore thought to be crucial for desmo-
some assembly (reviewed in references 25 to 27).

Transfection experiments done by Troyanovsky and col-
leagues demonstrated that the COOH-terminal domain of
Dscla, but not Dsclb, can recruit plakoglobin and desmo-
plakin to the plasma membrane of epithelial cells and serve as
a nucleation site for the assembly of an electron-dense plaque
with attached intermediate filaments (65, 66). Given these
results, it appears that the a variants play a central role in the
assembly of desmosomes. It is not known in which way the b
variants contribute to desmosome assembly and/or function.

The initial goal of the present study was to analyze the role
of the Dscla variant in vivo. Given the results of in vitro studies
summarized above, one would expect that absence of Dscla
would affect desmosome assembly, cell-cell adhesion, and/or
proper tissue differentiation. We decided to investigate this
hypothesis by generating mice that are deficient in this protein.
Unexpectedly, however, we generated mice that synthesize a
truncated Dscl protein that lacks both the Dscla- and Dsclb-
specific COOH-terminal cytoplasmic domains. Mutant mice
showed a subclinical phenotype, suggesting that the splice vari-
ant-specific cytoplasmic domains are essential for neither
proper epidermal development nor maintenance of tissue in-

tegrity.

MATERIALS AND METHODS

Animal protocols. Mice were kept under standard housing conditions at Bay-
lor College of Medicine. The experiments described in this report were approved
by the animal review committee of Baylor College of Medicine.

Vector construction, ES cell targeting, and generation of mutant mice. We
have isolated a BAC clone from an Sv/129 BAC library (Genome Systems) that
contained the entire dsc/ gene (data not shown). Exon 17 and flanking DNA
sequences were isolated from the recombinant BAC and cloned into conven-
tional cloning vectors. In the final targeting construct (TDSC1aAE17; Fig. 1A),
intron 16 and exon 17 were deleted, and the 3’ end of exon 16 was fused to the
3" UTR (untranslated region) of the gene. In TDSC1aAE17, exon 16 is flanked
by 5.4-kb 5’ sequences and 4.2-kb 3’ sequences. A neomycin resistance minigene
(PGKneoBpA; provided by Allan Bradley, Baylor College of Medicine), flanked
by loxP sites, was inserted into an Xbal site 0.23 kb downstream of exon 16. A
herpes simplex virus thymidine kinase minigene (provided by John Lydon, Baylor
College of Medicine) was inserted into the targeting construct as well. Both
antibiotic resistance cassettes contained a phosphoglycerate kinase I promoter.
The targeting vector was linearized and electroporated into AB2.2 ES cells
(provided by Allan Bradley). ES cells were selected with G418/FIAU, and drug-
resistant colonies were tested for successful recombination by using a mini
Southern procedure (56, 57). Three probes were used: a 5’ probe (HindIII-
BamHI fragment, Fig. 1A) and a 3’ probe (Nhel-EcoRI fragment, Fig. 1A) to
confirm targeting of the dscl locus and a neomycin probe to ensure that no
additional copy of the targeting vector had integrated into the ES cell genome
(data not shown). Recombinant ES cell clones were transiently transfected with
a Cre expression plasmid (CMV-Cre; provided by Allan Bradley) to remove the
neomycin resistance cassette from the ES cell genome (data not shown). Ran-
domly selected clones from these electroporations were tested by Southern blot
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analysis to confirm excision of the neo cassette. ES cell clones that were het-
erozygous for the AE17LoxP allele were injected into C57BL/6 blastocysts, a
service provided by the Transgenic and Mutant Mouse Core at the Baylor
College of Medicine. Chimeric mice were obtained from three ES cell clones.
One of these lines showed germ line transmission of the mutation. Heterozygous
mice (dsclat/~AE17LoXP) were intercrossed to obtain homozygous mutant mice.
Mice were genotyped by PCR with tail DNA. The primers used were DSC1-m3
(exon 16 specific; GAATCCATTAGAGGACAC) and dsc1-m23 (3" UTR spe-
cific; GGAGCTATGATTGGTAA). In wild-type mice, these primers amplify a
genomic DNA fragment that contains exon 16, intron 16, exon 17, and the 3’
UTR. The fragment sizes are 0.5 kb (wild-type locus) and 0.23 kb (dscla®F!7-oxP
locus), respectively.

RNase protection assays (RPAs). Newborn mouse epidermis was isolated as
previously described (31). Tissue lysates were prepared with the reagents from
the Direct Protect Lysate RPA kit (Ambion). Biotinylated cRNA probes were
synthesized with the MAXIscript IT kit (Ambion) by using biotin-16-UTP
(Roche). The following DNA templates were used to synthesize cRNA: dsc!
exon 1 (nucleotide positions 125 to 345; accession number X97986), dsc! exon
17, dsc2 (nucleotide positions 79 to 385; accession number L33779), dsc3 (nu-
cleotide positions 4 to 360; accession number Y11169), dsgl (exon 15; generously
provided by My Mahoney, Thomas Jefferson University, Philadelphia, Pa.),
Dsg2, Dsg3 (clone B9) (38), B-actin (pTRI-Actin M; Ambion), and cyclophilin
(pTRI-Cyclophilin M; Ambion).

RPA products were analyzed as previously described (38). To determine the
expression levels of the various desmosomal genes, RPA signals on Kodak films
were scanned with a flat-bed scanner and analyzed with the QuantiScan software
package (Biosoft). B-Actin and cyclophilin were used as internal standards in the
RPA reactions.

RT-PCR amplification of Dscl1 mRNA, cloning, and sequence analysis. Total
RNA was isolated from newborn epidermis with the RNeasy Mini kit (Qiagen).
Reverse transcription (RT)-PCR was performed with the One Step RT-PCR kit
(Qiagen) by using primers DSC1-m41 (GAAGAAGTGACGGAAGCCAAT;
derived from the coding sequences of exons 14 and 15) and DSC1-m19 (TTAA
TTTTTAATCAGACTGTGTCCTC; derived from exon 16). PCR products were
gel purified with the Zymoclean Gel DNA Recovery kit (Zymo Research) and
then cloned into the pCR2.1TOPO vector (Invitrogen). The cDNA insertions
were sequenced with M13 reverse and T7 primers following standard procedures.

Antibodies. cDNA sequences encoding portions of the cytoplasmic domains of
mouse Dscl, Dsc2, and Dsc3, respectively, were cloned into bacterial expression
vector pMAL-c2X (pMAL Protein Fusion and Purification System; BioLabs).
The following polypeptide sequences were used (amino acid positions are given
with respect to the mature protein): Dscl, C579 to P683; Dsc2, C581 to L715;
Dsc3, C578 to E704. The fusion proteins were purified with amylose resin
(BioLabs). Guinea pigs were immunized with these proteins (a service provided
by Rockland Immunochemicals, Gilbertsville, Pa.), and the resulting antibodies
were affinity purified with Affi-Gel 10 and Affi-Gel 15 columns (Bio-Rad), to
which the Dsc fusion proteins had been coupled. The antibodies generated were
2p899 (Dscl), gp2295 (Dsc2), and gp2280 (Dsc3).

The additional antibodies used were DG3.10 (Dsgl and Dsg2; Research Di-
agnostics), plakoglobin (Santa Cruz Biotechnology), plakophilin 1 (PKP1), PKP3
(generously provided by Werner W. Franke and Lutz Langbein, German Cancer
Research Center, Heidelberg, Germany), repetin (generously provided by
Daniel Hohl, CHUV/DHURDYV, Lausanne, Switzerland), and -catenin (Santa
Cruz Biotechnology). Antibodies against filaggrin, loricrin, K14, K10, and K6
were generously provided by Dennis Roop (Baylor College of Medicine).

Western blotting. Newborn skin samples were pulverized in liquid nitrogen
and then incubated for 10 min in sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis (PAGE) loading buffer (0.0625 M Tris-HCI, 5% SDS, 10%
glycerol, 20% B-mercaptoethanol, pH 6.8) at 95°C (whole-tissue lysate). In cer-
tain experiments, newborn skin was extracted with ice-cold TX buffer (1% Triton
X-100 [TX], 50 mM Tris-HCI, 100 mM NaCl, pH 7.4) in the presence of protease
inhibitors (COMPLETE protease inhibitor cocktail; Roche). Tissue lysates were
centrifuged twice for 15 min each time at 4°C and 10,000 X g. TX-insoluble
pellets were washed twice with phosphate-buffered saline (supplemented with
protease inhibitors [see above]) and then denatured in SDS-PAGE loading
buffer (cytoskeletal fraction). The TX-soluble proteins were precipitated with
methanol-chloroform and then denatured in SDS-PAGE loading buffer (TX-
soluble fraction). SDS-PAGE, blotting, and antibody detections were done es-
sentially as previously described (38).

Histology, immunofluorescence microscopy, and low-temperature immuno-
electron microscopy. For conventional histological analysis, tissue sections were
fixed overnight at 4°C in phosphate-buffered saline-buffered formalin, trans-
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FIG. 1. Strategy used to generate dscl~/~4*72" mytant mice. (A) Schematic representation of the targeting strategy used in this study. (a)
The 3’ end of the mouse dscl gene locus is shown. Exons are represented by vertical bars. Exons 16 and 17 contain stop codons. Probes used to
identify recombinant ES cell clones are shown as horizontal bars (HindIll/BamHI and Nhel/EcoRI fragments). (b) Targeting construct
TDSC1aAE17. Intron 16 and exon 17 were deleted in this construct. A neomycin resistance minigene with flanking loxP sequences was inserted
downstream of exon 17. The targeting vector also contained a thymidine kinase (TK) cassette. (c) Homologous recombination in ES cells generated
the dscI*F'"Ne° gene locus, in which intron 16 and exon 17 were deleted. (d) The neomycin resistance minigene was deleted through transient
expression of CRE recombinase, generating the dsc1*F'7“* allele. (B) RNase protection assays to detect Dscl RNA. Desmoglein 3 (left panel)
and B-actin (right panel) were used as internal controls. Probes derived from dscl exon 17 (E17) and the 5’ end of the Dsc1 mRNA (5),
respectively, were used. Homozygous dsc1 '~ 2E17-*F myutants express a Dscl RNA that does not contain exon 17 sequences. The genotype of the
samples is indicated above the lanes (MT, dscl~/~*E'7=* mutant; +/+, wild type). Note that the expression levels in homozygous mutant mice
are slightly lower than those in wild-type mice. (C) Western blot analysis using whole-skin extracts from wild-type (+/+) and homozygous mutant
(MT/MT) mice with antibody gp899 (Dscl1). The positions of Dscla and Dsc1b in the wild-type sample are indicated. Note the absence of the Dscla

band in the mutant sample.

ferred to 70% ethanol, and then embedded in paraffin. Sections were stained
with hematoxylin and eosin.

Tissues for deconvolution microscopy were embedded in O.C.T. compound
(Tissue-TeklII; Lab-Tek Products). Cryosections (6 wm) were stained as previ-
ously described (34). The sections were photographed with a Zeiss AxioVert
$100 TV microscope and a DeltaVision Restoration Microscopy System (decon-
volution microscopy; Applied Precision, Inc.).

Samples for low-temperature immunoelectron microscopy were isolated from
the oral mucosa of mutant and wild-type control mice, and postembedding
immunogold electron microscopy was performed as described previously (29).
Ultrathin sections were incubated with gp899 (diluted 1:100) and then with 5-nm
colloidal gold-conjugated goat anti-guinea pig immunoglobulin G (heavy and
light chains; diluted 1:40; BBInternational). For low-power electron microscopy,
the colloidal gold probes were amplified with the IntenSE silver enhancement kit
(Amersham International) as described previously (61). Double immunolabeling
was performed with a primary antibody mixture containing gp899 (1:100) and
rabbit anti-desmoplakin (1:40; Research Diagnostics) or gp899 (1:100) and rab-
bit anti-plakoglobin (1:40; Santa Cruz Biotechnology) as previously described
(44).

In situ hybridization. Nonradioactive Dsc2 sense and antisense probes (see
above) were synthesized with a digoxigenin labeling kit from Roche and hybrid-
ized to formalin-fixed tissue sections in hybridization buffer (Ambion) by follow-
ing standard protocols. Probes were detected with anti-digoxigenin—alkaline

phosphatase Fab fragments (Roche) and stained with nitroblue tetrazolium-5-
bromo-4-chloro-3-indolylphosphate (Roche).

Yeast two-hybrid assays. Yeast two-hybrid vectors encoding the Gal4 DNA
binding (pLP-GBK) or transcription activation (pLP-GAD) domain were pur-
chased from BD Biosciences Clontech. Plakoglobin and PKP1 head (amino acids
1 to 286) constructs were generated as previously described (10, 41). The Dscla
cytoplasmic domain and the COOH-terminally truncated Dscl cytoplasmic do-
main constructs were subcloned into the Creator system donor vector (BD
Biosciences Clontech), followed by recombination subcloning into acceptor vec-
tor pLP-GAD. All constructs were then verified by sequencing. To assay for
interactions between proteins, plasmid DNA was transformed into yeast strain
AH109 (BD Biosciences Clontech) and double transformants were selected by
using growth in the absence of leucine and tryptophan. Expression of the histi-
dine- and adenine-encoding reporter genes was analyzed by monitoring colony
growth on plates lacking histidine, adenine, leucine, and tryptophan.

RESULTS

Generation of mice with a deletion of exon 17. The dscl gene
consists of 17 exons and encodes two gene products (Dscla and
Dsclb) that differ only in their COOH-terminal amino acid
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FIG. 2. Characterization of dsc! transcripts in newborn epidermis of wild-type (WT) and homozygous mutant (MT; dscl /'~ 2E'7-F) mice by
RT-PCR. The 5’ primer was derived from the junction between exons 14 and 15, i.e., designed to suppress amplification of genomic DNA. The
3’ primer was derived from exon 16. (A) Agarose gel with RT-PCR products derived from three wild-type and three mutant samples. The PCR
products were sequenced. The exon-intron organization of the product is schematically shown. (B) dsc/ gene structure and mRNA in wild-type
and mutant mice. Note that exons 16 and 17 both contain stop codons. In mutant mice, we detected a single transcript that was aberrantly spliced,
i.e., retained intron 15. DNA sequence analysis predicted that the mutant (MT) transcript encodes a protein in which the Dsclb-specific sequence
ESIRGHTLIKN is replaced by the sequence VSAQSSSAHSVQC. The sequence RLGE is encoded by the 3" end of exon 15. Note that we have
not confirmed the presence of the aberrant amino acid sequence at the COOH terminus of mutant Dscl by protein sequencing.

sequences. The Dscla and Dsclb mRNAs are generated by
differential splicing of a single precursor RNA. The COOH
terminus of Dsclb is encoded by exon 16, while that of Dscla
is encoded by exon 17 (see references in reference 26). The
strategy for generating mice that do not synthesize Dscla was
to delete exon 17. By following the steps outlined in Fig. 1A,
heterozygous mutant mice (dscI*'~*F7=*P) were obtained
and intercrossed to generate homozygous mutants
(dsc1™/~AE17LoxPy " Al three genotypes (wild type and het-
erozygous and homozygous mutants) were obtained in the
expected Mendelian ratio. Newborn and adult mutant mice
were morphologically indistinguishable from wild-type litter-
mates. In particular, we did not observe any abnormalities with
respect to birth weight, growth rate, or appearance of the coat
(data not shown). A histological analysis indicated that Dscl-

expressing tissues, including skin, tongue, and forestomach,
developed normally in mutant mice (data not shown).
Homozygous mutant mice did not contain exon 17, as dem-
onstrated by PCR with genomic DNA as a template (see Ma-
terials and Methods). Furthermore, RPAs with an exon 17
probe confirmed that homozygous mutant mice did not express
Dscla mRNA (Fig. 1B). As expected, a 5’ probe detected a
Dscl transcript, demonstrating that the mutant dscl gene locus
is transcriptionally active (Fig. 1B). Finally, Western blot anal-
ysis with polyclonal Dscl antibodies confirmed that Dscla was
not synthesized in homozygous mutant mice (Fig. 1C).
Mutant mice express a truncated Dscl receptor that lacks
the Dscla- and Dsclb-specific COOH-terminal domains. The
dscI*E1T=xF gllele was designed to encode a mutant transcript
in which exon 16 is the last coding exon. To verify that exon 16
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FIG. 3. Molecular interactions of the cytoplasmic domains of
Dscla (Dscly,,) and the truncated Dscl receptor (Dsc1AC,,,) syn-
thesized in dscl~/~2E7LoXP myutant mice. Yeast two-hybrid experi-
ments were carried out to test for direct interactions by using growth
in the absence of histidine and adenine (middle column) as a reporter
for interactions between the cytoplasmic domains of the two Dscl
molecules and several components of the desmosomal plaque. The
cytoplasmic domain of Dscla, but not the COOH-terminally truncated
Dscl mutant, interacts directly with the head domain of PKP1 and
plakoglobin. Both Dsc polypeptides (Dscly,, and Dsc1AC,,,) were
expressed as fusion proteins with the Gal4 activation domain and
tested for interactions with either empty DNA binding domain vector
(EV), the head domain of PKP1, or plakoglobin (PG) cloned into the
Gal4 DNA binding domain vector.

was correctly spliced to exon 15, thereby generating the Dsclb
mRNA, we performed RT-PCR analysis (Fig. 2). RT-PCR
products from three mutant and three wild-type samples were
cloned and sequenced. As expected, we identified the Dsclb
mRNA in wild-type samples (Fig. 2A). Surprisingly, the mu-
tant samples yielded an RT-PCR product that was much larger
than predicted (Fig. 2A). cDNA sequencing of the cloned
RT-PCR products revealed that the mutant Dscl mRNA re-
tained intron 15. Our sequence analysis predicts that the mu-
tant protein lacks the 11 amino acids encoded by exon 16.
Instead, the COOH terminus of the mutant protein contains
an unrelated sequence of 13 amino acids encoded by intron 15
(Fig. 2B). We did not find mutations in exon 15, intron 15, or
exon 16 of the dscI*®'"“*" allele. This indicates that the
abnormal splicing is not due to a mutation in splice sites lo-
cated in intron 15.

We have repeated the RT-PCR analysis with various primer
pairs, all of which confirmed that intron 15 is present in the
mutant dsc/ transcript (data not shown). Furthermore, RPAs
with a probe consisting of exon 15 and exon 16 sequences
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failed to detect correctly spliced transcripts in mutant mice
(data not shown).

The COOH-truncated Dscl receptor does not bind desmo-
somal plaque proteins plakoglobin and PKP1. The Dscl re-
ceptor synthesized by dscl /~AE7LP myutant mice lacks
COOH-terminal cytoplasmic amino acid sequences that have
previously been shown to bind plakoglobin and PKP (16, 65,
66). To confirm that the mutant Dscl receptor does not bind
these proteins, we carried out a yeast-two-hybrid analysis. As
shown in Fig. 3, the cytoplasmic domain of wild-type Dscla
binds plakoglobin and PKP, whereas the mutant receptor does
not.

The Dscl receptor synthesized in dsc mutant
mice integrates into desmosomes. We have generated poly-
clonal antibodies against the cytoplasmic domain of mouse
Dscl. These antibodies recognize epitopes in a sequence of
107 amino acids that is present in Dscla, Dsclb, and the
predicted protein synthesized in dsc1 /= 2E7L*F mutant mice.
In Western blot assays with wild-type samples, the Dscl anti-
bodies recognized two bands with the predicted molecular
weights of Dscla and Dsclb (Fig. 1D). The Dscl band recog-
nized in protein extracts of mutant samples represents the
truncated Dscl receptor and not Dsclb.

Consistent with published data regarding the distribution of
Dscl in mouse skin (see Introduction), these antibodies
stained the suprabasal layers of the epidermis and the inner
root sheath of anagen hair follicles. To determine whether the
mutant protein was incorporated into desmosomes of
dscl ™/~ AE1TLoXP mytant mice, we costained epidermis of new-
born pups with the Dscl antibodies and antibodies against
desmoplakin. As shown in Fig. 4A, the mutant protein colo-
calized with desmoplakin, suggesting that neither the Dscla-
specific nor the Dsclb-specific COOH-terminal domain is re-
quired for assembly into the desmosomal protein complex. The
desmosomal localization of the mutant receptor was confirmed
by low-temperature immunoelectron microscopy (Fig. 4B).
Furthermore, conventional transmission electron microscopy
revealed no gross abnormalities in the structure and abun-
dance of desmosomes in the granular layers of mutant epider-
mis (data not shown).

Normal expression of differentiation markers in mutant epi-
dermis. In order to determine whether the dsc/ mutation af-
fected epidermal differentiation, we tested the tissue distribu-
tion and expression levels of various differentiation markers.
Immunofluorescence microscopy of newborn skin of mutants
and wild-type controls showed normal epidermal staining with
antibodies against desmosomal proteins (Dsc3, Dsgl, Dsg2,
plakoglobin, PKP1, and PKP3), keratins (K14, K10, and K6), a
keratin-associated protein (filaggrin), and cornified cell enve-
lope components (repetin and loricrin) (data not shown).

We also determined the proliferation index in the skin of
mutant and wild-type control mice that were injected with
bromodeoxyuridine. We did not find a significant difference in
the number of bromodeoxyuridine-positive keratinocytes in
mutant and control samples (data not shown).

Western blot assays with antibodies against desmosomal
proteins that are coexpressed with Dscl in the epidermis did
not show significant changes in their expression levels (exam-
ples are shown in Fig. 5). Antibody DG3.10, which we used in
our experiments, cross-reacts with Dsgl and Dsg2 (36, 39).

1 —/—AE17LoxP
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FIG. 4. Subcellular localization of Dscl in newborn epidermis of wild-type (WT) and mutant (MT) mice. (A) Deconvolution microscopy. The
sections were stained with antibody gp899 (Dscl; red) and a monoclonal antibody against desmoplakin (green). Colocalization resulted in yellow
fluorescence. Note that the mutant protein coassembles with desmoplakin into desmosomes. Identical results were obtained by staining with gp899
and a monoclonal antibody against Dsgl and Dsg2 (DG3.10; data not shown). (B) Low-temperature immunoelectron microscopy. Mutant (a, c,
e, g) and wild-type (b, d, f, h) samples were incubated with various antibodies. (a, b) gp899 (silver enhancement; see Materials and Methods). (c,
d) Higher magnification of desmosomes stained with gp899. (e, f) Costaining with gp899 (5-nm gold particles) and desmoplakin antibodies (15-nm
gold particles). (g, h) Costaining with gp899 (5-nm gold particles) and plakoglobin antibodies (15-nm gold particles). Note that the mutant Dscl
receptor is integrated into desmosomes and that the staining patterns of desmoplakin and plakoglobin are not affected by the mutation. Bars: a
and b, 1 pm; ¢ to h, 0.1 pm.
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FIG. 5. Western blot analysis of total-tissue lysates from back skin
of newborn wild-type (WT) and dscI /= *E"=* mutant (MT) mice.
Equal amounts of protein were blotted with antibodies against Dsgl
and Dsg2 (DG3.10), Dsg3, Dsc3 (gp2280; see Materials and Methods),
plakoglobin (Pg), PKP1 (PP1), PKP3 (PP3), and B-catenin (B-cat). No
significant differences in the expression levels of the analyzed proteins
in wild-type and mutant samples were observed.
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Therefore, we confirmed the protein expression data for these
desmogleins by RPA (Fig. 6). No differences were found in the
expression levels of Dsgl and Dsg2 in mutant mice.

Next, we extracted mutant and wild-type skin samples with
TX-containing buffers and subjected the protein fractions that
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FIG. 6. RNase protection assays to determine the expression levels
of desmosomal cadherins in wild-type (WT) and dsc~/~2E17LoxP my.
tant (MT) mice. RNA was isolated from the back epidermis of new-
born mice. B-Actin served as an internal control in each experiment.
Normalization of the expression data revealed that none of the mark-
ers showed a significant change (>50%) in their expression levels due
to the dsc/ mutation. Note that the Dsgl probe yielded two bands,
which is probably due to a mouse strain polymorphism. The Dsgl
probe was derived from C57BL/6 genomic DNA. The mutant and
wild-type samples tested were derived from mice on a segregating
C57/BL6 and 129/SV background.
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FIG. 7. Western blot analysis of the TX-soluble (sol.) and -insolu-
ble (insol.) protein fractions from the back skin of newborn wild-type
(WT) and dscl ™/~ AE17LoxP mytant (MT) mice. Note that plakoglobin
(Pg) and PKP1 (PP1) are mainly found in the insoluble fraction, which
is characteristic for junction-associated proteins. B-Catenin, on the
other hand, is present predominantly in the soluble cytoplasmic pool.
Again, no significant difference was observed between wild-type and
mutant samples.

were soluble and insoluble in this detergent, respectively, to
Western blot analysis. Insolubility in TX is a characteristic of
proteins assembled into desmosomes (52-54). We were partic-
ularly interested in possible changes in the cytoplasmic pools of
PKPs and plakoglobin in mutant epidermis. Both plaque pro-
teins bind to Dscla and are found in the nuclei, where they are
thought to influence gene expression (4, 7, 9, 11, 12, 25, 46, 47,
59). As shown in Fig. 7, the distribution of plakoglobin and
PKP1 in the TX-soluble and -insoluble pools was not affected
by the mutation. In mutant and wild-type samples, these two
plaque proteins were mainly found in the TX-insoluble (cy-
toskeletal) protein fraction.

Abnormal expression of Dsc2 in mutant mice. Surprisingly,
the only desmosomal gene tested that showed a significant
change in its expression level in dscI~/~*E'7=o*F mytant mice
was dsc2 (Fig. 6 contains expression data on other desmosomal
cadherins). RPA analysis showed a dramatic up-regulation of
this gene in mutant mice. In the examples shown in Fig. 8A, the
Dsc2 mRNA levels were increased by a factor of 38. In situ
hybridization experiments confirmed this finding and demon-
strated that Dsc2 is expressed mainly in the suprabasal layers
of the newborn epidermis (Fig. 8B). Unfortunately, we were
not able to assess the tissue distribution of Dsc2 with our
antibody, because it did not stain formalin-fixed (paraffin-em-
bedded) or unfixed (frozen) skin sections.

Surprisingly, Western blot assays did not indicate a concom-
itant increase in Dsc2 protein synthesis in mutant mice (Fig.
8C).

DISCUSSION

We have generated mutants that synthesize a truncated
Dscl protein that contains neither the a nor the b variant-
specific COOH-terminal (cytoplasmic) amino acid sequence.
The truncated adhesion receptor consists of the extracellular
domain of Dscl, as well as the intracellular sequence (107
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FIG. 8. Effects of the dscI mutation on the expression of Dsc2. (A) RPA analysis of epidermal RNA from newborn wild-type (WT) and

dscl —/—AE17LoxP

mutant (MT) samples. Note the dramatic increase in Dsc2 expression (approximately 38-fold) in the two mutant samples. 3-Actin

was used as an internal standard to normalize the expression data. (B) In situ hybridization with Dsc2 antisense probes. Note the strong suprabasal
expression of Dsc2 in the mutant sample. The signal obtained with wild-type samples was barely above the background. A sense probe did not yield
a signal on mutant or wild-type samples (data not shown). The dotted line indicates the position of the basement membrane. (C) Western blot
analysis using total skin extracts from newborn mice with antibody gp2295. Note that Dsc2a and Dsc2b are expressed at similar levels in wild-type

and homozygous mutant samples.

amino acids) that is common to both Dscla and Dsclb. The
mechanism that leads to aberrant splicing of the mutant Dscl
pre-mRNA is not clear. The deletion of intron 16 or the in-
troduction of an artificial Xhol site at the 3’ end of exon 16,
which was necessary to fuse that exon to the 3" UTR of the
gene, could have contributed to this phenomenon. On the basis
of our sequence analysis of RT-PCR products, we can rule out
the possibility that a mutation in intron 15 contributed to the
aberrant splicing.

Our microscopy data indicate that the truncated Dscl pro-
tein integrates into desmosomes in the upper spinous and
granular layers of the epidermis. Given the fact that this pro-
tein does not bind plakoglobin or PKPI, it is tempting to
speculate that this integration is mediated through direct in-
teractions with desmogleins, either in cis (within the plane of
the plasma membrane) or in frans (with desmogleins of an
adjacent cell). We have also tested the head domain of des-
moplakin for interaction with our Dsc constructs in yeast two-
hybrid assays. However, this construct (consisting of amino
acid positions 1 to 585; DPNTP in reference 8) did not directly
bind to either Dsc construct (data not shown).

It remains to be seen whether the truncated Dscl receptor
binds other cytoplasmic proteins and whether these interac-
tions are required for desmosomal localization.

The observation that our mutant mice show no apparent
phenotype was surprising. Mouse strains with null mutations in

desmosomal cadherin genes that are expressed in skin (e.g.,
dscl, dsg3, and dsg4) (14, 33, 37, 38, 55) show pathological
phenotypes; i.e., functional compensation by desmosomal cad-
herins has not been observed previously.

Furthermore, it appears that loss of cytoplasmic function
(e.g., plakoglobin and PKP binding in our mutant receptor) is
better tolerated than loss of extracellular functions (see be-
low).

The most likely explanation for the occurrence of functional
desmosomes in our mouse model is that Dsc2 and Dsc3, which
are both expressed throughout the suprabasal layers of the
epidermis (references 15, 26, and 51 and our own data), are
sufficient to establish and maintain the structural integrity of
desmosomes.

An analysis of a large set of epidermal differentiation mark-
ers failed to reveal abnormal expression patterns in mutant
epidermis by RPAs and Western blot assays, with one excep-
tion; the expression of Dsc2 mRNA was dramatically increased
in mutant skin. This phenomenon was consistently observed in
mutant mice. Nevertheless, Western blot assays indicated that
the amount of Dsc2 protein synthesized in mutants was nor-
mal. It is noteworthy that the mRNA expression levels of all
other desmosomal cadherins were not significantly changed in
mutant mice.

It is possible that the increase in Dsc2 expression constitutes
a stress response, i.e., subtle defects in the mutant epidermis
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triggering the increase in transcription. However, the lack of
K6 induction in the epidermis of mutants suggests that this is
not the case. K6 is synthesized in the interfollicular epidermis
in response to mechanical and biochemical insults, as well as
abnormal differentiation (see references in references 19 and
68).

Fail-safe mechanisms must exist that prevent increased syn-
thesis of Dsc2. It has been shown that ectopic overexpression
of at least one desmosomal cadherin (Dsg3) in transgenic mice
can cause abnormal epidermal differentiation (20, 45). It is
therefore reasonable to assume that the expression levels of
desmosomal cadherins are tightly controlled in vivo. Future
studies will have to identify the molecular mechanisms by
which Dsc2 protein levels are controlled.

Chidgey and colleagues recently generated dscl-null mice,
i.e., animals that synthesize neither Dscla nor Dsclb (14).
Newborn dscI-null mice showed localized acantholysis in the
granular layer of the epidermis. Furthermore, the epidermis
showed hyperproliferation and interfollicular expression of
stress proteins K6 and K16. Parakeratosis (retention of nuclei
in the cornified cell layer of the epidermis) suggested abnormal
differentiation of keratinocytes. Localized skin barrier defects
were found in newborn mutant mice. It is possible that some of
the abnormal features of dsc/-null epidermis are due to these
barrier defects caused by localized acantholysis. Older mice
developed ulcerating lesions and hair loss. Interestingly,
Chidgey and colleagues did not observe a change in the syn-
thesis of the Dsc2 and Dsc3 proteins, which is consistent with
the data presented in the present report.

On the basis of the Dscl-null phenotype, it is safe to con-
clude that the dsc1*='"%*" allele does not represent a null
mutation. Obviously, this mutation does not create a domi-
nant-negative allele either. Nevertheless, a comparison of the
two animal models suggests that the extracellular domain of
Dscl and maybe the cytoplasmic domain that is common to
Dscla, Dsclb, and the truncated Dscl receptor are necessary
and sufficient for normal epidermal development and ho-
meostasis.
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