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The desmoglein 1 (Dsgl) and desmocollin 1 (Dscl) isoforms of the desmosomal cadherins are expressed in
the suprabasal layers of epidermis, whereas Dsg3 and Dsc3 are more strongly expressed basally. This differ-
ential expression may have a function in epidermal morphogenesis and/or may regulate the proliferation and
differentiation of keratinocytes. To test this hypothesis, we changed the expression pattern by overexpressing
human Dsg3 under the control of the keratin 1 (K1) promoter in the suprabasal epidermis of transgenic mice.
From around 12 weeks of age, the mice exhibited flaking of the skin accompanied by epidermal pustules and
thinning of the hair. Histological analysis of affected areas revealed acanthosis, hypergranulosis, hyperkera-
tosis, localized parakeratosis, and abnormal hair follicles. This phenotype has some features in common with
human ichthyosiform diseases. Electron microscopy revealed a mild epidermal spongiosis. Suprabasally,
desmosomes showed incorporation of the exogenous protein by immunogold labeling but were normal in
structure. The epidermis was hyperproliferative, and differentiation was abnormal, demonstrated by expres-
sion of K14 in the suprabasal layer, restriction of K1, and strong induction of K6 and K16. The changes
resembled those found in previous studies in which growth factors, cytokines, and integrins had been overex-
pressed in epidermis. Thus our data strongly support the view that Dsg3 contributes to the regulation of
epidermal differentiation. Our results contrast markedly with those recently obtained by expressing Dsg3 in
epidermis under the involucrin promoter. Possible reasons for this difference are considered in this paper.

Desmosomes are complex intercellular junctions that link
the keratin filaments of adjacent cells, providing mechanical
strength to epithelial tissues such as the epidermis. The des-
mosomal cadherins desmoglein (Dsg) and desmocollin (Dsc)
are calcium-dependent adhesion molecules that exist as three
isoforms, each the product of a different gene. Dsg2 and Dsc2
are expressed in all desmosome-containing tissues, whereas
Dsgl, Dscl, Dsg3, and Dsc3 are restricted to stratified epithe-
lia. In the epidermis, a stratified epithelium, isoforms 1 and 3
show a reciprocal expression pattern (4, 25, 28, 31, 44). Dsg3
has a strong basal distribution associated with proliferating
cells, and Dsgl has a suprabasal expression in the terminally
differentiating layers (3, 4, 39). Thus, there is an increase in the
ratio of Dsgl to Dsg3 from the basal to the apical surface of the
epidermis. It is likely that individual desmosomes in the cell
layers where Dsgl and Dsg3 expression overlap contain both
isoforms, as has been demonstrated for desmocollin isoforms
(31). This differential expression of desmosomal glycoproteins
within the epidermis has been suggested to form adhesive
gradients that may provide positional information to keratin-
ocytes and thereby participate in the regulation of the prolif-
eration and differentiation of the tissue. It was demonstrated in
another system, the mammary gland, that desmosomal adhe-
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sion does indeed play an important role in epithelial morpho-
genesis (38).

The importance of Dsg3 function in the maintenance of
normal cell-to-cell adhesion in the epidermis has been dem-
onstrated in studies of the human disease pemphigus vulgaris
(PV) and of Dsg3-knockout and transgenic mice. In PV, auto-
antibodies to Dsg3 bind to the extracellular region of the
desmosomes, resulting in loss of adhesion (acantholysis) im-
mediately above the basal layer (29). The resulting epidermal
blistering may be fatal if inadequately treated. Targeted dis-
ruption of Dsg3 in mice produces a phenotype resembling PV,
with loss of keratinocyte adhesion, leading to epidermal and
oral mucosal blistering, together with hair loss and runting (26,
27). Transgenic mice expressing a mutant, truncated form of
Dsg3 under the control of the keratin 14 (K14) promoter also
have epidermal abnormalities, including flaking skin and black-
ening of the tail tip, which were associated with a reduction in
the size and number of desmosomes (1).

One approach to investigate the role of desmosomal cad-
herins and other proteins in epidermis is to misexpress them
with differentiation-specific promoters. Thus, Henkler et al.
expressed Dscl in the basal layer of mouse epidermis by using
the K14 promoter but found no effect on epidermal differen-
tiation (21). In contrast, Elias et al. expressed Dsg3 in the
upper epidermis under the control of the involucrin promoter
and found dramatic effects on the structure and function of the
stratum corneum (15). The epidermis resembled oral mucosa
and showed greatly increased transepidermal water loss
(TEWL), which was lethal.

We expressed Dsg3 in the upper epidermis under the control
of the K1 promoter. Our results showed substantial perturba-
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FIG. 1. Detection of the KI-Dsg3 transgene in mouse epidermis. (A) KI-Dsg3 targeting construct based on that used in reference 18. PCR
primers 1 through 4 (horizontal arrows) for identifying transgenic mice are shown. (B) Potential transgenic mice were screened by PCR using
hDsg3-specific and human K1 vector-specific (2K7) primers (shown in panel A) on tail DNA. Diluted plasmid DNA (P), used for microinjection,
served as a positive control. A 250-bp fragment was amplified by the hDsg3 primers in the transgenic but not the wild-type mice, and a 600-bp
product was detected by the K1 vector-specific primers in the transgenic mice but not the wild-type mice, but a lower, nonspecific band was detected
in all mice, serving as an internal positive control (M, 100-bp DNA ladder). tg, transgenic mice; wt = wild-type mice. (C) Western blot of epidermal
lysates with the hDsg3-specific antibody; HaCaT cells (H) were a positive control. Molecular masses (in kilodaltons) are indicated to the left of
the blot. (D) Western blot of epidermal cell lysates with mDsg3- and mDsg1-specific antibodies. Lane 1 is a sample of epidermal protein from a
wild-type mouse blotted for mDsgl only; lane 2 is a sample from the same mouse as used in lane 1 but blotted for mDsg3 only. Lanes 3 through
7 show samples from mice blotted for mDsgl and mDsg3 simultaneously. Lanes 3, 5, and 7, tg mice; lanes 4 and 6, wild-type mice (the sample in

lane 4 is from the same mouse as used in lanes 1 and 2).

tion of epidermal proliferation and differentiation producing a
condition with some features of chronic dermatitis and ichthy-
osis. Interestingly, this phenotype contrasts markedly with that
obtained by Elias et al. (15) and shows more resemblance to
phenotypes produced by overexpression of various cytokines
and integrins.

MATERIALS AND METHODS

Construction of the expression vector and generation of transgenic mice. Two
overlapping cDNA clones of human DSG3 (hDSG3), E12 and E33, were kindly
supplied by John Stanley (2). The full-length cDNA of 3.3 kb was assembled from
the two clones by utilizing a unique Xbal site in the overlap region. The human
K1 targeting vector was kindly supplied by Dennis Roop (37, 18). In order to aid
later transgene excision, the K1 promoter was cut with EcoRI and cloned into the
EcoRlI site of pBluescript (Clontech), which had been previously modified by the
removal of five enzyme sites, Smal, BamHI, Spel, Xbal, and NotlI. The full-length
hDSG3 cDNA was then cloned into the NotI site of the new K1 targeting vector
(Fig. 1A). The KI-hDSG3 transgene was excised from the plasmid sequences of
the targeting vector by cutting with BssHII. The transgene DNA was recovered
by using the QTAEX II kit (Qiagen) and diluted in microinjection buffer (5 mM
Tris, 0.1 mM EDTA [pH 7.4]) to a concentration of 5 ng/pl. Microinjection of
C57BL/6 X CBA embryos was carried out in M2 medium, and embryos were
cultured overnight to the two-cell stage in M16 medium and implanted into
pseudopregnant recipient females (22). These experiments were carried out
under Home Office license no. 40/2179.

Isolation of genomic DNA and PCR analysis. Genomic DNA was isolated
from tail samples obtained from weaned mice as follows. Tissue was digested in
0.4 mg of proteinase K/ml in cell lysis solution (Flowgen) overnight at 55°C and
centrifuged briefly. After adding 200 pl of protein precipitation solution (Flow-
gen) to the supernatant and centrifuging at 13,000 X g for 5 min, DNA was
precipitated from the supernatant with isopropanol. DNA was diluted in TE
buffer. Transgene integration was determined by PCR on genomic DNA samples

with hDSG3-specific primers and human K1 vector-specific primers (18) (Fig. 1A
and B).

Histology. Samples of epidermis taken from the back, belly, ear, tail, and
footpad were fixed overnight in 4% paraformaldehyde in phosphate-buffered
saline (PBS). Tissues were then washed in PBS and processed for paraffin
embedding. Five-micrometer-thick sections were attached to poly-L-lysine-
coated slides and stained with hematoxylin and eosin stain.

Source of antibodies. The primary antibodies used in Western blotting and
immunohistochemical analysis were as follows: a rabbit polyclonal antibody
raised against the whole extracellular domain of hDsg3 (45); 11-5F, a mouse
monoclonal antibody against bovine desmoplakin (33); rabbit anti-mouse Dsc3
(Ke Lui and Carolyn Byrne, personal communication); rabbit anti-murine Dsgl
(mDsgl) (15); rabbit anti-mDsg3 (15); mouse anti-plakoglobin (Transduction
Laboratories); MK1, rabbit anti-mouse K1 (BAbCo); MK14, rabbit anti-mouse
K14 (BAbCo); RPmK16, rabbit anti-mouse K16 (34); NCL-CKG6, anti-mouse K6
(Novocastra Laboratories); rabbit anti-mouse loricrin (BAbCo); rabbit anti-
mouse involucrin (BAbCo); rabbit anti-mouse filaggrin (20); and rat monoclonal
antibody against Ki67 antigen (17).

Immunohistochemistry. (i) Inmunoperoxidase staining. Skin tissue was fixed
in 4% paraformaldehyde in PBS and embedded in paraffin wax, and 5-pm-thick
sections were attached to poly-L-lysine-coated slides. Sections were deparaf-
finized, rehydrated through a graded ethanol series, and washed in PBS. Antigen
retrieval was performed by heating slides to 95°C for 4 to 15 min in 0.01 M citrate
buffer (pH 6) in a microwave oven. The sections were then immunostained by the
ABC peroxidase method (Vector) with diaminobenzidine (Sigma) as the enzyme
substrate and hematoxylin as a counterstain.

(ii) Immunofluorescence. Frozen sections were fixed in ice-cold acetone-meth-
anol (1:1, vol/vol) for 20 min, followed by a 15-min wash in PBS. The sections
were blocked in 10% normal goat serum for 1 h, followed by incubation with the
PV serum (kindly provided by T. Hashimoto) for 1 h at room temperature. After
washing in PBS, the fluoroscein isothiocyanate-labeled secondary antibody was
added to the sections for 30 min.

Toluidine blue staining. Excised whole skin was fixed in 4% paraformaldehyde
and dehydrated into 100% ethanol. Tissue was incubated in 0.1% toluidine blue
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FIG. 2. Expression of hDsg3 in the epidermis. Immunohistochemistry by using hDsg3-specific antibody on the back skin of transgenic (A) and
wild-type (B) mice. Arrows in panel A show some positive cells in the basal layer. Scale bars, 30 wm. Immunofluorescence with Dsg3-specific PV
serum on frozen sections of transgenic (C) and wild-type (D) mouse skin is shown. Arrows indicate the position of the basement membrane. Scale

bars, 20 pm.

in PBS for 5 min at room temperature, briefly destained in PBS for 1 min, and
visualized under a dissecting microscope. This method is an adaptation of that
described in reference 20 for detecting the absence of epidermal barrier.

(iv) Western blotting. Epidermis was isolated from 2- to 3-day-old mice by
incubating 1-cm? pieces of skin in 2.5 mM EDTA at 50°C for 3 min and then
overnight at 4°C. Epidermis was then separated from the dermis by peeling with
fine forceps. For a comparison of soluble and insoluble fractions, epidermis was
extracted for 20 min on ice with cytoskeletal buffer (16). The isolates were
sonicated in PBS on ice for 30 s, boiled in sodium dodecyl sulfate (SDS) sample

buffer for 5 min, centrifuged for 5 min at 13,000 X g, and stored at —20°C.
Protein concentrations were estimated by using the bicinchoninic acid protein
assay (Pierce). SDS-polyacrylamide gel electrophoresis was performed on 7.5 or
10% gels with the Bio-Rad Protein III system. Proteins were blotted onto nitro-
cellulose which was blocked in 5% nonfat milk overnight at 4°C before incuba-
tion with the primary antibodies for 1 h at room temperature. The bound primary
antibodies were detected with peroxidase-labeled secondary antibodies (Jackson
Laboratories) followed by the ECL Plus detection system (Amersham Pharma-
cia).
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FIG. 3. K1-Dsg3 mice have epidermal defects. (A) Gross phenotype of transgenic (TG) and
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wild-type (WT) mice. The transgenic mouse had

flaking epidermis on the back and has an untidy coat. (B and C) Surface of transgenic and wild-type mouse back skin after shaving and toluidene
blue staining. Wild-type mouse skin remained clear, whereas the lesions of the transgenic mouse skin are visible in blue (arrows). Scale bar, 1 mm.

(v) Electron microscopy. Fresh skin was dissected into small pieces (approx-
imately 1 by 1 by 0.5 mm) and fixed by immersion in 2% paraformaldehyde and
2% glutaraldehyde in 0.1 M sodium cacodylate buffer containing 0.15 M sucrose
and 2 mM calcium chloride (pH 7.3). Tissues were fixed at room temperature
and then washed four times with cacodylate buffer. They were postfixed with 1%
osmium tetroxide for 2 h, dehydrated through an ethanol series, and embedded
in agar 100 resin. Ultrathin sections were contrasted with uranyl acetate and lead
citrate and examined on a Philips model 400 transmission electron microscope.

(vi) Immunogold labeling. Ultrathin cryosections of mouse skin were prepared
and immunogold labeled as described in reference 32 for bovine nasal epidermis.
Anti-hDsg3 primary antibody was applied at a 1/50 dilution for 1 to 2 h, followed
by an application of goat anti-rabbit immunoglobulin G-10-nm gold conjugate
(BioCell Research Laboratories). Grids were examined as described above.

RESULTS

Expression of the KI-hDSG3 transgene in mouse epidermis.
Transgenic mice were generated with the hDSG3 cDNA
cloned into the human K1 targeting vector. Potential trans-
genic mice were screened by PCR using KI- and hDSG3-
specific primers (Fig. 1B). Positive animals were crossed with
(C57BL/6 X CBA) F, wild-type mice to establish transgenic
lines. Five founder animals were produced, four females and
one male. Initial analysis showed that all lines had similar
phenotypes, and one line was chosen for the further analysis.

The copy number of the transgene in this line, determined by
Southern blotting, was 13 to 15 (unpublished data). Expression
of the transgene was determined by SDS-polyacrylamide gel
electrophoresis and Western blotting of protein extracted from
the epidermis of PCR-positive and -negative mice. Western
blots with the hDsg3-specific polyclonal antibody demon-
strated that PCR-positive mice displayed a band of around 135
kDa corresponding to hDsg3 whereas control, PCR-negative
mice did not (Fig. IC). To determine whether the expression of
the hDSG3 transgene altered the ratio of the endogenous
mDsg3 to mDsgl, Western blotting was performed with
mDsg3- and mDsgl-specific antibodies on epidermal extracts
from transgenic and wild-type mice. To obtain the most accu-
rate results, the two antibodies were used simultaneously on
the same blot and the intensities of the bands were estimated
by densitometry. Two bands corresponding in size to Dsg3 (135
kDa) and Dsgl (160 kDa) were detected on each sample (Fig.
1D). The mean ratio of Dsg3 to Dsgl was 0.57, and there was
no statistically significant difference between transgenic ani-
mals and their wild-type littermates. Immunohistochemical
staining showed expression of hDsg3 predominantly in the
suprabasal layers of the epidermis and its absence from wild-
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FIG. 4. Expression of hDsg3 results in epidermal hyperproliferation. Histological analysis by hematoxylin and eosin staining revealed increased
skin thickening in severely affected transgenic mice (A) and, to a lesser extent, in the mildly affected regions (B) compared with that in wild-type
controls (C). Other defects included regional hyperkeratosis (D), parakeratosis (arrowheads in panels A and D), and pustules (P in panel E). Hair
follicles were often enlarged in transgenic mice (F and G) compared with those in wild-type (H) mice and in the most severe regions showed
abnormal keratinization (arrows in panel F). Immunohistochemistry for the Ki67 antigen showed an increase in the numbers of positive cells in
the basal layer of transgenic mice (I and J) and also several positive suprabasal cells (arrows in panel I) compared with wild-type controls
(K) (arrows in panel K indicate positive cells in the basal layer). Inset in panel K is a magnification of the arrow on the right. Scale bars in panels:

A through E and I through K, 40 pm; F through H, 20 pm.

type mice (Fig. 2A and B). Some positively stained cells were
found in the basal layer of the transgenic mouse epidermis,
consistent with the observation that the K1 targeting vector
gives rise to expression in a proportion of basal cells (18). In
addition, staining of epidermis with PV patient serum that
reacts with Dsg3 but not Dsgl stained cell peripheries through-
out the epidermis in transgenic mice but only the lower layers
of the epidermis in wild-type mice (Fig. 2C and D). These data
show that the transgene is expressed and that the pattern of
Dsg3 expression is altered.

KI-hDsg3 mice have epidermal defects. At birth, the skin of
transgenic mice appeared normal by both external and histo-
logical examination. However, from around 12 weeks, epider-
mal flaking was detected on the back and belly skin and some-
times on the ears and footpads (Fig. 3). Hair was often sparse
in these regions, making the flaking more prominent and re-

vealing inflammation or reddening of the skin and scabbing on
the epidermis.

There was substantial variability in the severity of the phe-
notype. Some mice looked normal until their hair was shaven,
while others were more mildly infected and displayed abnor-
malities only upon histological analysis. This variation was not
linked to the transgene copy number since the variation existed
within transgenic lines. There was some regression or healing
of the phenotype in many of the mice. These factors made it
difficult to judge the actual penetration of the phenotype, but
an estimate derived from a histological analysis of 12-week-old
mice was that 33% of animals had the severe phenotype, 40%
had the milder phenotype, and 27% were normal. Approxi-
mately half of the mildly affected 12-week-old mice progressed
to the severe phenotype later in life, and about a third of the
severely affected mice showed signs of regression. Animals that
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FIG. 5. Ultrastructure of K/-hDsg3 epidermis. Back skin samples from a control mouse and a transgenic mouse of severe phenotype is shown.
(A) Low magnification of transgenic mouse back skin revealing an increase in the number of cell layers and increased intercellular space in the
basal and lower spinous layers. (B) Control mouse skin at the same magnification as in panel A. Arrowheads in A and B mark the position of the
basement membrane. (C) Higher magnification of the transgenic mouse granular layer showing an increase in the size and number of granules
(arrows) compared with control mouse granules (arrows in panel D). (E) Higher magnification of transgenic mouse skin (box in panel A) showing
an intercellular space (asterisk) containing filopodial projections (arrowheads), extracellular material of unknown origin (e), and a desmosome
(arrow). (F) Control mouse skin at the same magnification as used in panel E showing normal desmosomes (arrows) and lack of intercellular
spaces. Scale bars in panels: A and B, 3.4 um; C and D, 1.7 pm; E and F, 0.5 pm.

were housed separately from weaning and so did not fight
showed the same phenotype. No epidermal abnormalities oc-
curred in nontransgenic control mice, whether housed individ-
ually or communally. We conclude that the phenotype was
caused by expression of the transgene.

K1-hDsg3 mice show epidermal hyperproliferation. Epider-
mal abnormalities were apparent from examination of hema-
toxylin- and eosin-stained sections of skin from 12-week-old
transgenic mice. For mice with the most severe phenotype, the
abnormalities were extensive, always involving the back and
belly and sometimes the ears, tail, and footpads; in others with
a milder phenotype, lesions were localized to areas of the back
and belly skin.

The most obvious change was in the thickness of the epider-
mis. In transgenic mice, there were as many as 10 cell layers of
epidermis compared with 2 or 3 layers in the wild-type animals
(Fig. 4A through D). The thickening of the epidermis repre-
sented an increase in the number of viable cell layers (acan-
thosis). The cornified layer showed localized thickening (hy-
perkeratosis) (Fig. 4D) and occasional retention of nuclei
(parakeratosis) (arrowheads in Fig. 4A and D and arrows in
Fig. 7G). Hyperproliferation was confirmed by immunohisto-
chemistry for the Ki67 antigen (Fig. 4I through K). In severely
affected regions of the transgenic mouse epidermis, a marked

increase was seen in the number of positive nuclei in the basal
layer (39% positive) (Fig. 41 and J) compared with that of
wild-type mice (18% positive) (Fig. 4K). In control mouse skin,
all positive nuclei were located in the basal layer of the epi-
dermis or in the outer root sheath or matrix of hair follicles
(unpublished data). In transgenic mouse epidermis, however,
some Ki67-positive cells were observed in the first suprabasal
layer (Fig. 41), a feature typical of hyperproliferative skin dis-
orders (35).

The granular layer was also affected. This normally consists
of a single cell layer but in the transgenic mouse skin was
increased to three to five layers (Fig. 4A and D and 8A), with
cells showing an increase in both the number and the size of
the granules (Fig. 4A and D and 5A and C). In the basal and
lower spinous layers, there was some evidence of widening of
intercellular spaces (spongiosis) (Fig. 4, compare panels A, B,
and D with panel C). Hair follicles within the affected regions
were often enlarged and sometimes highly keratinized, with an
abnormal morphology (Fig. 4F through H). In the most se-
verely affected regions of the transgenic mouse epidermis,
there were pustules within or above the cornified layers con-
taining a large number of inflammatory cells including poly-
morphs and neutrophils (Fig. 4E and 7B).

Transgenic mouse epidermis shows ultrastructural abnor-
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FIG. 6. Immuno-electron microscopy for hDsg3. Back skin from transgenic (A through F) and control (G and H) mice is shown. Panels A
through D show desmosomes from the suprabasal layers of transgenic mouse epidermis with labeling for hDsg3 predominantly in the desmoglea.
Panels E and F depict desmosomes showing the absence of Dsg3 from the basal layer of a transgenic mouse. Desmosomes from the basal layer
(panel G) and suprabasal layer (panel H) of a control mouse with no Dsg3 labeling are shown. Scale bars, 100 nm.

malities. To examine the skin lesions at a higher resolution,
electron microscopy was conducted on several transgenic mice
and wild-type littermates. Epidermal acanthosis was readily
visible, with at least double the thickness and number of layers
in the transgenic mouse epidermis (Fig. SA and B). Abnormal-
ities in the organization of the basal and spinous layers were
also more obvious. Transgenic mouse basal and lower spinous
cells were separated by wider intercellular spaces than the
control mouse cells (Fig. 5A and B). The cells appeared to be
held together by desmosomes, but between the desmosomes
were large intercellular spaces containing numerous filopodia
and often extracellular material of unknown origin (Fig. SA
and E). This material did not stain for mucopolysaccharide by
the periodic acid-Schiff staining method (unpublished data).
The desmosomes in the transgenic mouse epidermis appeared
normal in structure (Fig. SE and F). However, they were
slightly larger (mean, 0.23 wm) and less frequent (0.33 desmo-
some per um of membrane) in the transgenic mice than in the
wild-type mice (mean, 0.20 wm; 0.37 desmosome per wm of
membrane; P = 0.007). In each case, the proportion of mem-
brane occupied by desmosomes was the same (wild type, 7.4%;

transgenic, 7.6%). This may indicate some clustering of des-
mosomal material, possibly due to separation of the cell mem-
branes. There were also differences in the granular layers. The
granules were much more abundant and generally much larger
in the transgenic mouse epidermis (Fig. 5C and E).

hDsg3 in the suprabasal layers is localized to desmosomes.
To determine the distribution of Dsg3 in the transgenic mouse
epidermis and demonstrate its incorporation into desmosomes,
immunogold labeling of sections from normal and transgenic
mouse skin was performed with the hDsg3-specific antibody
(Fig. 6). In the control mouse epidermis, desmosomes were not
labeled with 10-nm gold in either the basal or suprabasal lay-
ers, confirming that the antibody does not react with endoge-
nous Dsg3 (Fig. 6G and H). In the transgenic mouse epider-
mis, the basal layer was mainly negative (only about 5% of
desmosomes had labeling) (Fig. 6E and F) but the suprabasal
layers, corresponding to where the K1 promoter is active,
showed gold labeling of about 80% of the desmosomes (Fig.
6A through D). The majority of gold particles appeared over
the desmosomal intercellular space, consistent with the reac-
tivity of the antibody with the Dsg3 extracellular domain.
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FIG. 7. Keratin expression. Back skin of control (WT) and transgenic (TG) mice. For details, see the text. Arrowheads mark the positions of
the basement membrane. The arrow in panel G indicates localized parakeratosis. P, pustule. Scale bars, 40 wm. Width of boxes in panels: C and

F, 60 pm; I and L, 80 pm.

These results demonstrate that desmosomes in the suprabasal
layers of transgenic mouse epidermis contain hDsg3.
Terminal differentiation is altered in the transgenic mouse
epidermis. To address whether the hyperproliferative areas of
transgenic mouse epidermis have altered terminal differentia-
tion, staining for the epidermal keratins K1, K14, K6, and K16
was performed (Fig. 7). In the control mouse and mildly af-
fected epidermis samples, K1 was expressed by all keratino-
cytes except those in the basal layer (Fig. 7C). In the severely
affected epidermis, K1 expression was more patchy, with all
basal cells and some suprabasal cells appearing negative (Fig.
7A). Notably, regions of epidermis immediately underlying
pustules had only occasional K1-positive cells (Fig. 7B). These

regions stained for hDsg3, indicating that the K1 targeting
vector was active. K14, a basal cell marker, was confined to the
basal layers of the control mouse epidermis (Fig. 7F) but in
severe regions of the transgenic mouse epidermis extended
well into the suprabasal layers (Fig. 7D and E). K6 and K16 are
not normally expressed in the interfollicular epidermis but are
induced postmitotically in disease states associated with tissue
hyperproliferation (41). In addition, staining for K6 and K16
was greatly increased in thickened regions of transgenic mouse
epidermis (Fig. 7G through L).

To examine later stages of terminal differentiation, immu-
nohistochemistry was performed with antibodies to filaggrin,
loricrin, and involucrin. Filaggrin is an intermediate filament-
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FIG. 8. Filaggrin, involucrin, and loricrin expression. Back skin of transgenic (TG) and control mice. Sections of transgenic mouse skin were
chosen to illustrate severe and mild phenotypes. Type of staining in is indicated to the left of the panels. Scale bars, 40 um. Width of boxes in panels

C, F, and I is 52 pm.

associated protein expressed specifically in the granular cells of
the epidermis. A large increase in the number of filaggrin-
positive granular layers was readily apparent in the severe
regions of the transgenic mouse epidermis compared with that
of the control mouse or unaffected regions (Fig. 8A through
C). Antibodies against loricrin and involucrin, major cornified
envelope precursors, revealed an increased expression in the
transgenic mouse epidermis corresponding to the increase in
the number of granular layers (Fig. 8D through H).
Localization of desmosomal proteins in the epidermis of
KI-hDsg3 mice. The finding of abnormal proliferation and
terminal differentiation, together with widened intercellular
spaces between lower epidermal keratinocytes, suggested that
the organization of desmosomal components might be per-
turbed in K7-hDsg3 transgenic mice. To examine this possibil-
ity, immunohistochemistry with antibodies against a number of
desmosomal proteins was conducted (Fig. 9). The epidermis of
transgenic mice was thicker than that in the wild type, and the
overall expression of desmosomal components consequently
increased in the lower layers of transgenic mouse epidermis.
The distributions of desmoplakin, plakoglobin, and Dsc3 ap-
peared more punctuated than those in the suprabasal layers,
possibly due to the enlarged intercellular spaces in this area
(Fig. 9). Similar changes in the distributions of E-cadherin and

B-catenin were also seen (unpublished data), indicating that
the location of adherens junctions was also affected. Western
blots carried out on the Triton X-100-soluble and -insoluble
fractions from the epidermis showed the presence of Dsc3 and
plakoglobin in both fractions whereas desmoplakin was limited
to the insoluble fraction. There were no differences in these
distributions between the wild-type and transgenic samples
(unpublished data).

DISCUSSION

In this study, we have misexpressed the hDSG3 gene in the
suprabasal layers of the epidermis of transgenic mice by using
the K1 targeting vector. The resulting mice displayed a striking
phenotype of hyperproliferation and abnormal epidermal dif-
ferentiation, suggesting a role for this desmosomal cadherin in
the regulation of epidermal morphogenesis.

The epidermal phenotype of these mice is entirely different
from that obtained by expressing mDsg3 under the control of
the involucrin promoter (15). In involucrin-mDsg3 mice, the
stratum corneum of the epidermis resembles the outer layer of
oral mucosal epithelium and has an impaired barrier function
that is lethal during the first few days of life. This is believed to
be caused by an increase in the Dsg3/Dsgl ratio from epider-



VoL. 22, 2002

Desmoplakin

Plakoglobin

Dsc3

DESMOGLEIN 3 IN EPIDERMAL DIFFERENTIATION

5855

FIG. 9. Expression of desmosomal proteins. Back skin of transgenic (with severe phenotype) (TG) and control mice is shown. Type of staining
is indicated to the left of the panels. Scale bars, 40 pm. Width of boxes in panels: B, 40 pm; D, 55 pm; F, 55 pm.

mal like to oral mucosal like (15, 23). The reason for the
difference between the involucrin-mDsg3 and K1-hDsg3 mice is
unclear. Table 1 compares the strategies used to produce these
two transgenic strains. It seems unlikely that the addition of a
flag tag to the C terminus of mDsg3 could result in such a
difference in phenotype. Differences may have also arisen from
the use of human and murine genes, but the proteins are very
similar, showing a 73% amino acid identity. Of more signifi-
cance in generating different phenotypes was the use of differ-
ent genetic backgrounds and different promoters. Although
genetic backgrounds are well known to affect the phenotypes
of mice with similar genetic modifications, the precise nature
of and reasons for the differences are generally unclear. K1 was
expressed earlier in epidermal differentiation than involucrin
(compare Fig. 7A and C with Fig. 8G and H). Thus it may be
that our use of the K1 promoter gave earlier overexpression of

Dsg3, providing a greater opportunity for this to affect the
differentiation process, whereas use of the involucrin promoter
may direct effects towards the upper epidermis, producing
consequent abnormalities of the stratum corneum and inter-
ruption of barrier function.

The major differences between the involucrin-mDsg3 and KI-
hDsg3 mice are listed in Table 2. One striking difference is that
the transgene copy number is much higher in the involucrin
transgenic mice than in K1 transgenic mice. Unfortunately, it is
not possible to compare directly the Dsg3/Dsgl protein ratio in
these mice because the exogenous Dsg3 in the K1 transgenic
mice was human and recognized by an antibody different from
that used to detect endogenous Dsg3. In the involucrin trans-
genic mice, the exogenous Dsg3 was produced from a murine
transgene. However, the Dsg3/Dsgl ratio in K1 transgenic
mice was certainly increased by the addition of exogenous
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TABLE 1. Strategies used to generate transgenic strains
involucrin-mDsg3 and KI-hDsg3

Reference 15

Present study

K1 PrOmMOLET ..ceceeeeiecieccccccciceceee e Involucrin promoter
hDsg3.......... .mDsg3

C57BL/6 X CBA mice .B6SLF1/J mice

NO LAZ et Flag tag

hDsg3 to an unchanged level of endogenous mDsg3. Even
though the hDsg3 in our mice was clearly incorporated into
desmosomes and slight spongiosis of the epidermis was found,
no weakening of the epidermis could be detected by tape
stripping (unpublished data), but in the involucrin transgenic
mouse, alteration of the structure of the stratum corneum was
accompanied by a weakening of epidermal adhesion. The in-
volucrin-mDsg3 mouse exhibits severe loss of epidermal barrier
function, demonstrated by an increase in TEWL (15). We
compared the levels of TEWL of 2-day-old K7-hDsg3 mice and
their wild-type littermates as described by Chidgey et al. (12).
TEWL was identical in transgenic and wild-type mice, demon-
strating that epidermal barrier function was not impaired in
the transgenics (unpublished data). The explanation for this
intriguing difference in phenotype merits further investigation.

It is of great interest that the principal features of the KiI-
hDsg3 mouse, acanthosis, hyperkaratosis, parakeratosis, hyper-
proliferation, and abnormal differentiation, are also shown in
mice with the epidermally targeted expression of a number of
growth factors and cytokines, including bone morphogenetic
protein 6 (8), gamma interferon (10), activin A (30), trans-
forming growth factor « (43), keratinocyte growth factor (19),
and amphiregulin (13). The most striking resemblance, how-
ever, is to the phenotype of the involucrin promoter-g1 inte-
grin transgenic mouse (9). In this mouse, B1 integrin is ex-
pressed in the suprabasal layers of the epidermis, resulting in
epidermal changes that share many features with human pso-
riasis, including epidermal thickening and scaling, hyperprolif-
eration, delayed differentiation, superficial pustule formation,
inflammatory infiltration, and dilation of dermal blood vessels
(9). This phenotype also has a late onset and variable severity
and shows regression. The KI-hDsg3 mouse shows all of these
abnormalities except epidermal inflammation and dermal
blood vessel dilation, two diagnostic features of psoriasis. In
addition, the K7-hDsg3 mouse shows hypergranulosis whereas
the granular layer is substantially reduced or absent in psori-

MoL. CELL. BIOL.

asis. Thus the KI-hDsg3 mouse does not provide a model for
psoriasis but shows a phenotype more closely resembling
chronic dermatitis or ichthyosis (14).

The above-mentioned cytokines, growth factors, and inte-
grins are all known to modulate intracellular signaling path-
ways and thereby gene expression. Since their overexpression
gives rise to phenotypic features similar to those found here, it
is intriguing to speculate that Dsg3 may also regulate intracel-
lular signaling and gene expression and to consider how this
may occur. The only desmosomal component that has been
implicated in the regulation of gene expression is plakoglobin,
though recent evidence suggests that its role may be indirect
via an effect on B-catenin expression (46). Plakoglobin modu-
lates tumorgenicity (40) and causes axis duplication in Xenopus
(24). Desmogleins bind plakoglobin (5), so it is possible that
overexpression of Dsg3 exerts an effect by modulating the
cytoplasmic pool of plakoglobin. It is not clear how large such
an effect would need to be in order to produce a change in cell
differentation: immunohistochemistry showed no striking
change in plakoglobin distribution between wild-type and
transgenic mice in our experiments (Fig. 9C and D). Against a
role for plakoglobin in epidermal differentiation is the finding
that plakoglobin-null mice had no reported differentiative epi-
dermal phenotype (6). On the other hand, overexpression of
plakoglobin in the epidermis of mice causes a phenotype af-
fecting mainly the hair (11). It is therefore interesting that our
mice showed thinning of hair and abnormal hair follicles. In
this context, it has also been shown that desmoglein can bind
B-catenin (7), so it is possible that overexpression of Dsg3 may
affect B-catenin signaling. A third possibility is that Dsg3 over-
expression may stimulate cytokine secretion by keratinocytes
and thus influence signaling pathways indirectly.

Opverall, data on whether desmosomal cadherins are in-
volved in regulating epidermal differentiation are mixed. Thus,
Dsg3-null mice show epidermal acantholysis but no abnormal-
ities of epidermal differentiation (26, 27). By contrast, K14-
Dsg3AN mutant mice, which express an NH,-terminally trun-
cated Dsg3, exhibit large intercellular spaces, hyperproliferation,
and thickening of the epidermis as well as changes in the
expression of keratins and desmosomal proteins (1). Mice lack-
ing Dsc1 also show epidermal thickening, overexpression of K6
and K16, and localized hyperkeratosis and parakeratosis (12).
However, basal misexpression of Dscl is without effect (21).
More work on the possible influence of desmosomal cadherins
on intracellular signaling as well as a further comparison of the

TABLE 2. Results for K/-hDsg3 and involucrin-mDsg3 mice

Result for indicated mice

Parameter
KI-hDsg3 involucrin-mDsg3
Copy no. 13-15 47-51
Dsg3/Dsgl ratio in epidermis Increased Increased from 0.7 to between 1.7 and 2.6
Epidermis scaling by 2-3 days No Yes
TWEL Unchanged Increased 2.4-fold
Tape stripping in transgenic animals Normal Indicates weakened adhesion

Stratum corneum
Epidermal hyperproliferation Yes

Epidermal differentiation Altered
Mouse survival

Normal with localized changes

Survival and breeding

Compact

No

Unchanged

Death when a few days old
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effects of different genetic backgrounds are needed in order to
resolve this issue.

We note that two features of K7-hDsg3 mice, hypergranulo-
sis and suprabasal expression of K14, have been found in other
types of transgenic and null mice. Hypergranulosis was found
in K/4-KGF mice (19) and in K/0-null and K/0T mice (36).
The latter phenotype appeared to be caused by defective fila-
ggrin processing (34, 36). Suprabasal K14 expression was also
found in K74-KGF mice (19) and in K/0-null mice (36). In the
latter, this was shown to be due to the delayed degradation of
basal keratins during stratification in response to the absence
of keratin filaments composed of K1 and K10. Increased ex-
pression of K16 in the epidermis also results in aberrant kera-
tinization, acanthosis, and hyperkeratosis (42).

We conclude that overexpression of Dsg3 in the upper epi-
dermis under the control of the K1 promoter results in abnor-
malities of epidermal differentiation, indicating that Dsg3 may
play a role in regulating this process, in addition to its role in
desmosomal adhesion.
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