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Desmosomal adhesion is important for the integrity and protective barrier function of the epidermis and is
disregulated during carcinogenesis. Strong adhesion between keratinocytes is conferred by the desmosomal
cadherins, desmocollin (Dsc) and desmoglein. These constitute two gene families, members of which are
differentially expressed in epidermal strata. It has been suggested that this stratum-specific expression
regulates keratinocyte differentiation. We tested this hypothesis by misdirecting the expression of the basally
abundant desmosomal cadherins Dsc3a and Dsc3b to suprabasal differentiating keratinocytes in transgenic
mice. No phenotype was apparent until adulthood, when mice developed variable ventral alopecia and had
altered keratinocyte differentiation within affected areas. The follicular changes were reminiscent of changes
in transgenic mice with an altered �-catenin stability. Stabilized �-catenin and increased �-catenin transcrip-
tional activity were demonstrated in transgenic mice prior to the phenotypic change and in transgenic
keratinocytes as a consequence of transgene expression. Hence, a link between desmosomal cadherins and
�-catenin stability and signaling was demonstrated, and it was shown that desmocollin cadherin expression
can affect keratinocyte differentiation. Furthermore, the first function for a “b-type” desmocollin cadherin was
demonstrated.

Desmosomes and adherens junctions are multiprotein adhe-
sive complexes located at epithelial membranes. Both impart
adhesion through transmembrane cadherins linked via arma-
dillo family members to the cytoskeleton. At adherens junc-
tions, the armadillo members �-catenin and plakoglobin (�-
catenin) are involved in linking classical cadherins to the actin
network. Plakoglobin is also a desmosomal component, as it
participates with desmoplakin in linking desmosomal cad-
herins to the keratin intermediate filament cytoskeleton. Ad-
ditionally, �-catenin and plakoglobin have signaling and tran-
scriptional regulatory roles in the cytoplasm and nucleus,
where Wnt signaling induces the transient stabilization of
�-catenin, resulting in nuclear translocation and the regulation
of downstream genes in association with the Lef1/Tcf (lym-
phoid enhancer factor/T-cell factor) transcription factors (re-
viewed in reference 29). However, a role for desmosomes in
cell signaling is still being debated (10, 12).

Desmosomal cadherins comprise two families, desmocollins
(Dsc) and desmogleins (Dsg), each consisting of multiple iso-
forms. Isoforms 1 and 3 of Dsc and Dsg are expressed in the
stratified layers of the epidermis in a reciprocal graded fashion
(32; reviewed in references 9 and 19). Isoform 3 expression is
strongest in the basal, proliferative layer, with levels decreasing
as keratinocytes differentiate. Isoform 1 levels peak in the
upper granular layer, with decreasing levels in the mid-spinous
layer, where different cadherins are mixed within individual

desmosomes. Dsc2 and Dsg2 are expressed weakly in epider-
mal basal layers, and recently discovered isoforms homologous
to Dsg1 (Dsg4 in humans) are expressed in the upper layers
(20, 43).

The functional significance of this differential isoform distri-
bution is unclear, but it may be related to the differential
adhesive properties of desmosomes (9, 36). It is possible that
strong adhesion is required in the upper layers, which are most
subject to abrasive forces and where isoform 1 expression is at
its highest. In contrast, more cell motility may be required in
the basal layer, where isoform 3 expression peaks. It has also
been proposed that the differential expression of desmosomal
cadherins mediates signaling appropriate to the differentiation
state of the keratinocyte (10, 12).

This hypothesis has been tested by altering Dsg isoform
expression in transgenic mice. For example, the redirection of
basal Dsg3 to mid-spinous and upper granular layer keratino-
cytes produced an abnormal stratum corneum and barrier de-
fects, causing neonatal death (7), without detectable defects in
underlying keratinocytes. However, when basal Dsg3 was re-
directed to differentiating suprabasal (spinous) keratinocytes,
avoiding the secondary effects of skin barrier disruption, dif-
ferentiation changes were noted (26), indicating that Dsg iso-
form distribution does influence differentiation.

Conversely, the misexpression of upper layer Dsc1 in basal
layer keratinocytes failed to alter differentiation (17), suggest-
ing that in contrast to Dsg, Dsc cannot partake in intracellular
signaling. However, this conclusion leaves the significance of
Dsc isoform differential distribution unclear.

In an attempt to clarify the significance of this distribution,
we misexpressed the predominantly basal Dsc3 cadherins in
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the suprabasal epidermis of transgenic mice. The keratin 1
(K1) promoter was used to direct expression to spinous kera-
tinocytes to avoid lethal barrier defects that result from the use
of the involucrin promoter (7). Furthermore, K1 does not
induce expression until late gestation and thus avoids devel-
opmental defects. Untagged endogenous murine Dsc3 iso-
forms which will incorporate into and interact normally with
the multiprotein desmosome complex were used, permitting an
unambiguous interpretation of phenotypes.

Desmocollins occur as “a” and “b” splice variants, with the
a variant having a slightly longer cytoplasmic domain (Fig. 1).
It has been shown that the a variant can support desmosomal
assembly (39), but there is no known function for the b form.
Therefore, both the a and b forms were used for these exper-
iments.

The results support the hypothesis that desmocollin cad-
herins can affect signaling in the cell and regulate epidermal
differentiation, and they show the first described function for a
b-type splice variant.

MATERIALS AND METHODS

Generation and analysis of transgenic mice. Murine Dsc3a and Dsc3b partial
cDNAs containing full coding sequences and part of the Dsc3b differentially

spliced intron (Fig. 1) were isolated from a murine skin cDNA library (Strat-
agene, La Jolla, Calif.) and inserted into the human keratin 1 cassette (HK1
cassette), kindly supplied by Dennis Roop (14, 35), which was modified by
subcloning into the EcoRI site of pBluescript SK(�) (Stratagene), which had
been previously modified so that the regions between the NotI and SmaI sites in
the polylinker were destroyed. This modification supplied flanking BssHII sites
for construct excision. Transgenic mice were generated in an ICR or C57BL/6 �
CBA F1 hybrid background under British Home Office licenses 40/1556 and
40/2526. The presence of transgenes was confirmed by Southern analysis and
PCRs of genomic DNAs by the use of transgene-specific primers which flanked
the alternative splice site (Fig. 1) (5�-TGGCACAGTTTCACTCAACC-3� and
5�-TGCAGGTTTTTGCCAATGTA-3�) and amplified a 209-bp product corre-
sponding to the Dsc3a isoform and a 252-bp product from the Dsc3b isoform
(Fig. 1C). For analyses of hair cycles, dorsal and ventral hair (2-cm2 patches)
from anesthetized postnatal day 14 mice was depilated by the use of cosmetic wax
preparations to induce anagenesis.

Anti-Dsc3 antibody preparation and Western blotting. Rabbit polyclonal anti-
Dsc3 antibodies were generated against a Dsc3 polypeptide–glutathione S-trans-
ferase fusion protein comprising 241 amino acids from the extracellular domain,
the transmembrane domain, and 53 amino acids from the intracellular domain
common to the a and b isoforms (Fig. 1). The antibody specifically labels basal
desmosomes (Fig. 2). Epidermal proteins were prepared after the separation of
the epidermis from the dermis by incubation in 5 mM EDTA at 50°C for 3 min.
The epidermis was boiled in sodium dodecyl sulfate sample buffer for 5 min and
then centrifuged.

Histology and immunohistochemistry. Skin samples were fixed for immuno-
histochemistry (2% paraformaldehyde in phosphate-buffered saline or Bouin’s
fixative) and then processed for paraffin embedding (5-�m-thick sections), or
unfixed 5-�m-thick frozen sections were used. Sebaceous gland-derived and skin
surface lipids were detected with oil red O (Sigma) on unfixed frozen sections
after a brief rinse with 50% ethanol. The primary antibodies used were as
follows: MK1, MK10, MK14, and MK6, which are antibodies against mouse
keratins 1, 10, 14, and 6, respectively; anti-mouse involucrin and anti-mouse
loricrin (CoVance); anti-mouse filaggrin (16); 11-5F, an anti-desmoplakin anti-
body; anti-Dsc1 (32); anti-plakoglobin (Transduction Laboratories); NCL-Ki67p,
an anti-Ki67 antigen (Novacastra); anti-�-catenin (Zymed); anti-phospho-�-
catenin (37) (Sigma); anti-ABC-�-catenin (42) (Upstate); anti-�-actin (Sigma);
and anti-cyclin D (Santa Cruz Biotechnology Inc.).

Secondary antibodies were biotinylated goat anti-rabbit and goat anti-mouse
immunoglobulin G or, for immunofluorescence, the equivalent fluorescein iso-
thiocyanate- or Cy3-conjugated antibodies (Vector Laboratories and Jackson
Immunological Laboratories, respectively). Binding of the biotinylated antibod-
ies was visualized by the use of ABC-peroxidase and diaminobenzidine substrate,
and slides were counterstained with hematoxylin. Images were captured with a
Spot RT-slider digital camera attached to a Nikon E600 microscope. Transmis-
sion electron microscopy and immuno-transmission electron microscopy were
performed as described previously (16).

Keratinocyte culture, transfection, and TOP-flash reporter assay. Primary
keratinocytes were cultured from 3-day-old pups as described previously (15),
and N/TERT-1 cells were grown as described previously (5). TOP-flash (40)
assays were performed according to the manufacturer’s instructions (dual lucif-
erase reporter assay; Promega), with FOP-flash as a negative control, phospho-
glycerate kinase from Renilla luciferase as an internal normalization control, and
pM�9 (Xenopus �-catenin) as a positive control. After transfection, murine
keratinocytes were incubated in a high-calcium medium (1.5 mM calcium) for
48 h to induce differentiation. N/TERT-1 cells were grown in 0.4 or 1.5 mM
calcium for 48 h posttransfection.

RESULTS

Production of transgenic mice expressing suprabasal Dsc3.
Since desmocollin splice variant functions are unclear, both
Dsc3a and Dsc3b (Fig. 1A) were incorporated into a K1 ex-
pression cassette (14, 35) (Fig. 1B), and transgenic mice that
misexpressed the a or b variant in suprabasal epidermal cells
were generated. Untagged murine Dsc3 isoforms were used so
that phenotypic effects could be unambiguously assigned to
transgene expression rather than to a disruptive tagged or
foreign protein in the multiprotein desmosome.

Seven lines of transgenic mice were generated (five a lines,

FIG. 1. (A) Dsc3a and -3b cDNA inserts showing the site of the
alternatively spliced C-terminal intron (asterisk) and the partial intron
sequence in the Dsc3b construct. The unspliced b isoform terminates
within the intron. Arrows show primer sequences used for isoform-
specific transgene detection. Below the inserts, boxes show encoded
proteins with signal sequences (ss), “pro” sequences (hatched), extra-
cellular domains, transmembrane domains (tm), intracellular domains,
and regions used for antibody production. (B) Keratin 1 targeting
vector (14, 35) showing Dcs3 insert site. (C) PCR analysis of genomic
DNA. wt, wild-type DNA showing absence of amplification; b, Dsc3b
transgenic; a, Dsc3a transgenic; ab, Dsc3a/b double transgenic showing
isoform-specific transgene detection. (D) Western analysis of Dsc3
showed only minor differences between wild-type and transgenic pro-
tein levels in newborn Dsc3a lines.
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two of which were neonatal lethal, and two b lines). Genomic
DNAs were analyzed by Southern analysis (not shown) and
PCR (Fig. 1C). The a and b lines were also intercrossed,
generating double transgenics (Fig. 1C). No phenotypic differ-
ence could be detected between mouse lines (see below), so
the results presented here are for mice from the a lines. In
addition, transgenics generated in both the ICR and C57BL/6
� CBA (F1) backgrounds gave similar phenotypes, implying
that the defects observed were unambiguously attributable to
transgene action.

To detect transgene expression, we raised a polyclonal an-
tibody against a Dsc3 protein fragment common to the a and b
forms (Fig. 1A). Western analysis could not distinguish be-
tween endogenous and transgene-encoded Dsc3, and surviving
lines showed minor (never more than two- to three-fold) in-
creases in expression levels (Fig. 1D). However, transgene
expression monitored by immunohistochemistry showed strong

expression in all layers, including the upper layers of the epi-
dermis (Fig. 2A). In contrast, expression was always most
abundant in basal layers in littermate controls (Fig. 2B). The
expression of spinous layer Dsc3 was punctate at keratinocyte
membranes in transgenics (Fig. 2C) and colocalized with des-
moplakin, a ubiquitously expressed desmosomal component
(not shown), indicating the incorporation of the protein into
desmosomes. The expression of other desmosomal compo-
nents was unaffected in transgenic mice, as shown by immu-
nohistochemical detection (Fig. 2D [Dsc1 transgenic mouse],
Fig. 2E [control mouse], and data not shown [Dsg1 and -3];
also, data for desmoplakin and plakoglobin are shown in Fig.
7) and Western analysis (not shown). Furthermore, the incor-
poration of Dsc3 into upper suprabasal desmosomes was dem-
onstrated at the ultrastructural level by immunogold labeling
(Fig. 2F to K). In wild-type animals, Dsc3 was incorporated
into desmosomes from the lower (Fig. 2F) and middle (Fig.
2G) epidermal layers but was absent from the upper epidermal
layers (Fig. 2H). However, in transgenic skin, desmosomes
from all epidermal layers contained Dsc3 (Fig. 2I to K), di-
rectly demonstrating transgene-encoded Dsc3 incorporation
into desmosomes (Fig. 2K).

Suprabasal Dsc3 expression produces patterned alopecia
initiating with the first postnatal hair cycle. Transgenic mice
appeared normal at birth. However, at 10 to 12 weeks the
epidermis of approximately 50% of the transgenic mice
showed localized progressive ventral alopecia (Fig. 3A to C),
with later development in the remainder of the mice. There
was considerable phenotypic variability in both the inbred and
the outbred background, with severe cases showing more ex-
tensive hair loss. The phenotype occurred in animals housed in
separate cages, eliminating the possibility that the phenotype
arose from interactions, and it was not detected in control
mice. Despite housing animals for more than 1 year, we found
no detectable increase in overt tumor formation in transgenic
mice compared to controls.

The murine pelage coat consists of four distinct hair types
that occur in conserved ratios (6). The development of each
hair type appears to be regulated separately (e.g., see reference
8 and references within). A comparison of transgenic hairs
from the affected ventral and unaffected adjacent regions
showed that ventral transgenic skin hair was sparse and con-
sisted entirely of the most abundant zigzag type (Fig. 3D),
while all four hair types were present in unaffected adjacent
skin at normal ratios (Fig. 3E). This implies that either (i) the
overall number of follicles producing hair shafts was reduced
so that the most abundant zigzags were all that remained to be
detected or (ii) guard, awl, and auchennes hairs were specifi-
cally susceptible to degeneration.

To define the hair defects further, we plucked dorsal and
ventral patches of hair from postnatal mice on day 14. This
induced a new wave of synchronized anagen (new cycle)
growth. There was no detectable difference in regrowth time
between K1Dsc3 mice and control littermates on dorsal sites,
but ventral hair regrowth was delayed in approximately 40% of
transgenic mice, and the density of these regrown hairs was
reduced. Ventrally patterned alopecia, typical of the transgenic
phenotype (Fig. 3G), appeared immediately after plucking
rather than at 10 to 12 weeks, showing that the hair defect was
present by the first postnatal hair cycle.

FIG. 2. Desmocollin distribution in K1Dsc3 transgenic affected
skin. (A) Immunohistochemical detection of Dsc3 protein in trans-
genic skin showing Dsc3 presence in all strata and a loss of the graded
basally abundant expression pattern characteristic of control skin
(footpad skin is used to show graded expression in the control [B]).
(C) Higher magnification showing Dsc3 punctate membranous expres-
sion in basal and suprabasal layers of transgenic skin, indicating des-
mosomal incorporation. Desmocollin 1 protein distribution appears
unaffected in transgenic (D) and littermate control (E) animals, in
which it shows reciprocal graded expression compared to Dsc3, with
peak expression in the granular layer (compare panels B and E). (F to
K) Immunogold detection of Dsc3 in individual desmosomes from
distinct epidermal strata in transgenic and control mice. In the wild-
type epidermis, Dsc3 is incorporated in desmosomes in lower (F) and
middle (G) strata but is almost undetectable in upper strata (H). In
contrast, the Dsc3 protein was readily detected in upper strata in the
K1Dsc3 epidermis (K), demonstrating that transgene-encoded Dsc3
incorporates into desmosomes. WT, wild type; TG, transgenic; gr,
granular layer; sbl, suprabasal layer; bl, basal layer; de, dermis. Bar, 40
�m (A, B, D, and E), 15 �m (C), or 125 nm (F to K).
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Despite the apparent lack of a defect in dorsal regions,
during much later hair cycles plucked transgenic mice could be
readily distinguished from their transgenic littermates by a late
developing alopecia confined to previously plucked dorsal re-
gions (data not shown), suggesting that hair cycles over the
entire animal were subtly affected in transgenic mice.

Suprabasal misexpression of Dsc3 alters epidermal prolif-
eration and early terminal differentiation. Within the ventral
areas where follicles had degenerated (into utriculi and dermal
cysts [see below and Fig. 6]), the epidermis was substantially
thickened (Fig. 4, compare panels A and B), involving in-
creased suprabasal and granular layers (acanthosis and hyper-
granulosis, respectively) with a thickened stratum corneum
(hyperkeratosis). The flanking regions appeared normal. Elec-
tron microscopy showed a substantial increase in the number
of suprabasal layers and an expanded granular layer with large
keratohyalin granules (Fig. 4C, white arrow). This effect re-
sulted in abnormal keratinization comprising an expanded
stratum corneum and incompletely flattened electron-lucent
corneocytes (Fig. 4, compare panels C and D). Desmosomes
from all layers in the transgenic epidermis were comparable to
those from controls (Fig. 4, insets).

Acanthosis usually indicates increased basal layer prolifera-
tion or an altered epidermal turnover rate. Basal keratinocyte

proliferation was increased in the transgenic epidermis (Fig.
5A and B). In addition, transgenic skin had proliferating cells
in suprabasal layers. This suggests that the suprabasal cells,
which then expressed increased Dsc3, had adopted some at-
tributes of basal cells. This interpretation was supported bio-
chemically when keratin 14 (K14), usually confined to basal
layers, was expressed in suprabasal keratinocytes (Fig. 5C and
D). Keratins 1 and 10 (K1 and K10), usually expressed in the
first suprabasal layer and above, showed correct, although
broadened, expression in the transgenic epidermis (Fig. 5 E
and F [K1]; data not shown for K10) that was associated with
an increased number of layers, as did the markers for late
keratinocyte terminal differentiation (involucrin, loricrin, and
filaggrin) (Fig. 5G to L). Keratin 6 (K6), a marker for a per-
turbed, diseased, and follicular epidermis, is usually absent
from the postnatal interfollicular epidermis (Fig. 5N). How-
ever, K6 was expressed abundantly in the transgenic epidermis
(Fig. 5M). Hence, the suprabasal expression of Dsc3 causes
perturbed early terminal differentiation in transgenic mice,
consistent with the proposal that stratum-specific desmocollin
expression has functional consequences for differentiation and,
possibly, cell positioning. The late terminal differentiation

FIG. 3. Hair defect in K1Dsc3 transgenic mice. (A to C) Transgenic
mice developed a progressive ventral alopecia by 10 to 12 weeks which
was absent in control littermates (B and C [compare transgenics with
control littermates on the right]). The extent of ventral alopecia varied
from a small ventral patch (A) to extensive ventral hair loss (C). Hairs
in the affected regions were sparse and consisted entirely of zigzag
hairs (D), while adjacent unaffected regions contained all four hair
types in predicted ratios (E) (6). (F to I) Ventral alopecia accompanies
the first postnatal hair cycle. The depilation of ventral skin 2 weeks
after birth (F and H) resulted in phenotypic alopecia by 9 days in
transgenic skin (G), while wild-type skin recovered (I).

FIG. 4. K1Dsc3 transgenic mouse epidermis from ventral skin
(A) was substantially thickened compared to control epidermis from
the same site (B). The K1Dsc3 epidermis also showed significant
hyperkeratosis (A). (C) Ultrastructural analysis by electron microscopy
showed that the thicker epidermis was due to a substantially increased
number of spinous layers (acanthosis) and granular layers (hyper-
granulosis) in the transgenic epidermis compared to the wild type (D).
In addition, the flattened, anucleate keratinocytes of the transgenic
stratum corneum (C, black arrow) appeared less compact than control
keratinocytes (D, black arrow), and keratohyalin granules were abnor-
mally large (C, white arrow). Desmosomes from all layers of transgenic
skin (C, insets) were ultrastructurally comparable to those of control
skin (D, insets). Bar, 100 �m (A and B), 5 �m (C and D), or 100 nm
(insets).
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changes were probably consequences of early proliferation
changes.

Follicle degeneration and keratinocyte transdifferentiation.
Hair follicles within K1Dsc3-affected areas degenerated into
keratinized structures called utriculi (Fig. 6A and C, arrows),
which are derived from normal follicles (Fig. 6B and D, ar-
rows). Dermal cysts were also present (Fig. 6C and E to I). A
subset of dermal cysts were filled with trapped sebum, presum-
ably derived from degenerating follicles (Fig. 6E). Hair follicle
sebaceous gland-derived lipids are normally secreted into the
hair shaft and extruded to the epidermal surface, where they
mix with epidermal-derived lipids to form the protective skin
surface lipid film (SSLF). Affected areas showed a significant
reduction in SSLF compared to those in control littermates, as
demonstrated by oil red O staining (Fig. 6, compare panels A
and B), probably because of reduced production from degen-
erating follicles. A lack of SSLF may contribute to local skin
lesions in response to irritation or infection.

Keratin 1 (K1) is usually expressed only in the interfollicular
epithelium (IFE) and the uppermost cells of hair follicles (Fig.
6D). However, transgenic skin cysts and degenerate follicles
deep in the dermis, including those with trapped sebum, also
showed K1 expression (Fig. 6C, G, and H), which never occurs
in control follicles this deep in the normal dermis (Fig. 6D).
K1-positive cysts ranged from sebum filled (Fig. 6E, left panel)
to highly keratinized (Fig. 6E, right panel). Serially sectioned
cysts (Fig. 6E, F, and G) contained trapped sebum, indicating
their follicular origin (Fig. 6E); K14, both an IFE and follicular
basal cell marker (Fig. 6F); and K1, an exclusively IFE differ-
entiation marker (Fig. 6G). Keratinizing cysts from deep
within the dermis expressed both K1 (Fig. 6H) and, adjacent to
the keratinized core, loricrin (Fig. 6I), a marker specific for
very late terminally differentiated interfollicular keratinocytes
(i.e., a nonfollicular marker). This strongly suggested the exis-
tence of metaplasia or the transdifferentiation of follicular
keratinocyte stem cells to an interfollicular differentiation
pathway.

Similar utriculi and dermal cysts have been noted in mice
with altered Wnt signaling. Transdifferentiation also occurs in
these mice and is attributable to their altered cell lineage (18,
25, 31, 44).

FIG. 5. Altered terminal differentiation in transgenic epidermis
overexpressing Dsc3 suprabasally. (A, C, E, G, I, K, and M) Epidermis
from transgenic ventral skin; (B, D, F, H, J, L, and N) Site-matched
epidermis from littermate controls. (A and B) Ki67 immunohisto-
chemistry showed that basal layer proliferation was increased in
K1Dsc3 epidermis and that proliferative cells were found suprabasally.
Arrows show proliferating cells in control epidermis. (C and D) K14

immunohistochemistry showed broadened basal and suprabasal ex-
pression of keratin 14 in transgenic skin (C). K14 is usually confined to
the basal layer in wild-type skin. The inset in panel D shows basal K14
expression in the thicker epidermis from the foot of a control animal,
as basal expression is difficult to demonstrate in the thin ventral skin of
wild-type mice. (E and F) K1 immunohistochemistry showed broad-
ened expression of suprabasally expressed keratin 1, which was asso-
ciated with acanthosis in the transgenic epidermis (E). The inset in
panel F shows suprabasal K1 expression in the thicker epidermis from
the foot of a control animal. Involucrin (G and H), loricrin (I and J),
and filaggrin (K and L) also showed broadened expression patterns in
the K1Dsc3 epidermis (G, I, and K) which were associated with hy-
pergranulosis compared to control epidermis (H, J, and L), although
the differentiation patterns were essentially normal. Keratin 6 was
induced in the thickened epidermis of transgenic mice (M) but was
undetectable in the control interfollicular epidermis (N). Note the
normal follicular expression. Bar, 30 �m (A, B, and G to N), 40 �m (C
to F), or 80 �m (insets).
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Free �-catenin is elevated in transgenic skin. K1Dsc3 trans-
genic mice share similarities with mice that are defective in
�-catenin signaling. Hence, �-catenin levels and signaling ac-
tivity were investigated, with the expectation that �-catenin
levels would be similarly reduced. Surprisingly, an antibody to
total cellular �-catenin (pan-�-catenin) showed excess supra-
basal �-catenin in the cytoplasm and nuclei of transgenic skin
cells (Fig. 7A and B, arrows indicate nuclei), although it was
undetectable in wild-type skin (Fig. 7C [a thicker wild-type foot
epidermis is shown as a control, as it has a similar number of
suprabasal layers]) or in skin from nonphenotypic adjacent
regions (not shown). To confirm this observation, we used an
antibody specific for dephosphorylated active �-catenin (anti-
active �-catenin [anti-ABC]) (42) and an antibody specific for
phosphorylated �-catenin destined for degradation (anti-phos-
pho-�-catenin) (38). Anti-ABC staining confirmed that both
cytoplasmic and nuclear active �-catenin, usually confined to
the membrane and a few basal layer cells in the wild-type

epidermis (Fig. 7E) (30, 42), was present suprabasally in af-
fected transgenic skin (Fig. 7D). Even more striking was the
extensive amount of suprabasal phosphorylated �-catenin,
which is confined to basal keratinocytes in wild-type skin (Fig.
7G) but was found extensively in suprabasal cells of transgenic
affected skin (Fig. 7F). The thinner transgenic skin from flank-
ing unaffected regions did not show detectable enhanced
�-catenin at the immunohistochemical level (data not shown).
However, a Western analysis of the total epidermis from un-
affected skin (prephenotypic newborn skin) did show an up-
regulation of both the total and signaling (ABC) forms of
�-catenin in transgenics compared to controls (Fig. 7N).

Plakoglobin intracellular localization appeared to be unaf-
fected in transgenic affected skin (Fig. 7H and I), as did that of
E-cadherin (Fig. 7J and K) and desmoplakin (Fig. 7L and M),
indicating a normal distribution of these desmosomal compo-
nents.

Since �-catenin was stabilized in suprabasal transgenic ker-
atinocytes, we looked for the upregulation of �-catenin tran-
scriptional targets (reviewed in reference 13). Cyclin D1
showed enhanced expression in transgenic affected skin by
Western analysis (not shown) and immunohistochemistry (Fig.
7, compare panels O and P), although c-Myc levels appeared to
be unchanged (not shown). Cyclin D1 levels were raised in
suprabasal strata, consistent with induction by �-catenin/TCF
and suggesting a mechanism for hyperplasia.

Dsc3 regulates �-catenin in cultured keratinocytes. To test
directly for enhanced �-catenin/Tcf-mediated transcription, we
transfected primary keratinocytes cultured from transgenic
and control newborn (3 days postnatal) epidermis with the Tcf
optimal promoter (TOP)-flash reporter gene. A FOP-flash
vector with mutated Lef sites was used as a control. As a
positive control, wild-type (WT) keratinocytes were addition-
ally transfected with Xenopus laevis �-catenin (Fig. 8A). Mouse
skin at 3 days is prephenotypic, yet transgenic keratinocytes
showed significantly enhanced TOP-flash activity after calci-
um-induced differentiation compared to nontransgenic control
keratinocytes (Fig. 8A). Hence, �-catenin signaling activity
preceded the onset of the phenotype.

To confirm the relationship between K1Dsc3 expression and
�-catenin transcriptional activity, we performed transfections
by using the N/TERT-1 human keratinocyte line, which is
capable of authentic calcium-induced differentiation and the
expression of keratin 1 (5). N/TERT-1 cells form adhesion
complexes in 0.4 mM calcium, with keratin 1 expression being
minimal (5). When the calcium level is raised to 1.5 mM, there
is a substantial induction of keratin 1 (keratin 1 is the trans-
gene promoter).

At the lower calcium level (0.4 mM), there was no detectable
transgene-induced TOP-flash activation (Fig. 8B). Signifi-
cantly, at this lower calcium level there was a high level of
endogenous �-catenin activity, consistent with �-catenin activ-
ity being associated most strongly with basal, undifferentiated
keratinocytes in vivo (Fig. 7G and 8B).

At the higher calcium level (1.5 mM, in which keratinocytes
had differentiated and the transgenes were most strongly ex-
pressed) (Fig. 8B), keratinocytes transfected with either
K1Dsc3a or K1Dsc3b showed enhanced, dose-dependent TOP-
flash activity, indicating a transgene-dependent activation of
�-catenin signaling. In differentiated cells, TOP-flash activa-

FIG. 6. Altered lipid distribution, follicle degeneration, and asso-
ciated de- or transdifferentiation of follicles in K1Dsc3 transgenic skin.
(A) SSLF was reduced or entirely absent in transgenic skin, as visual-
ized by oil red O staining, compared to the prominent SSLF in site-
matched control littermates (B). Also, the follicles were degenerated
(A, arrow) and sebaceous glands were abnormally distributed and
enlarged in transgenic skin (A) compared to control skin (B, arrow
shows a normal cross-sectioned follicle). (C and D) In the transgenic,
K1, which is normally expressed in the interfollicular epidermis (IFE)
and the uppermost part of the follicle (D, arrow), was expressed in
utriculi and dermal cysts deep in the dermis (C, arrow to utriculus; DC,
dermal cyst). (E) K1Dsc3 skin showed a range of dermal cyst-like
structures, ranging from sebum filled (left) to highly keratinized
(right). (E [left], F, and G) Serial sections stained with oil red O, K14,
and K1, respectively. This sebum-filled (E) cyst expressed both K14
(F) and, unexpectedly, the exclusively IFE marker K1 (G). (H and I)
Cysts deep in the dermis stained with K1 (H) and loricrin (I) markers,
which are not expressed in follicles but are characteristic of a differ-
entiated IFE. Bar, 150 �m (A to D) or 40 �m (E to I).
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tion and hence endogenous �-catenin levels were low. This
correlated with the lack of immunohistochemical localization
of �-catenin in suprabasal keratinocytes noted in wild-type
tissue sections (Fig. 7G).

Hence, we have shown by the use of two independent mod-
els that transgene-mediated Dsc3a and Dsc3b expression in
differentiating keratinocytes enhances �-catenin signaling.

These data show that (i) changed desmosomal cadherin ra-
tios affect signaling through �-catenin in epidermal keratino-
cytes, (ii) both the Dsc3a and Dsc3b isoforms affect �-catenin
signaling, and (iii) this signaling change is dependent on trans-
gene expression and precedes the onset of a phenotype, con-

sistent with the differentiation phenotype being a consequence
of enhanced �-catenin signaling.

DISCUSSION

Desmososomal cadherins influence keratinocyte differenti-
ation. We showed in this study that the misdirected expression
of basally abundant Dsc3 to suprabasal keratinocytes induces
�-catenin stabilization and transcriptional activity. We used
transgenic models with minor changes in Dsc expression levels
conferred by untagged murine Dsc genes under the control of
a promoter that does not induce expression until late in ges-

FIG. 7. Changed �-catenin abundance and distribution in K1Dsc3 transgenic skin. (A and B) A pan-�-catenin antibody demonstrated
membranous �-catenin associated with adherens junctions in all living strata of transgenic (A, B) and wild-type (C) skin. However, �-catenin was
also detectable cytoplasmically and in nuclei (A and B, arrows) in suprabasal layers of transgenic skin. (D and E) The altered �-catenin pattern
in transgenic skin was due to increased cytoplasmic and nuclear active �-catenin (ABC, detected with an antibody to an unphosphorylated
N-terminal �-catenin epitope [42]) in the transgenic epidermis (D) compared to the control (E). (F and G) Transgenic skin had substantially
increased cytoplasmic and nuclear inactive �-catenin (detected with anti-phospho-�-catenin, an antibody to a phosphorylated N-terminal �-catenin
epitope [37]) in all layers of the transgenic epidermis (F). Labeling was confined to the cytoplasm of basal cells in the control epidermis (G). Note
the perinuclear staining of keratinocytes in transgenic skin (G). In contrast, other protein components of the adherens junction (H and I,
plakoglobin; J and K, E-cadherin; L and M, desmoplakin [DP]) showed similar distributions in transgenic (H, J, and L) and control (I, K, and M)
epidermis. (N) Enhanced levels of total (pan) and active �-catenin in K1Dsc3 epidermis were confirmed by Western analysis. (O) Cyclin D
immunolocalized to nuclei of suprabasal as well as basal strata in K1Dsc3a transgenic skin but was confined to the basal layer in wild-type epidermis
(M [footpad skin was used to provide a similar number of suprabasal layers as the hyperproliferative transgenic control]). Bar, 20 �m (A to G),
30 �m (H to M), or 80 �m (O and P).
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tation, thus avoiding developmental effects. The transgene was
not expressed in the keratinocyte granular layer cells, avoiding
the complication of skin barrier defects. We clearly demon-
strated an increased suprabasal desmosomal incorporation of
transgene-encoded protein. Hence, the changed �-catenin sta-
bility and transcriptional activity can be attributed unambigu-
ously to the dominant molecular change, i.e., the misexpression
of Dsc3 in suprabasal keratinocytes.

Since we showed that a change in desmocollin expression
induces �-catenin stabilization and signaling, we propose that
the consequent differentiation and follicular changes are at
least partly attributable to altered �-catenin signaling.

Dsc a and b isoform functions. Each Dsc isoform exists as a
and b forms that are generated by differential splicing and
differ at their cytoplasmic C termini. The function of the Dsc b
form is unknown. A reasonable hypothesis would be that the b
form mediates or regulates Dsc signaling activity through its
distinct cytoplasmic domain. However, we found that K1Dsc3a
and K1Dsc3b mice have similar phenotypes and that K1Dsc3a
and K1Dsc3b constructs have similar �-catenin-inducing activ-
ities in culture, implying that a signaling role for the distinct
portions of the tails is unlikely and indicating that the signaling
function resides elsewhere in the molecule, probably in the
conserved portions of the tails. In agreement with this conclu-
sion, mice with deleted a- and b-specific Dsc1 cytoplasmic tails
do not show altered differentiation (4).

Both Dsc3a and -b interact with another desmosomal pro-
tein, plakophilin 3, (2). Plakophilins are armadillo family des-
mosomal components that link desmosomal cadherins to the
intermediate filament network via a desmoplakin linker. The
Dsc3b-plakophilin interaction represents the only known
Dsc3b-protein interaction (2), suggesting that a plakophilin
may be involved in signaling from Dsc3 isoforms.

The involvement of Dsc3b in epidermal differentiation reg-
ulation, as demonstrated in this work, is the first recorded
function for a Dsc b isoform.

Link between desmosomal cadherin composition and epi-
dermal �-catenin signaling. Links between desmosomal com-
ponents and �-catenin signaling have been noted previously.
Plakophilin 2 binds �-catenin in vitro, and experimental up-
regulation enhances �-catenin signaling (3), although the
mechanism is unknown. Intriguingly, plakophilin 2 is basally
expressed in the epidermis, where it should interact with Dsc3.
Hence, suprabasal Dsc3 expression in transgenic animals may
bind and concentrate plakophilin 2 signaling activity supraba-
sally, suggesting a first step in the pathway linking the desmo-
some and �-catenin stability. However, available plakophilin 2
antibodies are inadequate for testing this theory because they
do not react with the mouse epidermis, and this prediction is a
subject of further investigation.

Plakoglobin, an arm-repeat protein that is a constituent of
both desmosomes and adherens junctions, is another possible
link to �-catenin signaling. It binds preferentially to desmo-
somal cadherins but also to E-cadherin from the adherens
junction. Plakoglobin can partially substitute for the adhesive
function of �-catenin in knockout mice, but not for its signaling
function (18). However, plakoglobin can apparently substitute
for �-catenin signaling activity in some experimental situations
by displacing �-catenin from the adherens junctions and re-
leasing it for signaling (27, 46). These findings show that trans-
junction plakoglobin movement can occur, and they open up
the possibility that the perturbation of plakoglobin in trans-
genic suprabasal desmosomes makes it available for movement
to adherens junctions, where it may displace �-catenin for
signaling. However, a change in plakoglobin distribution was
not detected in K1Dsc3 mice (Fig. 7, compare panels H and I).

FIG. 8. (A) Primary keratinocytes from K1Dsc3a newborn epidermis (TG) show enhanced ability to activate the TOP-flash reporter gene
compared to control keratinocytes (WT) or keratinocytes transfected with constitutively active �-catenin (�cat), indicating an enhanced ability to
activate Lef/Tcf downstream genes. (B) A human keratinocyte cell line (N/TERT-1) transfected with K1Dsc3a and K1Dsc3b transgenes did not
activate ��P-flash in the presence of 0.4 mM calcium, a level in which desmosomes can form but expression of the transgene promoter is minimal.
However, upon transfer to a high calcium level (1.5 mM) to activate the transgene promoter, K1Dsc3a and K1Dsc3b both activated TOP-flash
activity in a dose-dependent manner compared to cells transfected with TOP-flash alone (TOP), FOP-flash alone (FOP), or a transgene and
FOP-flash (not shown). Cells transfected with constitutively active �-catenin/TOP-flash (�cat) provided a positive control. Note the higher
endogenous �-catenin activity in keratinocytes transfected with TOP-flash alone and grown in low (0.4 mM) calcium than in the same keratinocytes
grown in 1.5 mM calcium. Error bars, standard errors of the means.
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Suprabasal �-catenin and follicular defects. The down-reg-
ulation of �-catenin in basal keratinocytes causes similar hair
follicle defects as the suprabasal stabilization of �-catenin in
K1Dsc3 transgenic mice, i.e., up- and down-regulation produce
similar defects (25, 31). These include hair follicle degenera-
tion and the formation of dermal cysts which appear to trans-
differentiate into an interfollicular phenotype (Fig. 6). The
stabilization of �-catenin in basal keratinocytes results in new
follicle formation (11, 24, 41), in contrast to the follicular
degeneration associated with suprabasal stabilized �-catenin in
K1Dsc3 mice. However, presenilin epidermal null mice with
stabilized �-catenin in all epidermal strata resemble K1Dsc3
mice (44) in that they too have degenerating follicles.

Follicular changes in all transgenic models must arise from
changes in follicular stem cells, which are located in the bulge
region of the follicle (reviewed in reference 33). Follicular
degeneration in K1Dsc3 mice, and probably in presenilin mice,
could not arise from stabilized �-catenin in the follicular stem
cells, as it is well established that this produces de novo follicle
formation. It is more likely that follicular degeneration is a
secondary effect on these stem cells that is derived from sig-
naling from adjacent transgenic cells. Indeed, the keratin 1
promoter should not be expressed in follicular stem cells, as
keratin 1 is expressed in the upper, permanent portion of the
hair follicle, or isthmus (35) (Fig. 6D), adjacent to the bulge
region.

It is possible that signaling from adjacent transgenic cells
destabilizes �-catenin in follicular stem cells, explaining the
phenocopy of mice with basally decreased �-catenin signaling,
although this would be extremely difficult to demonstrate ex-
perimentally. Analyses of follicular phenotypes are compli-
cated by transdifferentiation (Fig. 6G to I), which induces
abnormal keratin 1 expression in degenerating follicles and
cysts, resulting in de novo follicular transgene expression and
the exacerbation and complication of the phenotype.

Confinement of differentiation phenotype to the ventral re-
gion. K1Dsc3 mice showed enhanced �-catenin signaling in
prephenotypic skin, and the transgene induced �-catenin sig-
naling in cultured keratinocytes. However, signaling was par-
ticularly enhanced and only detectable immunohistologically
in the ventral skin of transgenic mice. In addition, the differ-
entiation phenotype was most prominent in ventral skin, al-
though subtle phenotypic defects such as plucking-induced
alopecia could be detected dorsally. Thus, K1Dsc3 mice phe-
nocopy a growing range of transgenic and knockout models in
which the phenotype is ventrally associated. These include
RXR	 receptor epidermal null mice (22), vitamin D receptor
null mice (23), phosphoinositide-specific phospholipase C
1
null mice (28), and K14 parathyroid hormone-related protein
transgenic mice (1). In each case, the association of the phe-
notype to the ventral skin is unexplained.

These ventral phenotypes highlight previously unexplored
differences in murine ventral and dorsal skin and imply that the
action of desmosomal cadherins on �-catenin must be modu-
lated by additional, regionally associated signaling pathways in
skin. This complexity in phenotype manifestation and depen-
dence on regional differences in skin may provide an explana-
tion for conflicting reports on differentiation and signaling
roles for desmosomal cadherins in other transgenic or null
mice.

Tumor formation. The epidermal expression of stabilized
�-catenin in basal keratinocytes results in tumor formation (11,
30, 44). In addition, natural mutations that interfere with
�-catenin degradation, either through the stabilization of
�-catenin itself or through a disruption of the degradation
machinery, are tumorigenic (reviewed in references 13 and 34).
K1Dsc3 mice with enhanced �-catenin stabilization and signal-
ing showed hyperplasia and metaplasia but did not develop
tumors at an appreciable rate. This may have been because
suprabasal �-catenin stabilization in K1Dsc3 mice mainly in-
volves keratinocytes that are destined to be shed during ter-
minal differentiation rather than the basal or follicle stem cells,
whose permanent residence permits the accumulation of ad-
ditional mutations that are necessary for tumor formation. The
need for additional mutations accompanying �-catenin stabi-
lization for tumor formation is highlighted in Notch1 and pre-
senilin epidermal null mice, for which the stabilization of
�-catenin was shown to be an initiating event in keratinocyte
neoplastic transformation (30, 44). In addition, �-catenin over-
expression in cultured keratinocytes is insufficient to induce
transformation (45), which is interpreted as a need for an
additional mutation(s).

Intriguingly, suprabasal Dsc3 expression has been detected
in cases of Bowen’s disease (skin carcinoma in situ) and squa-
mous cell carcinoma, but not actinic keratoses (dysplastic pre-
cancerous lesions) (e.g., see reference 21), suggesting that the
misexpression of desmocollins may contribute to the progres-
sion of skin cancer.

In summary, we generated transgenic mice with increased
Dsc3a and Dsc3b expression in suprabasal keratinocytes. This
expression change produced a primary phenotype of stabilized
�-catenin signaling in suprabasal keratinocytes from both cad-
herins and a downstream phenotype of changed keratinocyte
differentiation and follicular defects. Hence, we showed that
the Dsc3a and Dsc3b cadherin isoforms can signal in keratin-
ocytes and affect differentiation.
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