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Lack of Plakoglobin in Epidermis Leads to Keratoderma™
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Background: Plakoglobin (Jup) is involved in intercellular junctions. Mutation of Jup is associated with Naxos disease.
Results: Epidermis-restricted Jup knock-outs largely recapitulated human palmoplantar keratoderma. Ultrastructural analyses
revealed the disruption of the assembly of desmosomes and adherens junctions in Jup mutant epidermis.

Conclusion: Jup is critical for maintaining normal epidermis.

Significance: Our findings provide important insights for the pathogenesis of palmoplantar keratoderma.

Loss-of-function mutation of Jup has been associated with
Naxos disease, which is characterized by arrhythmogenic car-
diomyopathy and the cutaneous disorder palmoplantar kerato-
derma. Previously, we have shown that genetic ablation of Jup in
cardiomyocytes in mice leads to arrhythmogenic cardiomyopa-
thy similar to Naxos disease in humans. Currently, to determine
the pathogenesis of Naxos disease-associated keratoderma, we
generated Jup mutant mice by inactivating Jup restrictively in
keratinocytes. Jup mutant mice largely recapitulated the clinical
features of human palmoplantar keratoderma: overcornifica-
tion and thickening of the epidermis. Jup mutant mice also suf-
fered skin ulceration and inflammation. Cell apoptosis and pro-
liferation were significantly elevated in Jup mutant epidermis.
Ultrastructural analyses revealed the disruption of the assembly
of desmosomes and adherens junctions in Jup mutant epider-
mis. We also demonstrated the compensational increase in
B-catenin at Jup mutant cell-cell junctions without altering its
signaling activities. Our findings provide important insights for
understanding the pathogenesis of human palmoplantar
keratoderma.

The epidermis, a striated squamous epithelium, acts as the
major barrier against pathogens or immunogens from the envi-
ronment. This is achieved mainly through numerous intercel-
lular junctions between keratinocytes, such as desmosomes,
adherens junctions, and tight junctions. Among these junc-
tions, desmosomes provide the primary resistance to the inces-
sant mechanical stresses applied to the epidermis. Epidermal
desmosomes bridge between two neighbor cells by homophilic
or heterophilic binding of transmembranous desmosomal cad-
herins (desmoglein and desmocollin) (1). The cytoplasmic tail
of desmosomal cadherins interacts with plakoglobin (Jup, also
called y-catenin), which is then associated with the intermedi-
ate filament network via desmoplakin. Among these desmo-
somal proteins, Jup is also a structural component for the adhe-
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rens junction, in which it is interchangeable with its close
homolog, the Armadillo family member B-catenin. Jup and
B-catenin share the same degradation machinery and poten-
tially same binding partners (T-cell factor/lymphoid-enhanc-
ing factor) in mediating canonical Wnt signaling (2). Thus, Jup
has been hypothesized to inhibit canonical Wnt signaling by
competing with B-catenin, although this assumption is highly
controversial, particularly in terms of different temporal and
spatial contexts. Loss-of-function mutation of Jup has been
identified in patients with Naxos disease, an autosomal reces-
sive disease characterized by cardiomyopathy and the skin dis-
order palmoplantar keratoderma (3). Palmoplantar kerato-
derma is characterized by thick hyperkeratosis over the palms
and soles. Interestingly, the deregulation of Wnt signaling has
been suggested to play a causal role in the pathogenesis of pal-
moplantar keratoderma (4), although this suggestion awaits
further supporting evidence. In mice, global deletion of Jup
results in heart malformations and blister formations on the
epidermis (5). However, early embryonic lethality prevents fur-
ther functional analyses of Jup deletion in postnatal epidermis
pathogenesis.

In this study, to better address whether Jup inactivation is
sufficient for the emergence of palmoplantar keratoderma and
its potential underlying mechanisms, we generated an epider-
mal conditional knock-out mouse model of Jup (Jup mutant).
These Jup mutants largely mimic the human palmoplantar ker-
atoderma condition. We found that cell proliferation, apopto-
sis, and differentiation are markedly perturbed in Jup mutants,
likely contributing to the development of keratoderma. Fur-
thermore, we show that Jup mutant mice exhibited compro-
mised immune defense, which is likely caused by the loose
intercellular junctions between keratinocytes. Ultrastructural
analyses revealed abnormal desmosomes and adherens junc-
tions in Jup mutant mice. Finally, we demonstrate that there is
a compensatory increase in -catenin at cell-cell junctions,
whereas Wnt/B-catenin signaling is unaffected by the loss of
Jup in keratinocytes.

MATERIALS AND METHODS

Mice—Jup™ mice were described previously (6). Cytokeratin
14 K14-Cre transgenic mice (7) were a gift from Dr. Jingwu Xie
(Indiana University, Indianapolis, IN). fos-lacZ transgenic mice
(8) were purchased from The Jackson Laboratory. All studies
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TABLE 1
Primers used for quantitative RT-PCR analyses

Forward (5" — 3’)

Reverse (5’ —3')

TNFa TCTTCTCATTCCTGCTTGTGG
IL-18 TGTAATGAAAGACGGCACACC

IL-6 GCTACCAAACTGGATATAATCAGGA
Cyclin D, GAGATTGTGCCATCCATGC

c-myc CCTAGTGCTGCATGAGGAGA

c-fos CAGCCTTTCCTACTACCATTCC
c-jun CCAGAAGATGGTGTGGTGTTT
GAPDH TCCTGGTATGACAATGAATACGGC

GGTCTGGGCCATAGAACTGA
TCTTCTTTGGGTATTGCTTGG
CCAGGTAGCTATGGTACTCCAGAA
CTCCTCTTCGCACTTCTGCT
TCTTCCTCATCTTCTTGCTCTTC
ACAGATCTGCGCAAAAGTCC
CTGACCCTCTCCCCTTGC
TCTTGCTCAGTGTCCTTGCTGG

involving the use of mice were in compliance with the National
Institutes of Health and were approved by the Indiana Univer-
sity School of Medicine Animal Care and Use Committee.

Quantitative RT-PCR—TRIzol reagent (Invitrogen) was used
to extract total RNA from skin. SYBR Green quantitative RT-
PCR analyses were performed using the Roche Applied Science
LightCycler 480 system. Primers used for quantitative RT-PCR
are listed in Table 1.

Immunoblot Analyses—Skin samples were lysed with radio-
immune precipitation assay buffer, and proteins were subse-
quently separated on 4-12% BisTris> gels, transferred, and
immunoblotted. The following antibodies were used: poly-
clonal antibody (pAb) against Jup and pan-cadherin and mono-
clonal antibody (mAb) against a-catenin (Santa Cruz Biotech-
nology); pAb against B-catenin and 3-catenin phosphorylated
at Ser-33, Ser-37, and Thr-41 (Cell Signaling Technology); pAb
against keratin 5, involucrin, and filaggrin and mAb against
keratin 10 (Abcam); pAb against keratin 14 (Covance); mAb
against desmogleins 1 and 2 (PROGEN); mAb against Gr-1
(Pharmingen); mAb against E-cadherin (BD Transduction Lab-
oratories); and pAb against ZO-1 (zona occludens-1)
(Invitrogen).

Immunofluorescence Staining—Fluorophore-conjugated
wheat germ agglutinin and Alexa Fluor-labeled secondary anti-
bodies were from Molecular Probes. Nuclei were stained with
DAPI. Photomicrographs were acquired with either a Leica
microscope or an Olympus FV1000 confocal microscope using
a single exposure time for the same set of sections in each
staining.

BrdU Staining and Terminal Deoxynucleotidyltransferase-
mediated dUTP Nick End Labeling (TUNEL) Assay—BrdU and
TUNEL assays were performed as described previously (9).
Briefly, mice were intraperitoneally injected with BrdU labeling
reagent (30 mg/kg of body weight) and killed 3—4 h later. The
skin was harvested and fixed in 4% paraformaldehyde in PBS
overnight. A BrdU labeling and alkaline phosphatase detection
kit (Roche Applied Science) was used to detect proliferating
cells on paraffin sections from different samples. TUNEL assays
were performed on paraffin slides using an ApopTag kit
(Chemicon). Eight photographs on average were randomly
taken for each sample. The percentage of positively stained cells
was quantified using Image]J software.

Transmission Electron Microscopy—Transmission electron
microscopy was performed as described previously (9). Skin

2The abbreviations used are: BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hy-
droxymethyl)propane-1,3-diol; pAb, polyclonal antibody; mAb, monoclo-
nal antibody; TUNEL, terminal deoxynucleotidyltransferase-mediated
dUTP nick end labeling.
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samples were fixed in modified Karnovsky’s fixative (2% para-
formaldehyde and 2% glutaraldehyde in 0.1 M phosphate buffer)
at 4 °C overnight.

Statistical Analyses—Results are presented as the mean *
S.E. for parametric data. Student’s ¢ test was performed for
comparison between two groups. A p value of <0.05 was con-
sidered significant.

RESULTS

Keratinocyte-restricted Loss of Jup Results in Keratoderma—
The cross of Jup”" and Jup” " /K14-Cre mice was expected to
give rise to 25% Jup//K14-Cre (designated Jup mutant) off-
spring. We designated mice with genotypes of Jup” ", Jup'”, and
Jup” ™+ |K14-Cre as controls in this study because we did not
observe skin abnormalities in any of these mice. Jup mutant
mice appeared normal by the first postnatal week compared
with littermate controls (Fig. 1A, panels a—g). By 2—3 weeks,
however, Jup mutant mice were significantly smaller than ]upf "
littermate controls and exhibited ulcerations in the skin near
joint areas (Fig. 1B, panel a). All Jup mutant mice died before
weaning. Jup mutant skin was markedly stiffer than ]upf MMitter-
mate control skin. Severe keratoderma was apparent in Jup
mutant mice through hyperkeratosis in the palms and soles
(Fig. 1B, panels b and d). Histology further revealed a marked
thickening of Jup mutant epidermal layers, including the shed-
ding of the cornified layer and the underlying subcornified layer
(granular layer and basal layer), compared with littermate con-
trol epidermis (Fig. 1B, panels g and h). In addition, detachment
in the granular layer was apparent in Jup mutant epidermis. No
overt abnormality was found in Jup mutant hair follicles.

Inflammation in Jup Mutant Skin—Given the ulcerations
seen in Jup mutant skin, we suspected that these mice suffered
from inflammation. Indeed, we found excessive neutrophil
infiltration in Jup mutant derma (Fig. 24). Consistently, inflam-
matory cytokines, including TNFe, IL-18, and IL-6, were sig-
nificantly elevated in Jup mutant skin (Fig. 24). Furthermore,
both the total number and the percentage of peripheral blood
neutrophils were significantly higher in Jup mutants compared
with controls (Fig. 2B). Collectively, these data indicate
enhanced inflammation in Jup mutant mice.

Altered Epidermal Differentiation in Jup Mutant Mice—Be-
cause Jup mutant epidermal layers were markedly thickened,
we next wanted to understand whether or not and how epider-
mal differentiation was affected. Inmunostaining of involucrin,
filaggrin, and keratin 10 (suprabasal layer markers) was consid-
erably expanded in Jup mutant epidermis compared with con-
trol epidermis (Fig. 3A and supplemental Fig. 1). The staining of
keratin 5 (a basal layer marker) was greatly extended to most of
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FIGURE 1.Epidermal phenotypes of Jup mutant mice. A, normal epidermis of 1-week-old Jup mutant mice. Panel a, general morphology of a Jup mutant (Mut)
mouse and a control (Ct) mouse. Panels b-e, normal appearance of the Jup mutant palm and planta. No apparent plaques are visible. Panels f and g, normal
histology of control and Jup mutant epidermis, respectively. Scale bars = 20 um. B, Jup mutant mice develop an abnormal epidermal phenotype at ~2 weeks
after birth. Panel a, general morphology of a Jup mutant mouse and a control mouse (16 days old). The Jup mutant is smaller than its control littermate, and the
hair on the Jup mutant abdomen is rough. Ulcerations (arrowheads) are seen near joint areas. The Jup mutant palm exhibits severe hyperkeratosis with plaques
(panel b, arrow), whereas keratosis is mild in the Jup mutant planta (panel d). No apparent plaques are visible in either the Jup mutant opisthenar (panel c) or
instep (panel e). Jup mutant epidermis (panel g, double-headed black arrows) is markedly thicker than control epidermis (panel f), with a thick, shedding cornified
layer and thickened subcornified layer (double-headed green arrows). Detachment of granular layer (asterisks) is apparent in Jup mutant epidermis. Scale bars =

30 wm. Quantitation of the thickness of the subcornified layer is shown in panel h. *, significantly different from the control (p < 0.01; n = 4 (control) and n =
3 (mutant)).
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FIGURE 2. Inflammation in Jup mutant skin. A, neutrophil infiltration in Jup mutant (Mut) derma (16 days old). Note that rare resident neutrophils (Gr-I-positive
cells) can be found in the distal control (Ct/) derma. Scale bars = 20 wm. WGA, wheat germ agglutinin. B, increase in peripheral blood neutrophils in Jup mutants.
Representative graphs of Giemsa staining on a peripheral blood smear from Jup mutantand control mice (16 days old) are shown in panels a and b, respectively.
Arrows and arrowheads indicate neutrophils and lymphocytes, respectively. Scale bars = 40 um. HEMAVET analyses in panels cand d show increased counts and
percentage of peripheral blood neutrophils in Jup mutants (n = 7) compared with controls (n = 10). *, p < 0.001.

the epidermis with the exception of the cornified layer, which
consists of only dead cells without nuclei (Fig. 3B). Western blot
findings showed increased expression of involucrin and keratin
5 (Fig. 3C). These data indicate that epidermal differentiation is
remarkably affected by the loss of Jup in keratinocytes.

Increased Cell Apoptosis and Proliferation in Jup Mutant
Epidermis—Given the development of keratoderma and per-
turbed epidermal differentiation seen in Jup mutant epidermis,
we asked whether cell apoptosis or proliferation was affected in
Jup mutants. First, we found that cell apoptosis was signifi-
cantly enhanced in Jup mutant epidermis as revealed by
TUNEL staining (Fig. 44). Notably, the apoptotic cells were
located close to the outermost granular layer. Cell proliferation
was significantly increased in Jup mutant epidermis as assessed
by BrdU assay (Fig. 4B). Proliferating keratinocytes were con-
fined to the basal layer.

Jup is required for proper cell-cell junctions in the epidermis:
Jup is a structural component for both desmosomes and adhe-
rens junctions. Although Jup is interchangeable with B-catenin
in adherens junctions, only Jup is found in desmosomes under
physiological conditions (10, 11). To understand how desmo-
somes and adherens junctions are affected by Jup deficiency, we
first used immunofluorescence staining to demonstrate the
specific loss of Jup expression in Jup”/K14-Cre keratinocytes,
confirming the successful deletion of Jup in keratinocytes (Fig.
5A). Next, we assessed the expression of cadherin (specific for
adherens junctions), ZO-1 (specific for tight junctions), and
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desmoglein (specific for desmosomes). The immunostaining
intensity of P-cadherin and, more specifically, E-cadherin was
similar in both Jup mutant and control keratinocytes, although
the staining was more expanded in Jup mutant epidermis (Fig.
5B and supplemental Fig. 2). In contrast, the staining intensity
of desmoglein was much stronger in Jup mutant keratinocytes
compared with control keratinocytes (Fig. 5B), in addition to its
wider expression in Jup mutant epidermis, as seen similarly in
the cadherin staining pattern of Jup mutant epidermis. ZO-1
staining was also extended in Jup mutant epidermis, whereas
the staining intensity was similar compared with control epi-
dermis (Fig. 5C). Interestingly, the wide-spreading staining of
Z0O-1 suggests the disturbed cell differentiation in some skin
lesions or diseases (12, 13). Thus, this extended ZO-1 staining
seen in Jup mutant keratinocytes further reinforced the finding
of disturbed epidermal differentiation in Jup mutants. The
results from Western blot analyses of these proteins along with
other junctional proteins (a-catenin, specific for adherens
junctions; and desmoplakins 1 and 2, specific for desmosomes)
were consistent with the results from immunostaining (Fig.
5D). To more directly assess the impact of Jup deficiency on
cell-cell junctions, ultrastructural analyses by transmission
electron microscopy were performed. Wide segregating spaces
were seen between adjacent Jup mutant keratinocytes (Fig. 5E),
which was consistent with the histological observation (Fig. 1),
indicating cell-cell detachment. Keratin aggregates were often
seen in the perinuclear space in Jup mutant keratinocytes, but
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FIGURE 3. Altered epidermal differentiation of Jup mutant mice (16 days
old). A, markedly thickened Jup mutant (Mut) suprabasal layer (panel ) com-
pared with the control (Ctl; panel b) as revealed by involucrin staining. Scale
bars = 30 um. B, significantly expanded basal layer in Jup mutant epidermis
(panel e) compared with the control (panel b) as shown by keratin 5 staining.
Scale bars = 30 um. WGA, wheat germ agglutinin. C, Western blot analyses of
involucrin, keratin 5, and keratin 14. GAPDH served as a total protein loading
control.

not in control keratinocytes (Fig. 5E). Furthermore, atypical
desmosomes (the outer plaque of Jup mutant desmosomes con-
nected with very few keratin plexuses) were seen in Jup mutant
keratinocytes (Fig. 5E). Adherens junctions in Jup mutant kera-
tinocytes displayed abnormally, with wide intercellular spaces.
Tight junctions appeared normal in Jup mutant epidermis,
although abnormal intracellular cell body dissociation was evi-
dent in Jup mutant keratinocytes (Fig. 5E). These intracellular
breaks, together with the intercellular gaps in Jup mutant epi-
dermis, greatly compromised the competence of the epidermis
as a biological barrier. In contrast, hemidesmosomes, in which
Jup is known not to be a structural component (14), were still
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intact in Jup mutant keratinocytes (Fig. 5E). Collectively, these
data suggest that the loss of Jup in keratinocytes affects desmo-
some assembly and compromises the overall integrity of cell-
cell junctions, leading to cell-cell detachment.

Increase in B-Catenin at Cell-Cell Junction without Affecting
Wnt/B-Catenin Signaling in Jup Mutant Epidermis—Jup has
been postulated to have an inhibitory function in Wnt/g-
catenin signaling possibly by competing with 3-catenin for the
same binding partners (2). However, this inhibitory function of
Jup in Wnt signaling was still controversial, as shown by exist-
ing studies (15, 16). Moreover, the potential influence on Wnt
signaling by Jup was considered to be pathogenic (17). None-
theless, it would be important to determine whether 3-catenin
and its signaling activities are affected by the loss of Jup in kera-
tinocytes. Interestingly, Western blot analyses showed that the
total level of B-catenin was overtly increased in Jup mutant skin
compared with control skin (Fig. 6A4). A major regulation of the
B-catenin level in the cytoplasm is through protein phosphor-
ylation and consequent ubiquitination (18). Phosphorylation of
B-catenin at Ser-33, Ser-37, and Thr-41 by glycogen synthase
kinase 3 is a primary control for destabilization of B-catenin
(19). Using a specific antibody against B-catenin phosphory-
lated at Ser-33, Ser-37, and Thr-41, we found that phosphory-
lated B-catenin was markedly reduced in Jup mutant skin com-
pared with control skin. This reduction in phosphorylated
B-catenin very likely accounts for the increase in total
B-catenin. The stabilized B-catenin can either localize to the
cell membrane to become a cell-cell junctional constituent or
transport into nuclei to behave as a transcriptional activator
(20). Immunofluorescence staining revealed that the increase
was at the cell membrane, with no detectable signal in the
nucleus or cytosol (Fig. 6B), thus not suggesting transcriptional
activity of B-catenin. To further examine whether the canonical
Wnt signaling is altered in Jup mutant skin, we analyzed the
expression levels of several well known B-catenin transcrip-
tional targets, including cyclin D,, c-Myg, c-Fos, and c-Jun (21),
and found that they were similar between Jup mutant and con-
trol skin (Fig. 6C). To further examine canonical Wnt signaling
activities in vivo, a specific Wnt/B-catenin signaling reporter
mouse line, fos-lacZ transgenic mouse (8), was crossed with Jup
mutant mice. There was no obvious positive X-gal staining sig-
nal observed in Jup mutant and control epidermis (Fig. 6D). In
contrast, X-gal staining signals were readily detected in the
sebaceous gland and hair roots in both Jup mutant and control
hair follicles (Fig. 6D). These observations were consistent with
previous findings (8). The fact that no noticeable difference in
staining intensity was found between Jup mutants and controls
indicates that B-catenin signaling activities are not significantly
affected in Jup mutant keratinocytes.

DISCUSSION

Keratoderma, a thickening of the stratum corneum of the
skin, can be acquired or genetically inherited (22). A homozy-
gous loss-of-function mutation of Jup (Jup2157del2) has been
documented in patients with Naxos disease, which manifests
cardiomyopathy and palmoplantar keratoderma (3). More
recently, several other genetic mutations of Jup have been iden-
tified in patients with keratoderma or epidermolysis bullosa
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FIGURE 4. Enhanced cell apoptosis and proliferation in Jup mutant epidermis (16 days old). A, TUNEL staining shows increased cell apoptosis in the Jup
mutant (Mut) suprabasal layer (panel b) compared with controls (Ctl; panel a). White arrows indicate apoptotic cells. Scale bars = 20 um. K14, keratin 14.
Quantification is shown in panel c. *, p < 0.001. B, increased cell proliferation in the Jup mutant basal layer (panel b) compared with controls (panel a). The
positive BrdU staining is shown as dark blue nuclear staining. Scale bars = 30 um. Quantification is shown in panel c.*, p < 0.001.

(23-25). These Jup mutations lead to either the production of
truncated JUP protein or the complete loss of JUP protein.
However, the potential underlying mechanisms are not well
understood. Herein, we demonstrated that keratinocyte-re-
stricted ablation of Jup in mice results in palmoplantar
keratoderma.

In this study, we have shown that Jup is critical for the cell-
cell junctions among keratinocytes. Loss of Jup in keratinocytes
results in inappropriate desmosome assembly and severe cell-
cell detachment. The findings of abnormal formation of desmo-
somes in Jup mutant epidermis are consistent with an early
report of global Jup knock-out mouse embryos, although the
cell-cell detachment phenotype seemed to be much more
severe in Jup mutant pups (5). The discrepancy is most likely
ascribed to the difference in the timing of Jup inactivation and
the mechanical tension from the surrounding environment:
rough cage beddings versus amniotic fluid in the uterus. Inter-
estingly, the similar cell-cell dissociation phenotype was also
evident in the skin of patients with a homozygous nonsense JUP
mutation (1615C — T) (24), which further supports the pivotal
role of Jup as a cell-cell junction constituent.

The skin inflammation present in Jup mutant mice seems
contradictory given that Jup mutant epidermis was remarkably
thickened. However, because Jup mutant cell junctions were
severely compromised and keratinocytes detached, the skin’s
function as a defending barrier against innate intruding patho-
gens is expected to be severely compromised. Indeed, the com-
plication of skin infections was also reported in palmoplantar
keratoderma patients (26). All Jup mutant mice died before
weaning. The following facts likely contributed to the lethality
of Jup mutants. First, Jup mutant skin was thick and stiff, which
greatly affected body movement, e.g. crawling and suckling.
Second, Jup mutant skin had ulceration and inflammation
accompanied by systemic inflammation as evidenced by the
increase in neutrophils in the peripheral blood. The persistent

10440 JOURNAL OF BIOLOGICAL CHEMISTRY

8223
SSEES

3%
2%
1%
0%

Percentage of TUNEL-
positive keratinocytes

Ctl Mut

20%
15%
10%

5%

Percentage of BrdU-
positive Keratinocytes

0%
Ctl Mut

and severe inflammation undoubtedly lessened their survival
chance.

The relationship between Jup and B-catenin has been con-
troversial (2). Our data demonstrate that [B-catenin was
increased at the plasma membrane to compensate for the loss
of Jup at cell-cell junctions. Our results are consistent with
some early findings of the ectopic localization of B-catenin in
Jup-deficient desmosomes (10, 27). Nonetheless, B-catenin
appears to incompetently substitute for Jup at cell junctions
because Jup mutant cell junctions are loose; consequently, cells
detach and undergo apoptosis. As a response, Jup mutant epi-
dermis accelerates cell proliferation and differentiation in an
attempt to further compensate for the loss of upper layer kera-
tinocytes. Future work will be to analyze the underlying molec-
ular signaling mechanism for the compensatory increase in
keratinocyte proliferation associated with Jup deficiency. Inter-
estingly, the increase in 3-catenin in Jup mutant epidermis is
specific to cell junctions without affecting Wnt/B-catenin sig-
naling activities, which was clearly evidenced by the lack of
nuclear localization of B-catenin, the unaffected levels of its
transcriptional targets, and undisturbed T-cell factor/lymph-
oid-enhancing factor signaling reporter activities. This finding
is consistent with our previous observation in cardiomyocyte-
restricted Jup knock-out mutant mice: a compensational
increase in 3-catenin at junctions with no effect on its signaling
activities (28). Thus, our findings do not suggest that the dis-
turbance of Wnt/B-catenin signaling activities contributes to
the pathogenesis of Jup-related keratoderma.

In summary, Jup mutant mice recapitulate the pathophysio-
logical features of human palmoplantar keratoderma. We
found that Jup is critical for maintaining the integrity of inter-
cellular junctions and cell differentiation and proliferation.
Additionally, we demonstrated the increase in 3-catenin at cell
junctions in compensation for the loss of Jup without affecting
its signaling activities. Our current findings have provided
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FIGURE 5. Assessment of cell-cell junction in Jup mutant epidermis. A, plakoglobin staining signal was lost in Jup mutant (Mut) keratinocytes (panel e) as
opposed to membranous localization in control (Ct/) cells (panel b), whereas keratin 14 staining intensity was markedly increased in Jup mutant cells (panel d)
compared with control cells (panel a). Panels c and f, overlay images. Scale bars = 30 wm. B, P-cadherin staining was similar between Jup mutant (panel d) and
control (panel a) epidermis. Staining of desmogleins 1 and 2 was greatly increased in Jup mutant epidermis (panel e) compared with the control (panel b). Scale
bars = 30 um. C, the staining intensity of ZO-1 was similar between Jup mutant (panel e) and control (panel b) epidermis, although the signal was much
expanded in Jup mutant epidermis. WGA, wheat germ agglutinin. Scale bars = 15 um. D, Western blot analyses of cell junction proteins. E, ultrastructural
analyses of Jup mutant epidermis. Loose cell-cell contacts between Jup mutant keratinocytes (panel b) are shown by segregated spaces (white arrows). Keratin
fibers (KF) are at cell peripheries in both control (panel a) and Jup mutant (panel b) keratinocytes. Keratin aggregates (KA) are seen in the perinuclear (Nu) region
of Jup mutant keratinocytes (panel b), but not in control cells (panel a). Desmosomes (black arrows) are anchored to the keratin plexus in control keratinocytes
(panel c), whereas significantly fewer keratins are at Jup mutant desmosomes (panels d and e). The intercellular spaces of adherens junctions (arrowheads) are
wider in Jup mutant keratinocytes (panels d and e) than in control keratinocytes (panel c). Tight junctions (white arrows) appear normal in Jup mutant
keratinocytes (panel d). Tight junctions are also presented at higher magnification in the insets in panels ¢ and d. Note that the partial cell membrane and
associated cytoplasm (asterisk) are disintegrated from the Jup mutant keratinocyte cell body (panel e). In contrast, hemidesmosomes (white arrows) are intact
in Jup mutant keratinocytes (panel g). BM, basal membranes. Scale bars = 2 um (panels a and b), 250 nm (panels c-e), and 125 nm (panels f and g).
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FIGURE 6. Increase in -catenin at cell membrane in Jup mutant epidermis. A, Western blot of total B-catenin and B-catenin phosphorylated at Ser-33,
Ser-37,and Thr-41. B, representative confocal photographs of B-catenin in 16-day-old Jup mutant (Mut) and control (Ct/) epidermis. The expression of B-catenin
atthe membrane of Jup mutant keratinocytes was markedly increased compared with the control keratinocyte membrane. The signal was undetectable in the
nuclei or cytosol in either Jup mutant or control keratinocytes. Scale bars = 20 um. WGA, wheat germ agglutinin. C, assessment of Wnt/B-catenin signaling
targets by quantitative RT-PCR. There was no statistical difference between controls (n = 3) and Jup mutants (n = 3). D, representative pictures of X-gal staining
of Jup™/fos-lacZ epidermis (panel a) and Jup”/K14-Cre/fos-lacZ skin (panel b). There was no positive signal in the epidermis of either controls (panel a) or Jup
mutants (panel b). X-Gal staining signals were readily detected in the sebaceous gland region (arrowheads) and hair roots (arrows) in both Jup mutant and
control hair follicles. No overt difference in staining intensity was found between Jup mutants and controls. Scale bars = 50 um.

important insights for understanding the pathogenesis of

keratoderma. 7
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