
Laboratory Investigation (2018) 98:1375–1383
https://doi.org/10.1038/s41374-018-0082-z

ARTICLE

Lack of plakoglobin impairs integrity and wound healing in corneal
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Abstract
We generated cornea-specific plakoglobin (Jup; junctional plakoglobin) knockout mice in order to investigate the function of
plakoglobin on the maintenance of the homeostasis of corneal epithelium in mice. Cornea epithelium-specific conditional
knockouts (JupCEΔ/CEΔ) (cKO) were obtained by breeding keratin12-Cre (Krt12-Cre) mice to Jup-floxed (Jupf/f) mice. Light
and transmission electron microscopic and immunohistochemical analyses were carried out to determine consequence of the
loss of plakoglobin on maintaining corneal epithelium integrity under mechanical stress, e.g., brushing and wound healing.
Immunohistochemistry analysis demonstrated that, although Jup ablation did not affect BrdU incorporation, basal cell-like
cells labeled for keratin 14 were ectopically present in the supra-basal layer in mutant corneal epithelium, suggestive of
altered cell differentiation. Plakoglobin-deficient epithelium exhibits increased fragility against mechanical intervention
when compared to wild-type controls under identical treatment. Closure of an epithelial defect was significantly delayed in
JupCEΔ/CEΔ epithelium. Our findings indicate that the lack of plakoglobin significantly affects corneal epithelium
differentiation, as well as its structural integrity. Plakoglobin is essential to the maintenance of the structure of the corneal
epithelium and its wound healing.

Introduction

Cornea locates to the surface of the anterior eye segment,
facing outer environment. It is covered with non-keratinizing
epithelium associated with a smooth basement membrane,
and is a non-vascularized tissue without hair follicle.
Homeostasis of the corneal epithelium is critical in exerting
a barrier function to noxious external stimuli, i.e., scratches,
injury, dryness, chemicals and pathogens. Steady and rapid
resurface of corneal epithelial defects is essential to the
prevention of invasion of pathogens as well as of further

damage of the underlying stroma. Intercellular junctions
between neighboring epithelial cells, i.e., desmosomes,
adherence junctions, and tight junctions play significant
roles to maintain the barrier function [1–3]. Plakoglobin
(junctional plakoglobin, Jup, also called γ-catenin) is a
member of the catenin family and is a common component
to both adherens junctions and desmosomes [4]. Both pla-
koglobin and β-catenin share the structural role in the
adherence junction, while plakoglobin in the desmosome
can not be replaced by β-catenin [5]. Loss-of-function
mutation of plakoglobin causes Naxos disease, an autosomal
recessive disease characterized by palmoplantar keratoderma
and cardiomyopathy [6, 7]. Palmoplantar keratoderma
exhibits thick hyperkeratosis over the palms and soles. Wnt
signal abnormality was reported in the affected epidermis
probably due to consumption of β-catenin to compensate the
loss-of-function of plakoglobin [8].

Global expression of nonsense mutation of plakoglobin
gene results in embryonic lethality with congenital epi-
dermolysis in mice, much different from human phenotype
of Naxos disease [9]. We previously generated a mouse line
with keratinocyte-specific inactivation of plakoglobin, which
manifested clinical features resembling human palmoplantar
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keratodermia e.g., over-cornification and thickening of the
epidermis with inflammation [10]. Ultrastructural examina-
tion shows cell-cell contact was severely impaired. The
structural study failed to validate the effects of inactivation
of plakoglobin on epithelial wound healing, albeit the
structure and behaviors of epidermis that lacks plakoglobin
strongly suggests the alteration of wound healing-related cell
behaviors of a keratinocyte.

Corneal epithelium is quite suitable for the investigation
of the role of a specific molecule in homeostasis of stratified
epithelium and wound healing reaction of an epithelial tis-
sue. There is a possibility by which lacking one specific cell
adhesive molecule abnormality impairs the homeostasis of
the corneal epithelium [11]. We previously reported that
corneal epithelium-specific deletion of epiplakin impairs
intra-epithelial differentiation and integrity of corneal epi-
thelium, but accelerates epithelial wound healing [11].
However, the role of the plakoglobin in epithelial repair in
cornea has not been well examined in keratinocyte-specific
plakoglobin knockout mice, which is largely due to that
previously used keratin 14-driven Cre recombinase could
affect epithelial health of not only eye, but also eyelids, by
deleting plakoglobin in epithelium of total ocular surface
(cornea, limbus, and conjunctiva) as well as in eyelid skin
[10]. In the current study we investigate the role of pla-
koglobin in the maintenance of structural integrity and in
wound healing of corneal epithelium in mice by using
corneal epithelium-specific keratin12 promoter-driven Cre
recombinase to ablate floxed junctional plakoglobin (Jup)
gene.(cKO)

Materials and methods

Mice

Jupf/f mice and keratin 12 (Krt12)-Cre knock-in (Krt12-Cre)
mice were both described previously [12, 13]. All studies
involving the use of mice were approved by the DNA
Recombination study committee and Animal Care and Use
Committee both of Wakayama Medical University and
conducted in compliance with the Association for Research
in Vision and Ophthalmology Statement for the Use of
Animals in Ophthalmic and Vision Research. Jupf/f mice
and Krt12Cre knock-in mice were cross-bred to obtain
Krt12Cre/Cre/Jupf/f (JupCEΔCEΔ) in which plakoglobin gene is
specifically ablated in corneal epithelium. We successfully

obtained two JupCEΔ/CEΔ mice out of 202 bitransgenic mice
because both Krt12Cre and Jupf alleles are located in mouse
chromosome 11 about 0.55 cM apart. Then the JupCEΔCEΔ

colony was expanded for experiments described herein.

Histology and ultrastructure of corneal epithelium
in the absence of plakoglobin

The structure of corneal epithelium of a wild-type (WT) and
a mutant mouse was examined by light microscopy of
routine hematoxylin and eosin (HE)-stained paraffin sec-
tions and transmission electron microscopy as previously
reported [14, 15]. The arrangement of epithelial cells in the
corneal epithelium was further investigated as follows: to
determine the longitudinal basal corneal epithelial cell
density, the number of DAPI-stained nuclei in 600 μm along
the basement membrane and total number of nuclei in
stratified layers of the same region were counted from seven
independent specimens.

Characterization of corneal epithelium by using
immunohistochemistry

Immunohistochemistry was carried out to characterize the
nature of the epithelial cell of the cornea in the absence of
plakoglobin. The antibodies listed in Table 1 were used.

Examination of fragility of the corneal epithelium

Our previous method of mechanical brushing of the epi-
thelium was employed herein to examine if lacking pla-
koglobin affects the integrity of the corneal epithelium in
mice [11]. The corneal surface of adult WT and mutant
mice, under general anesthesia, was gently brushed (ten
times) with a dry surgical micro-sponge as previously
reported [11, 16]. Mice were killed and the eye was enu-
cleated and embedded in Epon mixture as previously
reported [16]. Ultrathin sections were cut and observed
under routine transmission electron microscopy after elec-
tron staining.

Epithelial wound healing in cornea

Closure of injuries in corneal epithelium was examined to
elucidate the role of plakoglobin on epithelium repair as
previously reported [14]. A circle defect (2 mm in diameter)
was produced in the corneal epithelium of WT mice (n= 5)

Table 1 Targets of
Immunohistochemistry and the
Sources of the Antibodies

Keratin14 (diluted 1:100 in PBS; abcam, Cambridge, England)

Plakoglobin (diluted 1:10; Progen Biotechnik, Heidelberg,Germany)

β-Catenin (diluted 1:100; BD Transduction Laboratories, San Jose, CA)

Epiplakin (diluted 1:100; donated by Dr. S. Fujiwara, J Dermatol 33; 518, 2006)
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and JupCEΔ/CEΔ mice (n= 5). The size of the remaining
injury was evaluated with fluorescein staining at every 6 h
until 42 h post-wounding.

Cell proliferation assay

The incidence of proliferating cells in corneal epithelium
was evaluated by using immuno-detection of systemically
administered bromo-deoxyuridine (BrdU) in corneal epi-
thelium as previously reported [17]. The examination was
performed in a healthy, uninjured, cornea and in the cornea
18 and 48 h post epithelial debridement (n= 22 in each
experimental condition).

Results

Protein expression pattern of plakoglobin in normal
mouse corneal epithelium

Plakoglobin protein was clearly detected in the basal cells of
WT corneal epithelium. In the suprabasal and superficial
cells less slightly weaker green fluorescence was observed
in the cytoplasm (Fig. 1). Keratocytes in the stroma was
also labeled for plakoglobin (Fig. 1).

Histology and ultrastructure of corneal epithelium
in the absence of plakoglobin

HE staining did not reveal marked abnormalities in the
corneal epithelium between WT and cKO mice (Fig. 2a, b).
Low magnification transmission electron microscopy
showed gradual differentiation process from basal cells
toward suprabasal and superficial cells in both genotypes of
mice (Fig. 2c, d). However, higher magnification observa-
tion revealed reduction and less prominent formation of
intercellular adhesion complex associated with vacuole-like
spaces between neighboring cells in the superficial layer of
mutant JupCEΔCEΔ mice in comparison to that of WT mice
(Fig. 3a, b). Such abnormality was not observed among the
basal cells even in the cKO mice (Fig. 3c, d).
High-magnification pictures show well-formed the base-
ment membrane and hemidesmosome was also noted in
both genotype of mice (Fig. 3e, f).

Fig. 1 Immunohistochemical detection of plakoglobin in the corneal
epithelium of a wild type (WT) mouse. Immunohistochemistry
detected plakoglobin protein in mainly cell-cell junction zone and
cytoplasm of the basal cells (arrowheads) and of some of the supra-
basal cells (long arrows) of uninjured epithelium of a WT cornea.
Keratocytes (short arrows) are also labeled for plakoglobin protein. Epi
epithelium. Bar, 30 μm

Fig. 2 Histology and
ultrastructure of corneal
epithelium in the absence of
plakoglobin. a Light microscopy
by hematoxylin and eosin (HE)
staining showed that the normal
corneal epithelium of a wild type
(WT) mouse consisted of basal
cells, wing cells and superficial
cells. b In the absence of
plakoglobin epithelium, HE
histology did not reveal marked
abnormalities under light
microscopy. c, d Low
magnification transmission
electron microscopy showed
differentiation process from
basal cells (white asterisks)
toward suprabasal (stars) and
superficial cells (black asterisks)
both in WT and in the absence
of plakoglobin. Epi epithelium.
Bar, 50 μm (a, b); 10 μm (c, d)
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The cell density in the corneal epithelium was
evaluated by DAPI nuclear staining

Although ultrastructural observation did not suggest the
impairment of cell-cell adhesion in basal cells in a cKO

epithelium, the loss of plakoglobin might attenuate tightness
of cell-cell contact. To examine the spatial population of
epithelial cells we counted the numbers of basal cells over-
laying the basement membrane and the total numbers of cells
within the same region by DAPI-nuclear staining (Fig. 4a).

Fig. 3 Higher magnification
observation of corneal
epithelium in the presence or
absence of plakoglobin. Higher
magnification observation
revealed attenuation of the
formation of cell-cell adhesion
with intercellular dissociation
(arrows) among superficial cells
in the absence of plakoglobin
(b), while cell-cell adhesion is
compact in a WT cornea (a).
Adhesion or connection between
neighboring cells seems to be
normal in the presence (c) or
absence (d) of plakoglobin.
High-magnification pictures
show well-formed the basement
membrane and hemidesmosome
was also noted in both genotype
of mice (e, f). Bar, 2 μm (a, b);
3 μm (c, d)

Fig. 4 The cell density in the corneal epithelium evaluated by DAPI
nuclear staining. a DAPI staining clearly shows the spatial population
of epithelial cells. Epi epithelium. Bar, 30 μm. b The number of basal
cells in a specific area (600 μm in length of the basement membrane)

decreased in the absence of plakoglobin. However, the total number of
the nuclei of any epithelial cells in a specific area (600 μm in length of
the basement membrane) was unchanged by the loss of plakoglobin
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The results showed that the number of basal cells in central
cornea (600 μm in length of the basement membrane)
decreased in the absence of plakoglobin (Fig. 4b). However,
the total number of the nuclei of any epithelial cells in a
specific area (600 μm in length of the basement membrane)
was unchanged by the loss of plakoglobin in mutants
(Fig. 4b). This finding suggests that decrease in the basal
cells is not due to the reduction of supplying daughter cells.

Characterization of corneal epithelium by using
immunohistochemistry

Keratin 14, a basal cell-type keratin, was detected in the
basal cells in the WT cornea (Fig. 5a). On the other hand,
marked keratin 14-immunoreactivity was observed in epi-
thelial cells in the basal and suprabasal layers of the mutant
corneas (Fig. 5b). Epiplakin, a desmosome-associated pro-
tein component for the maintenance of cell fragility, was
expressed in the basal cells of the WT corneal epithelium,
while the intensity of immunostaining was reduced by the
loss of plakoglobin (Fig. 5c, d).

Localization of β-catenin was dramatically altered by the
loss of plakoglobin in corneal epithelium. β-catenin was
detected in the cytoplasm of the basal cells of the WT
corneal epithelium. Its cytoplasmic localization was

diminished by the loss of plakoglobin, while β-catenin was
markedly condensed in cell-cell-border of epithelial cells
throughout the layers of the cKO mouse (Fig. 5e, f).

Examination of integrity/fragility of the corneal
epithelium

Plakoglobin is a component of desmosome. Although the
loss of plakoglobin in desmosomes could be compensated
by β-catenin, its effect on epithelial integrity was to be
determined. Moreover, current immunohistochemistry
showed that lacking plakoglobin gene downregulates the
expression of epiplakin, that is essential to the maintenance
of epithelial integrity [11].

Ultrastructural observation showed that gentle brushing
with a surgical micro-sponge did not damage the structure
of the corneal epithelium in WT mice (Fig. 6a, b). On the
other hand, the cells in the superficial layer were totally
removed by the treatment in a mutant epithelium
(Fig. 6d, e). The suprabasal cells and basal cells seemed to
be maintained following the brushing treatment in the
mutant cornea in a cKO epithelium (Fig. 6f), suggesting the
superficial cells were removed at the cell-cell border
between suprabasal cells. Basement membrane looked
unaffected by the treatment (Fig. 6c, f).

Fig. 5 Characterization of wild-type (WT) or mutant corneal epithe-
lium by using immunohistochemistry for keratin 14 or epiplakin.
Keratin 14, a basal cell-type keratin, was detected in the basal cells in a
WT cornea. a On the other hand, keratin 14-immunoreactivity was
observed in epithelial cells in the basal and suprabasal layers. b Epi-
plakin, a desmosome-associated protein component for the main-
tenance of cell fragility, was expressed in the basal cells of a WT

corneal epithelium (c), while the intensity of immunostaining was
reduced by the loss of plakoglobin (d). β-catenin was detected in the
nuclei of superficial cells of a WT corneal epithelium (open arrows)
(e). β-catenin was observed between suprabasal cells and superficial
cells and in the area between basal cells and basement membrane in a
mutant epithelium (thin arrows) (f). Epi epithelium. Bar, 20 μm
(a–d), 30 μm (e, f)
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Epithelial wound healing in cornea

We then examined if lacking plakoglobin affects healing of
an epithelial defect in cornea. Healing was similar between
two genotypes of mice until 6 h post-epithelial debridement.
Corneal epithelium-specific deletion of plakoglobin gene
then retarded epithelial healing from 12 h post-wounding
with a statistical significance at 12 and 30 h post-treatment
as compared with a WT mouse (Fig. 7a, b).

Cell proliferation assay

We further examined if delayed epithelial healing was due
to the impairment of cell proliferation in the epithelium, cell
proliferation was analyzed in a different series of specimens
by using BrdU-immunohistochemistry. The results showed
no difference of the incidence of BrdU-labeled cells in the
corneal epithelium between WT and mutant mice at 18 and
48 h post-wounding as well as in a healthy, uninjured,
epithelium (Fig. 7c, d).

Discussion

Present study showed: (1) that the loss of plakoglobin
altered the differentiation characteristics of the epithelium
of a mouse cornea, (2) that it attenuated integrity of epi-
thelial cells of the cornea and (3) that it impaired
epithelial repair post-debridement without affecting cell
proliferation.

Alteration of the characteristics of corneal
epithelium in the absence of plakoglobin

Immunohistochemistry showed that keratin 14 was detected
in basal cells of a WT corneal epithelium, while this type of
keratin was more marked expressed not only in the basal
cells but also cells in the suprabasal layers. Because keratin
14 is an established marker for a basal epithelial cell, pre-
sent finding suggests that basal cell-type cells occupy the
suprabasal layer.

Because plakoglobin is a component of cell-cell adhesion
(adherence junction and desmosome) among epithelial
cells, lacking this component might affect the distribution of
epithelial cells in the stratified structure by loosening the
cell-cell binding. It was to be examined if lacking pla-
koglobin might affect the vertical and/or horizontal cell
arrangement in plakoglobin-null epithelium. For these two
purposes we analyzed the cell number in a specific area of
the corneal epithelium. The results showed that the number
of basal cells decreased, while the total cell number was
unchanged. This finding coincides with the results obtained
by BrdU-immunohistochemistry; cell proliferation in the
corneal epithelium was unaffected by the loss of pla-
koglobin. This finding suggested the loss of plakoglobin
might have a negative impact on cell-cell adhesion and the
basal cells might be pushed up toward the suprabasal layer
due to the looser cell-cell connection.

Present study showed that lacking plakoglobin dramati-
cally altered the localization of β-catenin in corneal epi-
thelium. Plakoglobin and β-catenin share the role as a

Fig. 6 Examination of fragility of wild-type (WT) or mutant corneal epithelium. Ultrastructural observation showed that gentle brushing with a
surgical micro-sponge did not damage the structure of the corneal epithelium in a WT mouse (a). A higher magnification shows that the superficial
layer is partially removed by the treatment (b). Basement membrane is intact in the WT tissue after treatment (c). The cells in the superficial layer
were totally removed by the treatment in a mutant epithelium (d). A higher magnification indicates that the The suprabasal cells and basal cells
seemed to be maintained following the brushing treatment in a mutant cornea, suggesting the superficial cells were removed at the cell-cell border
between suprabasal cells (e). Basement membrane looked unaffected by the treatment even in a mutant epithelium (f). Bar, 10 μm (a, d); 1 μm (b,
c, e, f)
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component of desmosome. Thus, loss of plakoglobin could
affect the signaling of β-catenin by its nuclear translocation.
β-catenin was detected in the cytoplasm of the basal cells of
the WT corneal epithelium. Its cytoplasmic localization was
diminished by the loss of plakoglobin, while β-catenin was
markedly condensed in cell-cell-border of epithelial cells
throughout the layers of the cKO mouse. This finding could
be explained by a notion that the loss of plakoglobin in
adherence junction might be compensated by β-catenin [4].
However, there might be a possibility that alteration of
intracellular distribution of β-catenin might affect its signal
transduction in epithelial cells and behavior of the cells. For
example, a literature reported that activation of β-catenin by
Wnt5a was required for normal differentiation of keratino-
cytes in terms of keratin expression pattern [18]. β-catenin

activated by Wnt5a promoted expression of keratin 1 and
loricrin, markers for differentiation from a basal cell to a
suprabasal cell of the stratified epithelium.

Fragility of corneal epithelium in the absence of
plakoglobin

Present study also showed the critical role of plakoglobin in
the maintenance of the integrity of mouse corneal epithe-
lium by employing a mechanical intervention model to the
tissue. Immunohistochemical examination showed that the
loss of plakoglobin secondarily suppressed expression of
epiplakin, an intermediate filament-associated component,
in corneal epithelium. However, the present abnormal
findings in plakoglobin-null corneal epithelium were not

Fig. 7 Epithelial wound healing in cornea in a wild-type (WT) and a
mutant mouse. a The round epithelial defect (stained with green
fluorescein) produced in the center of the cornea is gradually recovered
with the migrating remaining epithelium from outside the defect. The
size of the remaining defect was evaluated with fluorescein staining of
the defect at every 6 h until 42 h post-wounding. Bar, 1 mm. b Healing
is similar between two genotypes of mice until 6 h post-epithelial
debridement. Corneal epithelium-specific deletion of plakoglobin gene
then retards epithelial healing from 12 h post-wounding with a

statistical significance at 12 and 30 h post-debridement. (*p < 0.05) c
The incidence of proliferating cells in wild-type (WT) or plakoglobin-
null (cKO) corneal epithelium (epi) was evaluated by using immuno-
detection of systemically administered bromo-deoxyuridine (BrdU)
under healthy, uninjured, condition and at 18 and 48 h post-
debridement. Bar, 20 μm. d There is no difference of the incidence
of BrdU-labeled cells in the corneal epithelium between a WT and a
mutant mouse at 18 and 48 h post-wounding as well as in a healthy,
uninjured, epithelium
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considered to be mainly attributable to the secondary
reduction of epiplakin expression as the abnormalities in the
absence of plakoglobin were not similar to those seen in
epiplakin-null corneal epithelium. First, cell-cell adhesion
among superficial cells was impaired in the absence of
plakoglobin as observed by ultrastructural examination,
while such loose adhesion was not observed epiplakin-null
corneal epithelium in our previous study [11]. Although
literatures reported that the loss of plakoglobin was com-
pensated with β-catenin in desmosomes, loose cell-cell
adhesion suggested that this compensation seemed insuffi-
cient in plakoglobin-null corneal epithelium. Second, a
treatment of mechanical rubbing damaged structure of the
corneal epithelium of a plakoglobin-null mouse. In mutant
mice that lacked plakoglobin the rubbing treatment removed
the superficial cells remaining suprabasal cells and basal
cells relatively intact on the basement membrane. On the
other hand, our previous study showed that the loss of
epiplakin resulted in the disruption of the cytoplasm in the
superficial and/or suprabasal cells following a treatment of
mechanical rubbing in mice, suggesting that lacking epi-
plakin impaired cytoskeletal architecture in the cytoplasm.
These findings suggested that disruption of epithelium
integrity in the absence of plakoglobin did not seem to be
attributable to the decreased expression of epiplakin.

Impairment of epithelial healing in plakoglobin-null
cornea

Finally, present study herein showed that the loss of pla-
koglobin impaired healing of an epithelial defect in a mouse
cornea. The major components of epithelial wound healing
included cell migration and cell proliferation. In healing
corneal epithelium cell migration first covered the defect,
followed by the cell proliferation in the peripheral epithe-
lium for cell supplementation and also proliferation in the
monolayer epithelium in the defected area for the purpose of
reestablishment of epithelial stratification. As for the role of
plakoglobin in modulation of proliferation was under debate;
literatures reported promotion or suppression of cell pro-
liferation in each cell type [9, 19]. Here there was no dif-
ference of cell proliferation in an uninjured cornea as well as
healing cornea at 18 and 48 h post-debridement. It was
reported that plakoglobin expression is related to modulation
of cell migration via regulation of activation of signals
through p38, Rho and Src [20, 21]. It was also reported that
expression level of plakoglobin could affect cell death
in vitro. However, in the current in vivo study TUNEL
staining did not detect apoptotic cells in each layer of the
epithelial cells (data not shown) [10, 22]. Therefore, we
considered that the impairment of epithelial wound healing
was mainly attributable to the suppression of cell migration
by the loss of plakoglobin. Although the mechanism of cell

migration retardation in the absence of plakoglobin needed
to be elucidated, involvement of plakoglobin in cell migra-
tion promotion was reported in other cell types [19, 20, 23].

In conclusion, the present study showed that plakoglobin
is essential to the maintenance of the structure of the corneal
epithelium and its wound healing. Although it had not been
reported that patients with Naxos disease showed impair-
ment of corneal epithelial integrity or tissue repair, current
findings suggested an importance of ophthalmic examina-
tion of the disease.
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