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Abstract
Recurrent epithelial erosion and refractory corneal ulcer are the clinical features of diabetic

keratopathy (DK), which eventually lead to corneal scar and visual disturbance. In this study,

we sought to determine the abnormalities of cell junction in diabetic corneal epithelial cells

and the effect of high glucose on the b-catenin/E-cadherin complex. Corneal histology

showed that corneal epithelial cells of high glucose mice were loosely arranged, and the

immunohistochemistry showed that the expression of E-cadherin decreased, the levels of

b-catenin increased in nuclear. High glucose-induced degradation and endocytosis of

E-cadherin of corneal epithelial cells reduce the formation of b-catenin/E-cadherin complex

and promote the nuclear translocation of b-catenin. Moreover, high glucose also activated

the transcription and expression of matrix metallopeptidase and snail, which interfered with

the adhesion of corneal epithelial cells to the basement membrane. These findings reveal

that DK is associated with the dissociation of cell junctions. The maintenance of the stability

of the b-catenin/E-cadherin complex may be a potential therapeutic target of refractory

corneal ulcers in patients with diabetes.
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Introduction

Abnormal corneal epithelium is the most typical lesion of
DK. The clinical manifestations include fragile epithelium,
superficial punctate keratitis, recurrent erosion, unhealed
ulcers, and corneal edema caused by changes in epithelial
barrier function.1 Chronic relapsing corneal erosion results
in corneal scarring, corneal ulcers and neovascularization,
which eventually leads to visual impairment in patients
with diabetes.2 Current therapies to treat DK are mainly
in promoting the proliferation of limbal stem cells, improv-
ing the regeneration of corneal nerve and anti-
inflammatory. There has been no satisfactorily effective
method for the clinical treatment of DK, aiming at the

cause of DK is the guarantee of the success of the treat-
ment.3–6 The corneal epithelial cellular junction is the key
proceeding to remain the structure and function integrality
of corneal epithelium, which plays a vital role in resisting
pathogens and maintaining normal corneal transparency.7

In the corneal wound healing, epithelial sheets formed a
tight connection between cells to migrate directionally and
collectively.8 This collective movement ensures that the epi-
thelial cells form the external barrier and maintain the basic
function of the cells.9,10 The abnormal connection between
cell–cell and cell to basement membrane will lead to repeat-
ed corneal epithelial exfoliation and chronic refractory
corneal ulcers. E-cadherin belongs to the cadherin
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superfamily, which takes part in the calcium-dependent
adhesion in epithelial cells.8 E-cadherin-mediated adhesion
junctions are crucial for cell sheets’ directional migration.
b-Catenin is recognized as an important component of
intercellular junction protein complex, which interacts
with the cytoplasmic domain of E-cadherin and connects
with a-catenin to mediate the anchoring of the complex to
cortical actin cytoskeleton.11–15 The stability of b-catenin/
E-cadherin complex is vital for the formation of epithelial
barriers. In tumor cells, b-catenin detaches from the b-cat-
enin/E-cadherin complex and migrates into the nucleus,
which is the key to the spread and metastasis of tumor
cells.16 Indeed, in the canonical Wnt pathway, b-catenin
moves to the nucleus and recruits transcription factors
such as snail to regulate cell cycle, migration, and inva-
sion.17 Snail is the earliest discovered negative regulator
of E-cadherin and binds to the E-cadherin promoter to
inhibit its transcriptional activity, resulting in the partial
or total loss of E-cadherin expression.3,18,19

Matrix metalloproteinases (MMPs) belong to the proteo-
lytic family and play key roles in corneal wound healing
and tissue remodeling.20 Since DK has the characteristics of
delayed corneal healing and repeated exfoliation, protease
may be involved in these changes.21 Research by
Matsumura et al. showed that corneal epithelial cells from
high-glucose and diabetic mice showed excessive MMPs
activity during wound healing.22 Gene microarray, immu-
nostaining, and zymogram analyses showed that the
expression of MMPs was upregulated in human diabetic
corneal epithelium and keratinocytes in vitro.23

In this study, we sought to investigate the mechanism of
abnormal corneal epithelial repair caused by high glucose.
We explored the impacts of high glucose on the formation
of corneal epithelial cell junction, as well as the formation
and localization of intercellular junction complex in diabet-
ic mice in vivo and in vitro.

Materials and methods

Ethics statement and induction of diabetes

All animal experiments were conducted in accordance with
the statement of the Association for Research in Vision and
Ophthalmology on the use of animals in ophthalmology
and visual research and approved by the Animal Ethics
Committee of Southern Medical University. In this study,
eight-week-old male C57BL/6 mice were purchased from
the Experimental Animal Center of Southern Medical
University, and diabetic mice were induced with multiple
low doses of streptozotocin24 (STZ; 40mg/kg dissolved in
0.1% mmol/L citric acid buffer, pH 4.5). STZ was injected
into the abdominal cavities of diabetic mice for five days.
On the 14th day of the experiment (9th day after the last
injection of STZ), all mice fasted for 6 h (from 7:00 to 13:00).
Blood glucose levels were measured by obtaining samples
for measurement from the caudal vein. Measurements were
obtained with the One Touch basic blood glucose-
monitoring system. Mice treated with STZ with blood
glucose levels �16.6mmol/L were classified as diabetes
mellitus (DM).

Corneal epithelial debridement and the
hematoxylin-eosin (HE) staining of cornea

Mice were subjected to corneal epithelial debridement at
30 d after injection. Age-matched DM mice and normal
mice were anesthetized by intraperitoneal injection of xyla-
zine (6mg/kg) and ketamine (80mg/kg), while local anes-
thesia was performed with proparacaine hydrochloride eye
drops (Alcon-Couvreur, Belgium). First, a 1.5-mm circular
wound was drilled in the center of the cornea. Then the
corneal epithelium was removed with a blunt blade
under an operating microscope (Zeiss, Peabody, MA,
USA). All mice were treated with .5% levofloxacin eye
drops three times a day after surgery. To analyze the
time-course of corneal epithelial wound closure, corneal
epithelial defects were stained with 1% fluorescein in
normal saline at 12, 24, 36, and 48 h, and photographed
under a digital slit lamp (Nidek, Japan).

After 48 h, mice were euthanized with excessive chloral
hydrate, and corneas were taken for use in Western blot-
ting, hematoxylin–eosin (HE) staining. The removed eyes
were fixed in Davidson’s fixative, and 3-mm paraffin sec-
tions were prepared and stained with HE. The experiments
were repeated at least three times.

Immunohistochemistry of mice corneas

The removed eyeballs were fixed in Davidson’s fixator, and
the central cornea (d ¼ 5 mm) was taken to prepare 3 lm
thick paraffin sections. There were three sections of each
eyeball, a total of 24. Glass slides were dried at 60�C for 1
h, separated in xylene, and rehydrated in graded ethanol
solution. Tris-EDTA buffer was used for antigen retrieval,
and 3% H2O2 solution was used to quench the activity of
endogenous peroxidase. Slides and antibodies were incubat-
ed overnight at 4�C. Slides were evaluated with the Polink-2
plus polymer horseradish peroxidase (HRP) detection
system (ZSGB Bio, China), then stained with heme. Images
were obtained under a microscope (Leica, Germany).

Primary culture of mouse corneal epithelial cells

After 48 h of therapy, the mice were killed. The head and
periocular tissue were sterilized with povidone iodine solu-
tion to avoid contamination, then washed with aseptic
Dulbecco’s PBS. Mice corneas were examined under an
operating microscope. The corneal epithelium was placed
face-down in an aseptic petri dish and incubated with
Dispase II in DMEM/F12 (Gibco-BRL, Grand Island, NY)
at 37�C for 40 min. Epithelial cells were gently scraped off
with a cell scraper, then washed, inoculated into a cell petri
dish (Corning, New York), and incubated in a moist incu-
bator at 37�C, 95% air/5% CO2. Culture media were
changed daily. The conventional culture medium was
DMEM/F12, which contains 10% fetal bovine serum
(Every Green, China), 1% L-glutamine (Gibco-BRL, Grand
Island, NY, USA), 1% non-essential amino acids (Gibco-
BRL, Grand Island, NY, USA), 1% penicillin-streptomycin
(HyClone, USA), 0.1% insulin (Sigma-Aldrich, USA), 0.1%
LOT121K0186 (Sigma-Aldrich, USA), and 0.1% transfer
medium (Sigma-Aldrich, USA). The cells of the control
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group and HCG group were derived from the corneal epi-
thelium of mice in the control group and DM group, respec-
tively. The cells of control and HCG were cultured in
standard medium supplemented with 5 mmol/L glucose
(Sigma-Aldrich, USA) and 20 mmol/L mannitol (Sigma-
Aldrich, USA), or 25 mmol/L glucose, respectively
(Supplementary Table S1).

Cell adhesion

Matrigel (No. 354230, Corning, USA) was thawed at 4�C
overnight and diluted to 1mg/mL with blood-free cold
DMEM. Diluted matrigel was added to a 96-well plate
using an aseptic pipette, incubated at 37�C for 1 h, then
washed with PBS and sealed at 37�C for 1 h. Cells from
the confluent 10 cm petri plate were digested with 0.05%
trypsin-EDTA and resuspended in serum-free DMEM;
3� 104 cells were implanted into a 96-well plate. Plates
were centrifuged at 300 rpm for 5min and incubated in a
5%-CO2 humidification incubator at 37�C for 1 h. Petri
dishes were then removed and centrifuged (upside
down) for 5min at 500 rpm to remove non-adherent cells.
Cells were dyed with 0.5% crystal violet and 0.1% formal-
dehyde, then washed with PBS. After the PBS had been
discarded, 40 lL 2% Triton X100 (T8200, Solarbio, China)
was added to each hole. The relative number of cells in
each hole was measured, and absorbance was measured
at 595 nm in the microplate reader (Bio-Rad, USA). All
experiments were repeated three times.

Scratch assay

The cell migration was measured by scratch assay. Cells
were harvested and plated in complete medium at
10 � 104 cells/well in six-well dishes, incubated overnight
to yield confluent monolayer for wounding. Wounds were
made by a pipette tip of 10 mL and images were taken imme-
diately of all wells. Then, the cell culture medium was
changed to the medium containing 2% serum and D-glucose
of 5 or 25 mmol/L, respectively. The wound was closed by
the cell monolayer in 48 h, and the images were taken 0, 12,
24, 36, and 48 h after the wound formation. The experiment
was carried out in triplicate. The samples were tested in
triplicate, and the data are expressed as the mean� SD.

Real-time reverse-transcription polymerase chain
reaction (PCR)

Cells were seeded at 30� 104 cells/well in six-well plates
and incubated at 37�C for 24 h, at which point the cell cul-
ture medium was changed to medium containing 5mmol/
L or 25mmol/L D-glucose. After 48 h, the cells were har-
vested, and total RNA was extracted using Trizol (Takara,
Japan). The concentration of RNA was detected with a
NanoDrop 2000 spectrophotometer (Thermo Fisher, USA).
Real-time PCR assays were performed using a CFX96 real-
time PCR detection system (Bio-Rad, USA) in accordance
with the manufacturer’s instructions. All assays were cal-
culated on the basis of the DDCq method, and mRNA
expression was measured by n-fold change according to
the 2�DDCtq method. All reactions were performed in

triplicate, and mouse b-tubulin served as the endogenous
control. The PCR primers were designed by Blast
(Supplementary Table S2).

Western blotting

Total protein was extracted by RIPA lysis buffer. Nuclear
protein was extracted with a Cellytic Nuclear Extraction Kit
(Sigma, Germany), and cytoplasmic protein was extracted
with a ProteoPrep Universal Extraction Kit (Sigma-Aldrich,
USA). The extracted proteins were separated by SDS-PAGE
gel and transferred to polyvinylidene difluoride mem-
branes. The membrane was blocked at room temperature
for 1 h, then incubated overnight with primary antibody at
4�C. On the second day, the membrane was incubated with
HRP-coupled secondary antibody (Invitrogen, USA) for
1 h, and the immuno-conjugate was detected by a chemilu-
minescence imaging system (BioRad, USA) with use of an
enhanced chemiluminescence substrate (Millipore,
Germany). And each experiment was repeated at least
three times. The antibodies used are shown in
Supplementary Table S3.

Co-immunoprecipitation

Total protein was extracted using a Byotime protein
extraction kit (Byotime, China) and incubated with anti-
body overnight at 4�C. AþG agarose protein (CwBiotech,
China) was added to incubate for 3 h. Immunoprecipitation
analysis was carried out by Western blotting, and each
experiment was repeated at least three times.

Immunocytochemical imaging

Cells were cultured in a 96-well plate for 48 h according to
the culture conditions of each group, then fixed with 200 mL
4% methanol-free solution (Sigma-Aldrich, USA) at room
temperature for 15min. Then, cells were blocked with 0.3%
Triton-X-100 (Sigma-Aldrich, USA) at room temperature,
and the first antibody was added to incubate overnight in
a humidification box at 4�C. The following day, fluorescent
secondary antibody was added in a darkroom. Cells were
incubated at room temperature for 1 h. Nuclei were stained
with DAPI (Invitrogen, USA). Each experiment was repeat-
ed three times. The primary antibodies used were as fol-
lows: anti-b-catenin (1:100), anti-Snail (1:100), anti-keratin
12 (1:100), anti-cytokeratin 3 (1:100), anti-E-cadherin (1:50),
and anti-MMP10 (1:100). The secondary antibodies used
were as follows: goat anti-mouse IgG (HþL) highly
cross-adsorbed secondary antibody (1:100).

Statistical analysis

The wound area of the scratch assay, the gray value of
Western-blot bands, and the fluorescence intensity were mea-
sured and analyzed by ImageJ. The SPSS 20.0 statistical pack-
age andGraphPadPrism softwarewere used for the statistical
analysis. The adhesion of corneal epithelial cells, the expres-
sion level of protein andmRNAwere statistically analyzed by
Student’s paired two-tailed t-test. P < 0.05 was considered
significant. The area of corneal epithelial defectwasmeasured
and analyzed by ImageJ software. Quantitative data are
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presented as mean� SD and were compared among groups
with Dunnett�s post hoc test following a one-way ANOVA.
P < 0.05 was considered statistically significant.

Results

Diabetic mice exhibit delayed corneal epithelial trauma
repair, and the histopathological section showed loose
arrangement and abnormal differentiation of corneal
epithelial cells

On the 14th day after STZ injection, blood glucose levels in
DM group were significantly higher than control group
(32.28� 1.58mmol/L, compared with 8.65� 1.09mmol/L,
P< 0.05). On a parallel with the elevated blood glucose, the
DM group showed general characteristics of diabetes such
as weight loss, increased food consumption, and increased
water intake, compared with the control group (Table 1).
The corneal epithelium of mice were scraped to simulate the
post-traumatic repair process of corneal epithelium in
patients with diabetes and observed their wound repair
within 48h. The area of the epithelial defect decreased
with time in all groups, However, comparedwith the control
group, the wound repair of corneal epithelium in DM group
was slower (12h: P< 0.01; 24, 36, 48h: P< 0.001), and recur-
rent epithelial defect appeared at 48h (Figure 1(a) and (b)).

The histopathological results showed that the epithelial
cells in control group showed multilayer structure, the
superficial layer was neatly arranged, and the basal cells
were high columnar, cells remaining intact and lined up
tightly. The cells in the DM group were arranged loosely,
wing cells were flat and elongated. Most parts of the super-
ficial cells showed sloughing. The basal cells lost their
columnar shape and were flat and creeping, and the cells
were disordered (Figure 1(c)).

Immunohistochemical results showed that E-cadherin
was expressed in the cytoplasm and membrane of central
corneal epithelial cells. There was a strong expression in the
control group, but a weak expression in the DM group.
b-Catenin was moderately expressed in the cytoplasm in
control group, but was strongly expressed in the cytoplasm
and nucleus of DM group. MMP10 was mainly expressed
in the cytoplasm and Snail was expressed in the nucleus.
The immunohistochemical staining of both was increased
in DM group (Figure 1(d)).

The cell-based model of DK was established

We established a cell-based model to mimic the corneal
epithelial wound repair disorder caused by high glucose.

Primary cells were authenticated using short tandem
repeat (STR) analysis as described in 2012 in ANSI
Standard (ASN-0002) by the ATCC Standards
Development Organization. The STR results showed that
no multiple alleles and no cross contamination were found
in the primary corneal epithelial cells. As the cell was iso-
lated from mouse tissues, no STR data were logged in the
database ATCC, DSMZ, JCRB, EXPASY, and RIKEN
(Supplementary File S1 and S2).

The morphology and growth features of corneal epithe-
lial cells were observed by inverted microscopy. Cells were
triangular or polygonal with three to six processes, and the
cells had a lower nuclear–cytoplasmic ratio. When the cells
grew for two days, the cells had a wide connection with
adjacent cells; their prominences were thick and interlaced.
Western blotting and the immunofluorescence assays
showed that CK12 and CK3 (specific markers of corneal
epithelial cells) were expressed in each group
(Supplementary Figure S1).

The degradation of E-cadherin and nuclear
translocation of b-catenin induced by high glucose
resulted in corneal epithelial cell–cell detachment

In order to explore the effect of high glucose on intercellular
junction, we detected the expression level of intercellular
junction protein complex molecules: E-cadherin and b-cat-
enin. In the investigation of protein expression, we found
that E-cadherin showed low expression in high glucose-
cultured cells but was highly expressed in normal cells
(Figure 2(a) and (b), P< 0.05). The expression of b-catenin
was slightly reduced in HCG group, but not significantly
(P¼ 0.7072). We also found that the mRNA transcription of
E-cadherin and b-catenin was higher in the control group
than HCG group (Figure 2(c), E-cadherin: P< 0.001; b-cat-
enin: P< 0.05). Therefore, we detected the expression of
b-catenin protein in different cell components. The protein
expression of b-catenin in cell components was different.
b-Catenin was highly expressed in the nucleus in the HCG
group (P< 0.001); on the contrary, it was mainly expressed
in the cytoplasm in the control group (Figure 2(a), P< 0.01).

Under the confocal microscopy, we found that b-catenin
(red) was located in the cytoplasm in the control group,
while in the HCG group it was located in nucleus and
perinuclear compartment. In addition, the E-cadherin-
mediated intercellular contact in the HCG group was less
than that in the control group. E-cadherin (green) was
mainly expressed in the cell–cell connection of control
group, while it was weakened in HCG group (Figure 2(d)
and (e), P< 0.01).

Table 1. Body weight, blood glucose concentration, and food consumption for mice in the various treatment groups measured at the end of experi-

ments (9 days after streptozotocin injection).

Group

Blood glucose (mmol/L) Body weight (g)
Food consumption

(g/d; 14 days)0 day 14 days 30 days 0 day 14 days 30 days

Control 7.32� 1.25 8.65� 1.09 7.79� 1.30 28.52� 2.37 31.26� 1.69 37.38� 2.54 3.78� 0.54

DM 6.82� 0.73 32.28� 1.58* 35.5� 2.26* 31.25� 1.76 18.69� 2.13* 22.2� 3.32* 9.54� 1.96*

The data are presented as means and SD (n¼ 6).

*P<0.05 (versus control, Dunnett�s post hoc test following a one-way ANOVA).
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High glucose induced the desquamation of corneal
epithelial cells from basement membrane, is
associated with the overexpression ofMMP10 and snail

Then we detected the effect of high glucose on the
adhesion of corneal epithelial cells to basement membrane
by cell adhesion experiment. Compared with the control
group, the adhesion of corneal epithelial cells cultured
with high glucose was weakened. Corneal epithelial
cells in high glucose were unable to form cell–matrix adhe-
sion, resulting in a large number of exfoliated epithelial
cells (Figure 3(a), P< 0.001). The scratch assay showed
that the convergence rate of corneal epithelial cells cultured
with high glucose was slower than control group
after injury, and there was a great many of apoptosis and

detachment from the basement membrane (Figure 3(b) and
(c), 12 h: P< 0.01, 24 h: P< 0.001, 36 h: P< 0.001, 48 h:
P< 0.001).

To work out what was driving those differences, we
detected the expression and localization of MMP10 and
snail. MMP10 (green) and snail (green) are located in the
cytoplasm and nucleus, respectively (Figure 4(a)). Low
levels of MMP10 and snail fluorescence were observed in
the control group than HCG group (Figure 4(a), P< 0.01).
We confirmed this through Western-blot and RT-PCR
experiments. The mRNA transcription and protein expres-
sion of MMP10 and Snail increased in the high-glucose
group but decreased in the control group (Figure 4(b) and
(c), MMP10: P< 0.01, snail: P< 0.001).

Figure 1. In diabetic mice, the repair of corneal epithelium was delayed after trauma, and the corneal epithelial cells showed abnormal morphology and adhesion. (a)

Representative fluorescein staining of corneal epithelial defects in mice from the control and DM groups 0, 12, 24, 36, and 48 h after epithelial debridement. (b) Time

course of corneal repair in control and DM group (n¼ 6; **P< 0.01, ***P< 0.001, compared with control group by one-way ANOVA with post hoc Dunnett test). (c) HE

staining of the cornea in control and DM group. (d) Immunohistochemistry for E-cadherin, b-catenin, MMP10, and snail in the corneal epithelium. b-Catenin was

moderately expressed in the cytoplasm of the control group, while it was strongly expressed in the nucleus in the DM group. Strong staining for E-cadherin was

observed in the cytoplasm and membranes of corneal epithelium cells from control group, but was expressed at negligible levels in DM group. The immunohisto-

chemical staining of MMP10 and snail was significantly increased in DM group. (A color version of this figure is available in the online journal.)
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The recruitment of b-catenin by E-cadherin was
inhibited by high glucose, resulting in a decrease in
complex formation

To further investigate the link between high glucose on
E-cadherin and b-catenin dimers, the expression of
E-cadherin and b-catenin complex was quantitatively
determined by immunoprecipitation. The results showed
that the binding of E-cadherin and b-catenin occurred in
all groups, but the level of E-cadherin and b-catenin dimer
in the high-glucose groupwas lower than that in the control
group (Figure 5(a) and (b)).

Discussion

DK is a dysfunctional corneal disease, which leads to punc-
tate epithelial erosions, recurrent corneal erosion, and
intractable corneal ulcer.25 Persistent corneal epithelial
defects caused by diabetes usually lead to corneal opacity,
corneal ulcers, blurred vision or permanent vision loss, and
corneal neovascularization.26 Although considerable prog-
ress has been made in the pathogenesis of DK, the crucial
mechanisms of recurrent corneal erosion, and persistent
epithelial defects caused by diabetes are still not fully
understood. In this study, we found that high glucose

Figure 2. High glucose decreased the expression of intercellular junction protein complex molecules. (a) Western blotting analysis of b-catenin, p-b-catenin, E-
cadherin, snail, andMMP10 expression in corneal epithelial cells. (b) The graph represents relative gray value of Western-blot. (c) Real-time RT-PCR analysis for mRNA

expression levels of b-catenin, E-cadherin, snail, and MMP10 in corneal epithelial cells. (d) Fluorescence localization of E-cadherin in control and HCG group under

confocal microscope. The scale bars indicate 50 lm. (e) Fluorescence localization of b-catenin in control and HCG group under confocal microscope. The scale bars

indicate 50 lm. All data shown are the mean�SD (n¼ 6; *P< 0.05, **P < 0.01, ***P < 0.001, Compared to control group, two-tailed t-test). All experiments were

performed in triplicate. (A color version of this figure is available in the online journal.)
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affected the localization and expression of E-cadherin,
resulting in the transport of b-catenin from cytoplasm to
nucleus. Abnormal intercellular junction caused by unsta-
ble E-cadherin/b-catenin complex is an important mecha-
nism of recurrent corneal erosion and intractable corneal
ulcer in diabetes. Moreover, we provide evidence and
mechanism of high glucose inhibiting corneal epithelial
repair after trauma in diabetic mice, which depends on
depolymerizing E-cadherin/b-catenin complex, finally
suppressing formation of intercellular junction in diabetic
corneal epithelial cells. In addition, high glucose also pro-
moted the expression of snail and MMP10, affecting the
stability of cell basement membrane adhesion.

DK often deviates from the normal wound healing,
resulting in persistent corneal epithelial defects, and is
not responsive to the treatment of general corneal ulcers
in a hyperglycemic environment. The normal repair of cor-
neal epithelium adheres to the classical XYZ theory of cor-
neal epithelial repair.27 In the early repair stage, the
epithelial cells migrate as a coherent sheet to cover the
wound.28,29 Corneal epithelial cells always maintain a
tight intercellular junction in wound repair and remained
cohesive adhesion of cell to the basement membrane.26,30

In corneal epithelial wound healing, the priority of epithe-
lial cells is to restore the epithelial barrier. Therefore, main-
taining appropriate cell adhesion when epithelial cells
migrate on the wound is crucial to prevent further compro-
mised of cornea.31,32 The E-cadherin/b-catenin complex is
involved in the adhesion of corneal epithelial cells and is
considered to be an essential structure for maintaining the
integrity of stratified epithelium.33,34 It is obvious that the
binding of b-catenin to E-cadherin is a prerequisite for
adhesion. It is noticeable that the stability of corneal epithe-
lial cell adhesion is of vital importance for corneal wound
repair in corneal epithelial wound healing. E-cadherin/
b-catenin adhesion system is implicated in corneal epithe-
lial cell adhesion, and the b-catenin signal transduction
plays an integral role in the junctional complex. E-cadherin
is a Ca2þ-dependent glycoprotein with a single transmem-
brane domain, which is essential for the function of inter-
cellular junction.35 The E-cadherin-mediated cellular
junction is essential for the directional and collective migra-
tion of corneal epithelial cells.8 In our study, immunofluo-
rescence, Western-blot, and co-immunoprecipitation
showed that b-catenin and E-cadherin complex were depo-
lymerized, and the expression of E-cadherin protein was

Figure 3. High glucose inhibited the adhesion of corneal epithelial cells to the basement membrane. (a) Adhesion of control and HCG cells to matrigel-coated plates at

37�C. The extent of cell adhesion expressed as absorbance values were quantified using MTT dye. (b) Scratch assay was performed with control and HCG cells. The

scale bars indicate 200 lm. (c) The graph represents time kinetics of wound confluence percentage, calculated by Image J software. All data shown are the mean�SD

(n¼ 6; *P < 0.05, **P < 0.01, ***P < 0.001, Compared to control group, two-tailed t-test). All experiments were performed in triplicate. (A color version of this figure is

available in the online journal.)
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significantly decreased on the cell membrane, only weakly
expressed in the cytoplasm.

The b-catenin signal transduction plays an integral role
in the junctional complex.36 As an important intercellular
connexin, b-catenin is attached to intercellular junction pro-
tein complex together with cadherin.37 Under conditions of
strong adhesion, b-catenin is stable and protected within
the cadherin complex, forming a strong coupling structure
and maintaining tight cell junctions.36,38,39 Our study found
that E-cadherin was degraded under elevated glucose, but
the b-catenin in the cytoplasm did not increase. According
to previous studies, there are two metabolic pathways after
b-catenin is isolated from b-catenin/E-cadherin com-
plex:40,41 (1) b-catenin is phosphorylated and degraded
with GSK3 b to form a degradation complex, which is

finally degraded by ubiquitin modification. (2) The ligand
protein Wnt binds to the membrane surface receptor pro-
tein FZD and activates the intracellular protein DVL to
inhibit the degradation of b-catenin and stabilize the free
b-catenin protein in the cytoplasm. We had explored the
expression of phosphorylated b-catenin in primary cul-
tured corneal epithelial cells by Western-blot. It was
found that the level of phospho-b-catenin (Thr41/Ser45)
in HCG group was almost as low as control group. We
observed that the endocytosis of E-cadherin decreased the
ability to recruit b-catenin. This leads to amount of unphos-
phorylated b-catenin in the cytoplasm translocated into the
nucleus, and triggers the transcription and translation of
some molecules in the nucleus. b-Catenin participates in
Wnt signal pathway and plays a key role in cell migration

Figure 4. MMP10 and snail were activated in corneal epithelial cells of diabetic mice. (a) Immunofluorescence staining of MMP10 and snail in control group and HCG

group. The scale bars indicate 50 lm. The graph represents fluorescence intensity of MMP10 and snail. (b) Western blotting analysis of MMP10 and snail expression in

corneal epithelial cells. The graph represents relative gray value of snail and MMP10. (c) Real-time RT-PCR analysis for mRNA expression levels of MMP10 and snail in

corneal epithelial cells. All data shown are the mean�SD (n¼ 6; *P < 0.05, **P < 0.01, ***P < 0.001, compared with control group, two-tailed t-test). All experiments

were performed in triplicate. (A color version of this figure is available in the online journal.)
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and differentiation.42 The accumulation of b-catenin in the
nucleus increases the mRNA transcription of snail and the
generation of proteins.41 Snail binds to the promoter of E-
cadherin and inhibits its transcriptional activity, leading to
the partial or complete loss of E-cadherin expression, which
is considered to be the primary and most important step in
destroying cell adhesion.43,44

AUTHORS’ CONTRIBUTIONS

All authors participated in the design, interpretation of the
studies, analysis of the data, and review of the manuscript;
WBM, XHL, and SFF designed and conducted the experi-
ments; ZYX helped revised the manuscript; HC, XHC, and
LNZ provided software guidance and analyzed the data.

DECLARATION OF CONFLICTING INTERESTS

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

FUNDING

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this
article: Funding was provided by the National Nature Science
Foundation of China [81500722].

ORCID iD

Wenbei Ma https://orcid.org/0000-0001-9477-5381

SUPPLEMENTAL MATERIAL

Supplemental material for this article is available online.

REFERENCES

1. Alexander VL. Diabetic complications in the cornea. Vision Res

2017;139:138–52

2. Priyadarsini S, Whelchel A, Nicholas S, Sharif R, Riaz K, Karamichos D.

Diabetic keratopathy: insights and challenges. Surv Ophthalmol

2020;65:513–29

3. Wang X, Li W, Zhou Q, Li J, Wang X, Zhang J, Li D, Qi X, Liu T, Zhao X,

Li S, Yang L, Xie L. MANF promotes diabetic corneal epithelial wound

healing and nerve regeneration by attenuating hyperglycemia-induced

endoplasmic reticulum stress. Diabetes 2020;69:1264–78
4. Park JH, Kang S-S, Kim JY, Tchah H. Nerve growth factor attenuates

apoptosis and inflammation in the diabetic cornea. Invest Ophthalmol

Vis Sci 2016;57:6767–75
5. Kramerov AA, Ljubimov AV. Stem cell therapies in the treatment of

diabetic retinopathy and keratopathy. Exp Biol Med 2015;241:559–68

6. He J, Pham TL, Kakazu A, Bazan HEP. Recovery of corneal sensitivity

and increase in nerve density and wound healing in diabetic mice after

PEDF plus DHA treatment. Diabetes 2017;66:2511–20
7. Blanco-Mezquita JT, Hutcheon AEK, Stepp MA, Zieske JD. aVb6 integ-

rin promotes corneal wound healing. Invest Ophthalmol Vis Sci

2011;52:8505

8. Li L, Hartley R, Reiss B, Sun Y, Pu J, Wu D, Lin F, Hoang T, Yamada S,

Jiang J, Zhao M. E-cadherin plays an essential role in collective direc-

tional migration of large epithelial sheets. Cell Mol Life Sci

2012;69:2779–89

9. Yamamoto T, Otake H, Hiramatsu N, Yamamoto N, Taga A, Nagai N.

A proteomic approach for understanding the mechanisms of delayed

corneal wound healing in diabetic keratopathy using diabetic model

rat. IJMS 2018;19:3635

10. Yang AY, Chow J, Liu J. Corneal innervation and sensation: the eye and

beyond. Yale J Biol Med 2018;91:13–21

11. Finigan JH, Vasu VT, Thaikoottathil JV, Mishra R, Shatat MA, Mason RJ,

Kern JA. HER2 activation results in b-catenin-dependent changes in

pulmonary epithelial permeability. Am J Physiol Lung Cell Mol Physiol

2015;308:L199–L207

12. Nakatsu MN, Ding ZH, Ng MY, Truong TT, Yu F, Deng SX. Wnt/b-cat-

enin signaling regulates proliferation of human cornea epithelial stem/

progenitor cells. Invest Ophthalmol Vis Sci 2011;52:4734–41
13. Pisamai S, Rungsipipat A, Kalpravidh C, Suriyaphol G. Gene expres-

sion profiles of cell adhesion molecules, matrix metalloproteinases and

their tissue inhibitors in canine oral tumors. Res Vet Sci 2017;113:94–100
14. Nelson WJ, Nusse R. Convergence of wnt, b-catenin, and cadherin

pathways. Science 2004;303:1483–7
15. Zhang Y, Yeh L-K, Zhang S, Call M, Yuan Y, Yasunaga M, Kao WWY,

Liu C-Y. Wnt/b-catenin signaling modulates corneal epithelium strat-

ification via inhibition of Bmp4 during mouse development.

Development 2015;142:3383–93
16. Li H, Lan T, Xu L, Liu H, Wang J, Li J, Chen X, Huang J, Li X, Yuan K,

Zeng Y, Wu H. NCSTN promotes hepatocellular carcinoma cell growth

and metastasis via b-catenin activation in a Notch1/AKT dependent

manner. J Exp Clin Cancer Res 2020;39:128
17. Wang Y-P, Wang Q-Y, Li C-H, Li X-W. COX-2 inhibition by celecoxib in

epithelial ovarian cancer attenuates E-cadherin suppression through

reduced snail nuclear translocation. Chem Biol Interact 2018;292:24–9
18. Hu Y, Dai MR, Zheng YY, Wu JX, Yu B, Zhang HH, Kong W, Wu H, Yu

XH. Epigenetic suppression of E-cadherin expression by Snail2 during

the metastasis of colorectal cancer. Clin Epigenetics 2018;10:154
19. Neilson MZE. Biomarkers for epithelial-mesenchymal transitions.

J Clin Invest 2009;119:1429–37
20. Rohani MG, Parks WC. Matrix remodeling by MMPs during wound

repair. Matrix Biol 2015;44–46:113–21
21. Collier SA. Is the corneal degradation in keratoconus caused by matrix-

metalloproteinases? Clin Exp Ophthalmol 2001;29:340–4
22. Matsumura T, YTTT. Changes in matrix metalloproteinases in diabetes

patients’ tears after vitrectomy and the relationship with corneal epi-

thelial disorder. Invest Ophthalmol Vis Sci 2015;56:3559–64

Figure 5. The binding of b-catenin and E-cadherin in the HCG group was

weaker than control group. (a) Immunoprecipitation was performed with b-cat-
enin antibodies or mouse IgG-charged protein G beads and cell lysate from

corneal epithelial cells and analyzed by Western-blot, as indicated. (b) The GST

or GST-cadherin proteins expressed by the bacteria were charged to glutathi-

one-agarose beads. Pulldowns were performed as described and revealed in

Western-blot analysis.

Ma et al. Nuclear translocation of b-catenin leads to diabetic keratopathy 1175
...............................................................................................................................................................

https://orcid.org/0000-0001-9477-5381
https://orcid.org/0000-0001-9477-5381


23. Nishida T, Inui M, Nomizu M. Peptide therapies for ocular surface

disturbances based on fibronectin–integrin interactions. Prog Retin
Eye Res 2015;47:38–63

24. Zhu L, Titone R, Robertson DM. The impact of hyperglycemia on the

corneal epithelium: molecular mechanisms and insight. Ocul Surf
2019;17:644–54

25. Bikbova G, TOAT. Corneal changes in diabetes mellitus. Curr Diabetes
Rev 2012;8:294–302

26. Thoft RA, FJ. The X, Y, Z hypothesis of corneal epithelial maintenance.

Invest Ophthalmol Vis Sci 1983;24:1442–3
27. Buck RC. Cell migration in repair of mouse corneal epithelium. Invest

Ophthalmol Vis Sci 1979;18:767–84
28. Kuwabara T, Perkins DG, Cogan DG. Sliding of the epithelium in

experimental corneal wounds. Invest Ophthalmol Vis Sci 1976;15:4–14
29. Mort RL, Ramaesh T, Kleinjan DA, Morley SD, West JD. Mosaic anal-

ysis of stem cell function and wound healing in the mouse corneal

epithelium. BMC Dev Biol 2009;9:4
30. Vitorino P, HammerM, Kim J, Meyer T. A steering model of endothelial

sheet migration recapitulates monolayer integrity and directed collec-

tive migration. Mol Cell Biol 2010;31:342–50
31. Fong E, Tzlil S, Tirrell DA. Boundary crossing in epithelial wound

healing. Proc Natl Acad Sci 2010;107:19302–07
32. Tunggal JA, Helfrich I, Schmitz A, Schwarz H, Günzel D, Fromm M,

Kemler R, Krieg T, Niessen CM. E-cadherin is essential for in vivo

epidermal barrier function by regulating tight junctions. EMBO J
2005;24:1146–56

33. Hampel U, Garreis F, Burgemeister F, Eßel N, Paulsen F. Effect of inter-

mittent shear stress on corneal epithelial cells using an in vitro flow

culture model. Ocul Surf 2018;16:341–51
34. Niessen CM. Tight junctions/adherens junctions: basic structure and

function. J Invest Dermatol 2007;127:2525–32
35. Daugherty RG. Phospho-regulation of B-catenin adhesion and signal-

ing functions. Physiology 2007;22:303–9

36. Bajpai S, Feng Y, Wirtz D, Longmore GD. b-Catenin serves as a clutch

between low and high intercellular E-cadherin bond strengths. Biophys
J 2013;105:2289–300

37. Benthani FA, Herrmann D, Tran PN, Pangon L, Lucas MC, Allam AH,

Currey N, Al-Sohaily S, Giry-Laterriere M, Warusavitarne J, Timpson P,

Kohonen-Corish MRJ. ’Mcc’ protein interacts with E-cadherin and

b-catenin strengthening cell-cell adhesion of HCT116 colon cancer

cells. Oncogene 2018;37:663–72
38. Li CC, Liu JX, Zhang QS, Cui K, Ge QQ, Wang CH,Chen Z.

Upregulation of E‑cadherin expression mediated by a novel dsRNA

suppresses the growth and metastasis of bladder cancer cells by inhib-

iting b-catenin/TCF target genes. Int J Oncol 2018;52:1815–26
39. Valenta T, Hausmann G, Basler K. The many faces and functions of

b-catenin. EMBO J 2012;31:2714–36
40. Nusse R, Clevers H. Wnt/b-Catenin signaling, disease, and emerging

therapeutic modalities. Cell 2017;169:985–99
41. Gammons M, Bienz M. Multiprotein complexes governing wnt signal

transduction. Curr Opin Cell Biol 2018;51:42–9
42. Li CC, Liu JX, Zhang QS, Cui K, Ge QQ, Wang CH, Chen Z. Muscle

blind-like 1 destabilizes snail mRNA and suppresses the metastasis of

colorectal cancer cells via the snail/E-cadherin axis. Int J Oncol
2019;54:955–65

43. Brembeck FH, Rosário M, Birchmeier W. Balancing cell adhesion and

wnt signaling, the key role of b-catenin. Curr Opin Genet Dev
2006;169:985–99

44. Ye HQ,MaedaM, Yu FS, Azar DT. Differential expression of MT1-MMP

(MMP-14) and collagenase III (MMP-13) genes in normal and wounded

rat corneas. Invest Ophthalmol Vis Sci 2000;41:2894–9

(Received August 25, 2020, Accepted December 2, 2020)

1176 Experimental Biology and Medicine Volume 246 May 2021
...............................................................................................................................................................


	table-fn1-1535370220983243
	table-fn2-1535370220983243

