
Cornea

COL8A2 Regulates the Fate of Corneal Endothelial Cells
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PURPOSE. To investigate the effect of COL8A2 repression on corneal endothelial cells
(CECs) in vitro and in vivo.

METHODS. Cultured human CECs (hCECs) were transfected with COL8A2 siRNA
(siCOL8A2), and the cell viability and proliferation rate were measured. The expression of
cell proliferation–associated molecules was evaluated by Western blotting and real-time
reverse transcription PCR. Cell shape, Wingless-INT (WNT) signaling, and mitochondrial
oxidative stress were also measured. For in vivo experiments, siCOL8A2 was transfected
into rat CECs (rCECs), and corneal opacity and corneal endothelium were evaluated.

RESULTS. After transfection with siCOL8A2, COL8A2 expression was reduced (80%). Cell
viability, cell proliferation rate, cyclin D1 expression, and the number of cells in the
S-phase were reduced in siCOL8A2-treated cells. The cell attained a fibroblast-like shape,
and SNAI1, pSMAD2, and β-catenin expression, along with mitochondrial mass and
oxidative stress levels, were altered. Corneal opacity increased, and the CECs were
changed in rats in the siCOL8A2 group.

CONCLUSIONS. COL8A2 is required to maintain normal wound healing and CEC function.
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The posterior surface of the cornea is lined by a mono-
layer of corneal endothelial cells (CECs) that functions

as a water pump for the corneal stroma1 via ion pumps and
channels.2 If the corneal endothelium is diseased, the cornea
is not dehydrated and becomes edematous.1 Corneal edema
not only causes blindness, but also creates painful blisters in
the corneal epithelium.1 Persistent corneal edema requires
corneal transplantation and can result from trauma, surgery,
corneal endotheliitis, Fuchs’ endothelial corneal dystrophy
(FECD), or congenital hereditary endothelial dystrophy.3 A
variety of mechanisms have been studied in the context of
CEC disease, including oxidative stress, endoplasmic reticu-
lum stress, aberrant DNA methylation, inflammation, apop-
tosis, and autophagy. The fundamental mechanism under-
lying CEC disease is limited regeneration after injury. CEC
diseases caused by changes in the basement membrane of
CECs, such as FECD, are well known. Changes in basement
membrane composition may inhibit CEC regeneration.

Type VIII collagen, a nonfibrillar collagen protein, is
expressed by corneal and vascular endothelial cells.4 It is a
heterodimer composed of two distinct polypeptide chains,
α1(VIII) and α2(VIII) (genes: COL8A1 and COL8A2).5,6

Collagen VIIIa2 (COL8A2) is the main component of
Descemet’s membrane (DM), the basement membrane of
the corneal endothelium.7 COL8A2 has a potential role in
the maintenance of CEC integrity and structure.8 COL8A2
is coexpressed with the activating enhancer-binding protein
2 (TFAP2, AP-2) during corneal development, and this has
been reported to be associated with CEC proliferation.9

Thus the coexpression is necessary for migration and prolif-
eration of vascular smooth muscle cells10 and plays an

important role in hepatocellular carcinoma cell migration
and invasion.11

Mutations in COL8A2 are one of the causes of early-
type FECD,12 a disease in which guttae are formed in the
DM, progressively causing CEC dysfunction and edema, and
ultimately requiring corneal transplantation.3 FECD associ-
ated with COL8A2 mutations exhibits early disease manifes-
tation, especially in younger patients.7 COL8A2 mutations
affect DM stiffness, causing guttae to form and contribut-
ing to the onset and progression of FECD.13 Homozygous
knock-in mice with this mutation (Col8a2(Q455K/Q455K))
exhibited endoplasmic reticulum (ER) stress that led to hCEC
death.14 Nevertheless, the role of COL8A2 in CECs is not
thoroughly understood. In this study, we investigated the
role of COL8A2 in CECs by inhibiting COL8A2 expression in
vitro and in vivo.

METHODS

In vivo Transfection of Corneal Endothelium in
Rats

This study was approved by the Institutional Animal Care
and Use Committee (IACUC) of Hallym University Medi-
cal Center. All procedures were performed according to
the Association for Research in Vision and Ophthalmol-
ogy Statement for the Use of Animals in Ophthalmic and
Vision Research. Six-week-old Sprague-Dawley (SD) rats,
purchased from Nara Biotech (Pyeongtaek, Korea), were
used for this procedure. Five rats were included in each
group. The rats were maintained in a colony room with a
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12-hour light/dark cycle at 25°C for seven days before initi-
ating experiments.

For in vivo transfection, 1 nmol of negative control siRNA
(siControl) or siRNA for COL8A2 (siCOL8A2) was injected
into the anterior chamber of SD rats after paracentesis. Then,
7 mm Tweezertrodes (BTX, Holliston, MA, USA) was placed
on each cornea, with the positive electrode on the siRNA-
injected eye. The parameters were set at 140 V, 100 millisec-
onds length, 950 milliseconds interval, five pulses, and
100 V/cm2. Then, a previously established corneal endothe-
lial injury model was induced using cryoinjury two days
after electroporation.15 The cornea was cryoinjured for
10 seconds in contact with a metal rod, 3 mm in diameter,
that had been frozen in liquid nitrogen for 10 minutes and
then irrigated with normal saline solution (day 0). Then, the
corneas were evaluated.

Clinical Evaluation and Alizarin S Red Staining

Corneal opacity was observed by slit lamp biomicroscopy
and photographed. Corneal opacity was graded with
photographs at days 0, 3, 7, and 14. Corneal opacity was
graded in a blinded manner as follows: grade 0 = clear
cornea; grade 1 = mild corneal opacity allowing good visibil-
ity of details of the iris; grade 2 = moderate corneal opacity
with partial masking of iris; and grade 3 = severe corneal
opacity without a view of iris. Rats were sacrificed at day
7, or 14. Eyes were enucleated and fixed in 3.7% formalde-
hyde (Biosesang, Seoul, Korea). Corneal endothelial stain-
ing was performed with 0.2% alizarin red S (Sigma-Aldrich,
St. Louis, MO, USA) in 0.9% NaCl (pH 4.2) for 90 seconds.
The corneas were then fixed in 2.5% glutaraldehyde (Sigma-
Aldrich). Then, the corneal buttons were removed, placed on
cavity slides, and mounted under a coverslip (taped to the
slide to flatten the cornea) with a drop of 0.9% NaCl. The
endothelium was viewed under the microscopy (DM2000;
Leica, Wetzlar, Germany), and photographs of the central
endothelium were taken. Cells were counted at × 400 magni-
fication.

Cell Culture and Transfection

This study was performed in accordance with the tenets of
the Declaration of Helsinki and was reviewed and approved
by the institutional review board/ethics committee of
Hallym University Medical Center. The cells were cultured
in accordance with previously published methods.16,17

The corneas from a total of six donors were used.16 All
the cells remained attached to the DM. The endothelial
cell–DM complex was incubated for 10 minutes in 0.25%
trypsin/0.02% ethylenediamine tetra-acetic acid (EDTA)
solution (Invitrogen, Grand Island, NY, USA). The cells
were then plated at the bottom of six-well plates coated
with a fibronectin–collagen combination (FNC) coating mix
(Athena Environmental Sciences, Inc., Baltimore, MD, USA).
The cells were cultured in OptiMem-I media (GIBCO/BRL
Life Technologies, Grand Island, NY, USA) supplemented
with 8% fetal bovine serum (FBS; Cambrex Bio Science,
Walkersville, MD, USA), 200mg/L calcium chloride (Sigma
Chemical Co., St. Louis, MO, USA), 0.08% chondroitin sulfate
(Sigma Chemical Co.), 20 μg/mL ascorbic acid (Sigma Chem-
ical Co.), 100 μg/mL pituitary extract (Invitrogen, Grand
Island, NY), 5 ng/mL epidermal growth factor (Sigma
Chemical Co., St. Louis, MO), 20 ng/mL nerve growth factor
(Sigma Chemical Co., St. Louis, MO), 10 μg/mL gentamicin

(Invitrogen), 100 IU/mL penicillin (Cambrex Bio
Science),100 IU/mL streptomycin (Cambrex Bio Science)
and 2.5 μg/mL amphotericin (Cambrex Bio Science) under
5% CO2. Medium was changed every two days. Cells were
cultured for 10 to 14 days until confluency and were then
passaged at a ratio of 1:3 using 0.25% trypsin/0.02% EDTA
solution.

To evaluate the transfection efficiency, fluorescein isoth-
iocyanate (FITC)–conjugated siRNA (Bioneer, Daejeon,
Korea) were transfected to the cells. To silence COL8A2
expression, we used small-interference RNA (siRNA). siRNA
for COL8A2 (1296-1; sense, 5′-GUC AAG GGC ACC AAC
GUG U-3′ and antisense, 5′-ACA CGU UGG UGC CCU
UGA-3′) and nonspecific control siRNA (SN-1001) used
as a negative control, were purchased from Bioneer
Cooperation. Summarily, primary HCECs at a density of
5 × 104 cells/cm2 were transfected with siRNA specific
for COL8A2 at 10 nmol/L concentrations, or with negative
control siRNA, using Lipofectamine RNAiMAX (Invitrogen)
according to the manufacturer’s instructions. The transfec-
tions were performed at 70% confluency. After incubation
for 48 to 72 hours, the cells were collected for further evalua-
tion. The cells were separated into two groups: siRNA group
targeting COL8A2 (siCOL8A2), and a control group (siCon-
trol). The effect of COL8A2 silencing was confirmed by west-
ern blot analysis or RT-PCR 48 hours after transfection.

Transendothelial Electrical Resistance (TEER) and
Transendothelial Electrical Potential Difference
(TEPD)

Endothelial barrier function was assessed by measurement
of the TEER and TEPD. The surface of 1.12 cm2, 0.4 μm pore
sized Transwell inserts (CLS3460, Corning Incorporated/Life
Sciences, Tewksbury, Massachusetts, USA) were coated with
FNC coating mix. Then, 1 mL of culture media was added
to the bottom well of a 12-well tissue culture plate, and
200 μL was added to the inside of the collagen-coated Tran-
swell insert. Cells were seeded onto each collagen-coated
Transwell insert at a density of approximately 100,000
cells/insert and cultured at 37°C, 5% CO2 for seven days
before use and transfected with siRNA. TEER and TEPD
were measured using an epithelial voltohmmeter (EVOM2;
World Precision Instrument, Inc., Saratoga, FL, USA). The
wells were then washed twice with serum-free medium and
allowed to equilibrate for one hour at 37°C, 5% CO2 before
measurement.18 TEER was measured in triplicate for each
well. Each group contains four wells. STX2 chopstick elec-
trode (4 mm wide and 1 mm thick; World Precision Instru-
ment, Inc.) was used on the transwell TEER measurement.19

Each experiment was repeated in triplicate.

Cell Proliferation

Cell proliferation rate was measured using a commercial
bromodeoxyuridine (BrdU) proliferation assay kit (Roche
Diagnostics, GmbH, Mannheim, Germany) according to the
manufacturer’s protocol. Cells (5 × 103 cells/well) were
placed in 96-well plates (NUNC 167008; Thermo Fisher
Scientific, Denmark) and incubated for 48 hours in a humid-
ified atmosphere containing 5% CO2. Cells were then trans-
fected and labelled with BrdU at 37°C and 5% CO2 for
72 hours. After incubating the plate in the FixDenat solu-
tion for 30 minutes at room temperature, the cells were
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incubated with anti-BrdU-POD solution for approximately
90 minutes at room temperature. Then, substrate solution
was added to each well, and the plate was incubated for
20 minutes at room temperature. Thereafter, 1 mol/L H2SO4

was added to each well to stop the reaction. The optical
density was measured at 450 nm using an ELISA reader
(Synergy HTX, Biotek, Winooski, VT, USA). Proliferation
rates were expressed as the percentage of controls after
subtraction of the corresponding blanks.

Cell Cycle Analysis

Cell cycle analysis was performed using the Muse cell
analyzer (Merck Millipore, Burlington, MA, USA) with
propidium iodide (PI) staining according to the manufac-
turer’s protocol. Briefly, cells were grown in six-well plates
and transfected with siRNA; then harvested by trypsiniza-
tion and washed twice with phosphate-buffered saline solu-
tion (PBS). The cells were fixed with 1 mL of 70% cold
ethanol at −20°C for five hours and washed twice with
PBS. After centrifugation at 1500 rpm for five minutes,
the samples were treated with 200 uL solution including
50 μg/mL PI (Merck Millipore) and 100 μg/mL RNase A
(Biosesang, Seongnam, Korea). The percentage of cells in
G0/G1, S and G2/M phases was then calculated using a Muse
cell analyzer.

Western Blotting

Radioimmunoprecipitation assay buffer (Biosesang, Seoul,
Korea), containing a p8340 protease inhibitor cocktail
(one tablet/10 mL; Sigma-Aldrich) and PhosSTOP phos-
phatase inhibitor cocktail (one tablet/10 mL; Roche, Basel,
Switzerland), was used to isolate total cellular proteins.
Western blotting was conducted using standard proto-
cols. Either 5% skim milk or gelatin was used for
blocking the nonspecific binding for one hour. Primary
antibodies were mouse antihuman COL8A2 antibody
(sc-293350, Santa Cruz biotechnology, 1�200 dilution),
rabbit antihuman cyclin D1 antibody (sc-718, Santa
Cruz, 1�1000 dilution), mouse antihuman SNAI1 antibody
(sc-271977, Santa Cruz, 1: 1000 dilution), rabbit antihuman
pSMAD2 antibody (LF-PA20460, Abfrontier, Seoul, 1�1000
dilution), mouse antihuman SMAD2/3 antibody (sc-133098,
Santa Cruz, 1�1000 dilution), rabbit antihuman GSK3β anti-
body (ab32391, Abcam, 1�1000 dilution), rabbit antihu-
man β-catenin antibody (ab325572, Abcam, 1�1000 dilu-
tion), goat antiSLC4A11 antibody (NBP1-46156, Novusbio,
1�1000 dilution), mouse anti-notch1 antibody (sc-376403,
Santa Cruz, 1�500 dilution), or rabbit anti-GAPDH antibody
(LF-PA0212, Abfrontier, 1�5000 dilution). A horseradish
peroxidase (HRP) conjugated secondary antibody and a
WEST-Queen Western Blot Detection Kit (iNtRON biotech-
nology, Seongnam, Kyounggi-do, Korea) were used to detect
immunoreactive bands. Data were quantified by video image
analysis. Protein bands were measured by densitometry
(Image J, National Institutes of Health, Bethesda, MD, USA).

Real-Time Reverse Transcription PCR

RNA was extracted from the cultured HCECs separately
using the ReliaPrep RNA Miniprep Systems (Promega
Cooperation, Madison, WI, USA) according to the manu-
facturer’s instructions. RNA concentrations were deter-
mined by ultraviolet spectrophotometry. The first-strand

complementary DNA was synthesized from 0.2 μg of
total RNA with oligonucleotide primers using a commer-
cially available kit (GoScript Reverse Transcription System;
Promega Cooperation). Complementary DNA samples were
aliquoted and stored at –20°C until use. Real-time quantita-
tive RT-PCR (RT-qPCR) were performed in 20-μL volumes
using the AccuPower 2X GreenStar qPCR Master Mix
(Bioneer) with real-time qPCR Primer Assay for human,
and the following thermocycling parameters −95°C for
10 minutes then 40 cycles at 95°C for 15 seconds and at
60°C for 60 seconds. SYBR green fluorescence was measured
at the end of each cycle. The β-actin gene, a housekeep-
ing gene, was used as a standard for normalization. Primer
sequences, purchased from Bioneer, were described in the
Table. Assays were performed in triplicate. Melting curve
analysis was performed to ensure good-quality specific PCR
products. RT-qPCR results were analyzed, using the relative
standard curve method and compared and calibrated against
the control group.

Mitochondrial Oxidative Stress Evaluation

MitoSOX Red (Invitrogen) was used to measure mitochon-
drial superoxide production according to the manufacturer’s
protocol. Cells (1 × 105) were cultured in six-well plates and
transfected with siRNA for 48 hours. Cells were incubated
with 5 μmol/L MitoSOX reagent for 30 minutes at 37°C in
the dark and then washed with PBS. Cells were harvested
by trypsinization and washed twice with PBS. Fluorescence
intensity in each well was measured using Muse cell analyzer
at an excitation wavelength of 510 nm and an emission wave-
length of 590 nm. The mean intensities of MitoSOX Red fluo-
rescence of the three samples in each group were obtained
and compared.

MitoTracker Red Staining

MitoTracker red FM fluorescent probe (Invitrogen) was used
to measure mitochondrial mass according to manufacturer’s
protocol. Cells (1 × 105) were cultured in six-well plates
and transfected with siRNA for 48 hours. Cells were incu-
bated with MitoTracker red FM fluorescent probe at a final
concentration of 200 nmol/L for 30 minutes and then washed
with PBS. Cells were harvested by trypsinization and washed
twice with PBS. Muse cell analyzer was used to measure
MitoTracker red fluorescence intensity at an excitation wave-
length of 532 nm and emission wavelength of 576 nm. The
mean intensities of fluorescence of the three samples in each
group were obtained and compared.

Immunofluorescence Staining

Immunofluorescence staining was carried out. Briefly, hCECs
cultured on coverslips for three days were transfected
with a siRNA. At 48 hours after transfection, cells were
fixed in 3.7% formaldehyde and permeabilized with 0.5%
Triton X-100. Cells were washed with PBS and incu-
bated with blocking solution (normal goat serum, Invit-
rogen) for 30minutes. Cells were incubated with rabbit
anti-zonula occludens-1 (ZO-1) antibody (sc-10804, diluted
1:100) at 4°C overnight. Cells were washed with PBS
and incubated with fluorescein isothiocyanate-conjugated
secondary goat anti-rabbit IgG (diluted 1:100; Invitrogen)
antibodies for onehour at room temperature. Samples were
mounted on slides with antifade mounting medium with
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TABLE. Primers for Real-Time PCR

Forward Reverse

COL8A2 GGCAAAGGCCAGTACCTG CCCCTCGTATTCCTGGCT
PCNA GCGTGAACCTCACCAGTATGT TCTTCGGCCCTTAGTGTAATGAT
CDK2 CCAGGAGTTACTTCTATGCCTGA TTCATCCAGGGGAGGTACAAC
CDKN2A CATAGATGCCGCGGAAGGT CTAAGTTTCCCGAGGTTTCT CAGA
SANI1 CCCCAATCGGAAGCCTAA CCTTTCCCACTGTCCTCAT
SMAD1 TAC GCC CCC ACC TGC TTA C TTT GTG TCC ATC GGC TGA GA
a-SMA CCGACCGAATGCAGAAGGA ACAGAGTATTTGCGCTCCGAA
Vimentin TCTCTGAGGCTGCCAACCG CGAAGGTGACGAGCCATTTCC
TGF-b1 CACTCCCGTGGCTTCTAGTG GTCTTGCAGGTGGAGAGTCC
CTNNB1 AAAGCGGCTGTTAGTCACTGG CGAGTCATTGCATACTGTCCAT
SLC4A11 CCTCCAATCTCTGTGTACTGC TTCTTGAAGTATCCCTGAGTGC
Notch1 GACTTTACAGGTATATCCGGAGCAA TGCAGATACACTGGACAATGTAGA
ZO1 GTGTTGTGGATACCTTGT GATGATGCCTCGTTCTAC
NOX4 GACTTTACAGGTATATCCGGAGCAA TGCAGATACACTGGACAATGTAGA

4′,6-diamidino-2-phenylindole (DAPI; Vector Laboratories,
Burlingame, CA, USA). For negative control, primary anti-
body was omitted. Slides were viewed under a fluorescence
microscope (DM2000; Leica).

Statistics

Data were expressed as mean ± standard deviation. Each
experiment was repeated in triplicate. An independent t-test
was used for comparison of two groups. Fold change means
relative mRNA expression to control. Data were analyzed
using GraphPad Prism software version 8.4 (GraphPad Soft-
ware, Inc., San Diego, CA, USA).

RESULTS

In vivo Suppression of COL8A2

After transfecting siCOL8A2 into the corneal endothelium
of SD rats, RT-qPCR was performed in rCECs. Expression
of siCOL8A2 mRNA was reduced in the corneal endothe-
lium (4.73% ± 1.54%; Fig. 2A). Corneal opacity increased
in the siCOL8A2-transfected cornea at day 3, 1 week, and
2 weeks after in vivo transfection (P = 0.049, 0.008, and
0.001; Figs. 2B and 2C). Alizarin S red staining of the corneal
endothelium revealed CEC elongation in the siCOL8A2-
transfected cornea after in vivo transfection, which was simi-
lar to the change in shape of cultured hCECs after siCOL8A2
transfection (Fig. 2D).

In vitro Suppression of COL8A2

Cell Culture and Transfection. The hCECs were
cultured and exhibited a mosaic pattern at P0 (Fig. 1A).
Cells were transfected with FITC-conjugated siRNA to assess
transfection efficiency. In transfected cells, FITC-conjugated
siRNA is observed in the cytoplasm or nucleus as green
fluorescence (Fig. 1B). Transfection efficiency was 81.67% ±
3.06%. The hCECs were transfected with siCOL8A2, which
lead to a reduction of COL8A2 expression to 13.65% ±
8.23% compared with the siControl group, as determined
by RT-qPCR. This result was also confirmed by Western
blotting (15.8% ± 3.4%; Figs. 1C and 1D). The reduction
in the expression of COL8A2 was sufficient for subsequent
analysis.

Corneal Endothelial Function. To investigate
barrier function, TEER and TEPD were measured after
hCECs were cultured in the insert of a transwell chamber.
TEER and TEPD reduced in the siCOL8A2 group (141.8 ±
10.5 � and −2.63 ± 0.06 mV) compared to the siControl
group (165.8 ± 8.8 � and −2.83 ± 0.05 mV; 24.00� and
0.192 mV decease; P= 0.004 and 0.007, respectively; Figs. 1E
and 1F). Tight junctions are important for the barrier func-
tion, and the distribution of ZO1, a major component of
tight junctions,18 was investigated by immunofluorescence
staining. Immunofluorescence staining for ZO1 is shown
in Figure 1G. ZO1 was densely localized and well-formed in
the siControl group, and its formation decreased in slender
hCECs transfected with siCOL8A2.

Cell Proliferation. Compared to siControl-treated
cells, the cell proliferation rate (30.0% decrease; P = 0.006
and 0.044; Fig. 3A) and the percentage of cells in S-phase
(52.8% decrease; P = 0.012; Figs. 3B and 3C) was reduced
in siCOL8A2-treated cells. Next, molecules associated with
cell cycle progression were investigated. Cyclin D1 protein
expression (64.1% decrease; P = 0.047; Figs. 3D and 3E),
and mRNA expression of PCNA and CDK2 (64.8% and
58.2% decrease; P < 0.001 and 0.002, respectively; Figs. 3F
and 3G) decreased in the siCOL8A2 group. In contrast,
mRNA expression of CDKN2A, an inhibitor of prolifera-
tion,20 was increased by 115.9% in the siCOL8A2 group
(P < 0.019; Fig. 3H).

Endothelial-Mesenchymal Transition (EMT).
EMT was investigated in cultured hCECs. Upon evaluating
cell shape, hCECs transfected with siCOL8A2 were slender,
elongated, and spindle-shaped, whereas cells in the siCon-
trol group had a polygonal shape (Fig. 4A). EMT-associated
molecules were next evaluated. pSMAD2 protein levels,
which is an activated form of SMAD2 that is present at
elevated levels during EMT, were reduced in the siCOL8A2
group compared to that in the siControl group (84.3%
decrease; P < 0.001; Fig. 4B). SNAI1 mRNA expression,
which has been implicated in EMT,21 was reduced in the
siCOL8A2 group compared with that in the siControl group
(80.5% decrease; P = 0.008; Fig. 4B), and this was confirmed
by Western blotting (28.5% decrease; P = 0.034; Fig. 4C).
The mRNA expression of SMAD1 was increased in the
siCOL8A2 group compared to that in the siControl group
(77.3% increase; P = 0.002; Fig. 4d). Next, EMT-associated
cytoskeletal molecules were evaluated. The mRNA expres-
sion of α-SMA, vimentin, and TGF-β1 was reduced in the
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FIGURE 1. Transfection of siCOL8A2. (A) Cultured human corneal endothelial cells show mosaic pattern. Bar scale = 150 μm. (B) FITC-
conjugated siRNA was observed after transfection. Bar scale = 100 μm. (C and D) After siCOL8A2 transfection, COL8A2 expression was
evaluated using RT-PCR, and confirmed by western blotting. (E) TEER and (F) TEPD in siControl and siCOL8A2 of cultured hCECs. TEER
and TEPD were disrupted in siCOL8A2. (G) Immunofluorescence staining for ZO-1 (green). Blue is DAPI for nuclear staining. Bar: 50 μm.
*Statistically significant.

siCOL8A2 group compared to that in the siControl group
(41.9%, 26.3%, and 84.3% decrease; P = 0.007, <0.001, and
0.006; Figs. 4E, 4F, 4G).

Wingless-INT (WNT) Signaling. The WNT signal-
ing pathway was evaluated alongside EMT-related signal-
ing. GSK3β and β-catenin are involved in WNT signaling.22

WNT signaling was evaluated in cultured hCECs. The expres-
sion of GSK3β was unchanged (Fig. 5A) and mRNA expres-
sion of β-catenin was decreased in the siCOL8A2 group

compared to that in the siControl group (26.3% decrease;
P < 0.001), which was confirmed by Western blotting
(Fig. 5B). The mRNA expression of SLC4A11 was decreased
in the siCOL8A2 group compared to that in the siControl
group (53.5% decrease; P < 0.001), which was confirmed by
Western blotting (Fig. 5C). The mRNA expression of Notch1
was increased in the siCOL8A2 group compared to that in
the siControl group (307.2% increase; P = 0.006), which was
also confirmed by Western blotting (Fig. 5D). The mRNA
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FIGURE 2. Functions of corneal endothelial cells after siCOL8A2 transfection. (A) COL8A2 mRNA expression in rat corneal endothelium
after COL8A2 siRNA transfection in vivo was reduced (4.73% ± 1.54%). Fold change means relative mRNA expression to control. (B and C)
Corneal opacity during the experiments. (D) Alizarin S red staining showed CEC elongation, which was similar with the change in cultured
cell shape after siCOL8A2 transfection. Bar: 100 μm. *Statistically significant.

expression of ZO1 and NOX4 was higher in the siCOL8A2
group compared with that in the siControl group (202.4%
and 134.5% increase; P < 0.001 for both; Figs. 5E and 5F).

Mitochondrial Oxidative Stress and MitoTracker
Red Fluorescence Levels. Mitochondrial oxidative stress
levels were evaluated in cultured hCECs using the
MitoSOX probe. Increased fluorescence intensity indi-
cated elevated mitochondrial oxidative stress. The increase
in mitochondrial oxidative stress levels (25.9% increase;
P = 0.004; Figs. 6A and 6B) was confirmed by fluorescence
imaging (Fig. 6C). The MitoTracker red fluorescence inten-
sity decreased in the siCOL8A2 group compared to that in
the siControl group (56.6% decrease; P < 0.001; Figs. 6D
and 6E), which was also confirmed by fluorescence imaging
(Fig. 6F).

DISCUSSION

COL8A2 is a major component of DM, the basement
membrane of hCECs, and COL8A2 mutations have been
reported to be associated with early onset of FECD. In this
study, we revealed the role of COL8A2 in hCECs.

In this study, we found that corneal opacity increased
in siCOL8A2-transfected rat corneas in vivo. In vivo, rCECs
exhibited slender elongation, which was similar to the
results of in vitro experiments. COL8A2 is involved in
determining the structure and integrity of the cell shape.23

Mutation of COL8A2 led to biomechanical changes to the
DM preceding endothelial cell loss in an early-onset murine
model of FECD13 and inhibition of COL8A2 impaired CEC
function. Although silencing the COL8A2 gene did not
disrupt the structural integrity of DM, it could change the
expression of proteins present and the functions of cells.

CECs are not only a barrier between the corneal matrix
and the anterior chamber but also play a role in dehydra-
tion of the stroma by pumping out ions. Thus the main-
tenance of TEER and TEPD is important for hCEC func-
tion. Clinically, reductions in TEER and TEPD can result in
corneal edema, which can impair vision and require corneal
transplantation. This study revealed that transfection with
siCOL8A2 reduced TEER and TEPD in cultured hCECs, which
represents hCEC function.18 TEER is a functional param-
eter for in vitro barrier systems.19 TEER is the measure-
ment of electrical resistance across a cellular monolayer
and is a very sensitive and reliable method to assess the
integrity and permeability of the monolayer.19 TEER reflects
the ionic conductance of the paracellular pathway in the
epithelial or endothelial monolayer.19 The TEER of hCECs
was reported at 20 to 120 �/cm2

,
24 which is much lower

than that of corneal epithelial cells.18 Furthermore, inhibition
of COL8A2 (siCOL8A2) reduced TEER, indicating impaired
barrier functions in hCECs. TEPD is a very sensitive index of
endothelial transport generated by ionic transport.25 It is a
manifestation of the activity of endothelial fluid pumps that
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FIGURE 3. Cell proliferation. (A) Cell proliferation rate in siControl and siCOL8A2. (B and C) The percentage of cells in S-phase in siControl
and siCOL8A2. (D and E) Cyclin D1 expression levels in siControl and siCOL8A2. (F, G, and H) mRNA expressions of PCNA, CDK2 and
CDKN2A in siControl and siCOL8A2. *Statistically significant.

maintain the cornea at the level of hydration required for
transparency.4 TEPD values have been reported at 1 to
3 mV.18 Although TEER can be applied to measure barrier
function in virtually any type of cultured cell, TEER may
be influenced by indeterminate regions of the cell culture
outside the edges of the electrodes because it measures
impedance of the culture area directly above and between
the electrodes.26 The applied boundary conditions can be
identical by applying AC current between electrodes.4 In this
study, the boundary effect was not measured because the
current and frequency were not changed. Therefore, there
are limitations in measuring TEER.

This study demonstrated that COL8A2 plays a role in
cultured hCEC proliferation. siCOL8A2 reduced the prolif-
eration rate, as detected by BrdU, and expression of

proliferation-promoting proteins including cyclin D1 and
CDK2,27 and increased the expression of CDKN2A, a prolif-
eration inhibitor.20 COL8A2 has been suggested to generate
a matrix environment that permits or stimulates cell prolif-
eration,28 and has been reported to modulate the biolog-
ical effects of TGF-β1 on mesangial cells in the kidney.29

Lack of collagen VIII in mice ameliorates mesangial cell
proliferation and fibrosis.30,31 However, our study revealed
that COL8A2 inhibition in cultured hCECs suppressed EMT-
related changes. COL8A2 is a key extracellular matrix protein
associated with cell structure and integrity.13 siCOL8A2
induced changes in cell shape in vitro and in vivo, which are
similarly induced during EMT or mesenchymal-endothelial
transition (MET).32 Thus, EMT-associated proteins were eval-
uated in cultured hCECs. SNAI1 and pSMAD2/3 expression
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FIGURE 4. Endothelial-mesenchymal transition. (A) Cell shape was changed in siCOL8A2. Bar: 100 μm. (B) SNAI1 and pSMAD2 expressions
in siControl and siCOL8A2. (C) mRNA expression of SNAI1 was reduced in siCOL8A2 compared to siControl. (D) mRNA expression of
SMAD1 was increased in siCOL8A2 compared to siControl. (E, F, and G) mRNA expressions of α-SMA, vimentin and TGF-β1 in siControl
and siCOL8A2. *Statistically significant.

was reduced and SMAD1 expression was increased in the
siCOL8A2 group. SNAI1 interacts with SMAD signaling and
controls TGF-β1-induced EMT.33,34 The α-SMA, vimentin,
and β-catenin expression was decreased on siCOL8A2 treat-
ment. The α-SMA, vimentin, and β-catenin are cytoskeletal
proteins that are highly expressed during EMT.35 The α-SMA
is an EMT marker that plays an important role in fibrogene-
sis.36 Vimentin is an intermediate filament of mesenchymal
origin.22 TGF-β1 plays a role in CEC maturation and is impli-
cated in the expression of α-SMA and vimentin.37 Suppres-
sion of EMT impairs cell survival, migration, and prolifera-
tion.38 WNT signaling, an EMT-related signaling pathway,22

was evaluated in this study. GSK3β and β-catenin are compo-
nents of WNT signaling.22 In this study, GSK3β expression

was not changed, and β-catenin expression decreased, indi-
cating that GSK3β may be upstream to COL8A2 signaling.
β-catenin enhances adhesion at the cell membrane and can
be affected by changes in cell morphology.39

In this study, siCOL8A2 altered the expression of
SLC4A11, Notch1, ZO1, and NOX4, along with mitochon-
drial function. SCL4A11 is a Na+-dependent HCO3

− co-
transporter40 and is involved in the movement of water
from the stroma back to the aqueous humor.41 SLC4A11
mutation is one of the causes of CEC diseases.42 SCL4A11
regulates mitochondrial oxidative stress and SLC4A11 deple-
tion impairs antioxidant signaling and increases oxidative
stress in hCECs.43 NOX4 has been reported to be associ-
ated with CEC diseases.44 NOX4 is a member of the NADPH
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FIGURE 5. Protein and mRNA expression. (A) GSK3B expression was not different. mRNA expression of (B) β-catenin, (C) SLC4A11, and (D)
Notch1 were evaluated using RT-PCR, and confirmed by western blotting. (E and F) mRNA expressions of ZO1 and NOX4 in the siControl
and siCOL8A2 groups. *Statistically significant.

oxidase that regulates intracellular oxidative stress levels
by producing reactive oxygen species (ROS).37 The major
source of intracellular ROS is mitochondria.45 This study
found that COL8A2 modulated mitochondrial function; mito-
chondrial oxidative stress increased and MitoTracker red
intensity decreased, indicating mitochondrial dysfunction.46

Oxidative stress has been reported to be a cause of CEC
disease.47 ZO1 is a tight junction protein that contributes to

the barrier function of the corneal endothelium.18 During
EMT, ZO1 relocates from adhesion membrane complexes to
the cytoplasm.48 In contrast, EMT inhibition causes ZO1 to
localize to the cell membrane. ZO1 expression is affected
by oxidative stress.49 Notch1 signaling regulates EMT and
inhibition of Notch1 represses EMT.50 Notch1 signaling is
induced by oxidative stress and Notch1 suppresses oxida-
tive stress-induced cell death.51,52
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FIGURE 6. Mitochondrial functions. (A and B) Mitochondrial oxidative stress measured by MitoSOX probe in siControl and siCOL8A2. (C)
Representative pictures for MitoSOX staining. Bar: 50 μm. (D and E) Mitochondria membrane potential measured by MitoTracker red. (F)
Representative pictures for MitoTracker red staining. Bar: 50 μm.

Pre-existing DM in vivo may not be affected by the tempo-
rary knock-down of COL8A2, although long-term knock-
down of COL8A2 distorts the structure of the DM by altering
protein levels and extracellular matrix (ECM) accumulation.
Temporary knock-down of COL8A2 may have more effect
on cell shape and barrier function than on the structural
integrity of DM. COL8A2 is not known to play a role in the
ECM in normal cells. However, further study is necessary to
investigate the effect on the ECM using ECM coating.

In conclusion, COL8A2 may contribute to the functions of
hCECs, as well as the structural integrity of DM. COL8A2 is
essential in maintaining normal CEC morphology and func-
tion, and its inhibition may play an essential role in FECD
pathogenesis.
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