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Within ultraviolet radiation, ultraviolet B (UVB)  model, and that the molecular weight of HA is
is the most energetic and damaging to humans. a crucial factor. Only HMW-HA significantly
At the protein level, UVB irradiation downregu- reduces the UVB-induced cytotoxic effects in cor-
lates the expression of antioxidant enzymes neal cells and increases cell migration and
leading to the accumulation of reactive oxygen  wound-healing ability. In addition, proteomic
species (ROS). Due to lacking of a global anal-  analysis showed that HMW-HA might modulate
ysis of UVB-modulated corneal proteome, we cytoskeleton regulation, signal transduction, bio-
investigate in vitro the mechanism of UVB-  synthesis, redox regulation, and protein folding
induced corneal damage to determine whether to stimulate wound healing and to prevent these
hyaluronic acid (HA) is able to reduce UVB UVB-damaged cells from cell death. Further stud-
irradiation-induced injury in human corneal epi- ies evidenced membrane-associated progester-
thelial cells. Accordingly, human corneal epithe- one receptor component 1 (mPR) and malate
lial cell lines (HCE-2) were irradiated with UVB,  dehydrogenase (MDH2) play essential roles in
followed by incubation with low molecular protecting corneal cells from UVB irradiation.
weight HA (LMW-HA, 100 kDa) or high molec-  This study reports on UVB-modulated cellular
ular weight HA (HMW-HA, 1,000 kDa) to proteins that might play an important role in
investigate the physiologic protection of HMW-  UVB-induced corneal cell injury and show
HA in UVB-induced corneal injury, and to perr HMW-HA to be a potential substance for pro-
form a global proteomic analysis. The data tecting corneal cells from UVB-induced injury.
demonstrated that HA treatment protects corneal  Environ. Mol. Mutagen. 54:429-449,
epithelial cells in the UVB-induced wound 2013. ©2013 Wiley Periodicdls, Inc.
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INTRODUCTION accidents. A recent report shows that the cornea absorbs
more than 90% of UVB, and excessive exposure to UVB
might induce edema, photokeratitis, photo-ophthalmia,
and epithelial damage [Downes et al., 1994; Kolozsvari

Ultraviolet B (UVB) irradiation is one of the most
common corneal injuries among the most severe ocular
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et al., 2002]. In UVB-induced cell damage, UVB irradia-
tion has been shown to generate excessive levels of reac-
tive oxygen species (ROS), which might damage DNA
and activate both extrinsic and intrinsic cell-death path-
ways by activating cell death membrane receptors, the
caspase-8 pathway, mitochondrial death signals, and the
caspase-9 pathway [Okada and Mak, 2004; Pauloin et al.,
2009]. In the molecular mechanism, corneal irradiation
with UVB results in the downregulation or inactivation of
antioxidant enzymes, including superoxide dismutase, glu-
tathione peroxidase, and catalase in the corneal epithe-
lium, which might contribute to corneal damage from
UVB through ROS accumulation [Cejkova et al., 2000;
Lodovici et al., 2003]. In contrast, repeated irradiation
with UVB has been reported to overexpress nitric oxide
(NO) synthase, resulting in NO production, peroxynitrite
formation, and lipid peroxidation [Cejkova et al., 2005].
However, a global analysis of a UVB-modulated corneal
proteome in previous studies is lacking.

HA serves as one of the major extracellular matrix
components upon connective tissues and is reported abun-
dant inside the vitreous body of the eye. It is biosynthe-
sized as large 1,000 kDa disaccharide chains and is then
gradually degraded in the extracellular matrix to give
intermediate size HA (10-100 kDa) or even small frag-
ments (<1 kDa) [Pauloin et al., 2008]. HA has been
described to functionally modulate cell migration, wound
healing and cancer cell metastasis [Toole, 2004] and the
presence of endogenous HA was observed in various dis-
eased human corneas, including alkali-burn wounded cor-
neas [Fitzsimmons et al., 1994; Chung et al., 1996]. In
recent works, HMW-HA has shown to decrease benzalko-
nium chloride- and UVB-induced apoptosis in human cor-
neal epithelial cells [Pauloin et al., 2008, 2009] and
enable to speed up wound healing of corneal epithelium
in diabetic rats [Yang et al., 2010], yet the role of various
forms of HA on mechanisms of corneal wound healing
process following alkali burns has not been known.

In this study, the cellular targets of UVB-irradiation of
corneal cells were monitored by lysine-labeling 2D-DIGE
[Chan et al., 2005, 2006; Huang et al., 2010; Lai et al.,
2010; Chen et al., 2011a,b; Hung et al., 2011; Chou et al.,
2010, 2012; Wu et al., 2012]. These strategies combined
with MALDI-TOF MS were used to determine whether
cellular protein abundance was altered. The results demon-
strated a number of differentially labeled proteins that
were identified from 2-DE by MS. Subsequently, we
examined the protective ability of HA in UVB-irradiated
human corneal epithelial cells by performing biological
assays including cell proliferation and wound healing. Our
data demonstrated that the presence of HA may have a
therapeutic role to suppress UVB injury and the molecular
weight of HA is a crucial factor in corneal cell protection.
Moreover, proteomic analysis of the effects of HA on cor-
neal UVB-irradiation was also evaluated in this study.

MATERIALS AND METHODS

Chemicals and Reagents

Generic chemicals were purchased from Sigma-Aldrich (St. Louis),
while reagents for 2D-DIGE were purchased from GE Healthcare (Upp-
sala, Sweden). All primary antibodies were purchased from GeneTex
(Hsinchu, Taiwan) and anti-mouse and anti-rabbit secondary antibodies
were purchased from GE Healthcare (Uppsala, Sweden). The LMW-HA
and HMW-HA used in this study were both medical grade (listed in
European Pharmacopoeia) and purchased from Shiseido Co. (Tokyo,
Japan). These HAs contain less than 1% protein content and less than
0.0003 IU/mg bacterial endotoxins. All the chemicals and biochemicals
used in this study were of analytical grade.

Cell Line and Cell Cultures

The human corneal epithelial cell line HCE-2 was a gift from
National Taiwan University Hospital, Taiwan. The cell line was main-
tained in Dulbecco’s Modified Eagle’s medium and F-12 medium
(DMEM/F-12) supplemented with 10% fetal calf serum, L-glutamine (2
mM), streptomycin (100 pg per mL), penicillin (100 IU per mL), epider-
mal growth factor (20 ng per mL) (all from Gibco-Invitrogen Corp.,
UK), insulin (10pg per mL) (Sigma) and hydrocortisone (0.5pg per mL)
(Sigma). Cells were incubated at 37°C and 5% CO,.

MTT Cell Proliferation Assay

HCE-2 cells growing exponentially were trypsinized and seeded at a
density of 5,000 cells per well into 96-well plates. After washing with
PBS three times, the HCE-2 cells were transiently irradiated with indi-
cated doses of UVB or left untreated followed by incubation in serum-
free medium for 24 hr. The detail MTT procedure has been described in
our previous publication [Chou et al., 2012].

Scratch Wound Healing Assay

Exponentially growing HCE-2 cells were trypsinized and seeded at a
density of 30,000 cells per well into 24-well plates for 24 hr incubation
(~90% confluence). The scratch wounds were made by a sterile 200 pL
pipette tip through a pre-marked line. After removal of the resulting
debris from five lineal scratches, HCE-2 monolayer was subsequently
treated with indicated doses of UVB and rinsed three times with PBS
followed by incubated with serum-free medium for 24 hr. The wound
areas were displayed by taking images just above the interchanges
between scratched wound areas and pre-marked lines.

Sample Preparation and 2D-DIGE-Based
Proteomic Analysis

The detail experimental procedures have been described in our previ-
ous publications [Lai et al., 2010]. Briefly, HCE-2 cells in normal
growth medium at ~80% confluence were used for proteomic analysis.
HCE-2 cells with various treatments or left without treatment were lysed
with 2-DE lysis buffer. Before performing 2D-DIGE analysis, protein
samples were labeled with N-hydroxy succinimidyl ester-derivatives of
the cyanine dyes Cy2, Cy3, and Cy5. Protein sample (150 pg) was mini-
mally labeled with 375 pmol of either Cy3 or Cy5 for comparison on
the same 2-DE. In contrast, to facilitate image matching and cross-gel
statistical comparison, a pool of all samples was also prepared and
labeled with Cy2 at a molar ratio of 2.5 pmol Cy2 per pg of protein as
an internal standard for all gels. Thus, the triplicate samples and the
internal standard could be run and quantify on multiple 2-DE. After-
ward, the fluorescence 2-DE were scanned directly between the low flu-
orescent glass plates using an Ettan DIGE Imager and gel analysis was
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Fig. 1. UVB-induced alterations on cell cycle, cell apoptosis, cell prolif-
eration and wound closure ability in HCE-2 cells. (A) Cell cycle analysis
following UVB irradiation of HCE-2 cells for indicated doses. The per-
centage of cells at each stage of the cell cycle was analyzed by flow
cytometry after DNA staining with propidium iodide. Propidium iodide
fluorescence intensity is directly proportional to the quantity of DNA per
nuclei. The G1 cell cycle phase is the primary peak, the S phase fraction
is the area between the G1 and G2/M peaks, and the rightmost peak is
the G2/M fraction. (B) HCE-2 cells were irradiated with indicated doses
of UVB or left untreated for 24 hr. After irradiation, 10° cells were incu-
bated with Alexa Fluor 488 and propidium iodide in 1X binding buffer at
room temperature for 15 min, and then stained cells were analyzed by
flow cytometry. Annexin V is presented in x-axis as FLI-H, and propi-
dium iodide is presented in y-axis as FL2-H. LR quadrant indicates the

percentage of early apoptotic cells (Annexin V positive cells), and UR
quadrant indicates the percentage of late apoptotic cells (Annexin V posi-
tive and propidium iodide positive cells). (C) MTT-based cell prolifera-
tion assays were performed where 10,000 HCE-2 cells were plated into
96-well plates in medium containing 10% FBS. After 24 hr, the cells
were irradiated with the indicated doses of UVB. Cells were incubated
with MTT and then DMSO added and the plates shaken for 20 min fol-
lowed by measurement of the absorbance at 540 nm. Values were nor-
malized against untreated samples and are the average of 4 independent
measurements * the standard deviation. (D) The wound HCE-2 cells
were treated with 200 mJ/cm® UVB. The wound healing of HCE-2 cells
were photographed at the times indicated. Each treatment condition has
been performed at least three times. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Fig. 2. 2D-DIGE analysis of UVB-dependent differentially expressed
proteins in HCE-2 cells. UVB-irradiated HCE-2 cells were lysed and
arranged for a triplicate 2D-DIGE experiment. Protein samples (150 pg
each) were labeled with Cy-dyes and separated using 24 cm, pH 3-10
nonlinear IPG strips. The 2D-DIGE images of the protein samples from
untreated and 200 mJ/cm® UVB-irradiated HCE-2 cells were shown as

performed using DeCyder 2-D Differential Analysis Software v7.0 (GE
Healthcare) to co-detect, normalize and quantify the protein features in
the images. Features detected from non-protein sources (e.g. dust par-
ticles and dirty backgrounds) were filtered out. Spots displaying a =1.5
average-fold increase or decrease in abundance with a P value <0.05
were selected for protein identification.

Protein Staining, In-Gel Digestion, and
MALDI-TOF MS Analysis

Colloidal coomassie blue G-250 staining was used to visualize CyDye-
labeled protein features in 2-DE followed by excised interested post-stained
gel pieces for MALDI-TOF MS identification. The detailed procedures for
protein staining, in-gel digestion, MALDI-TOF MS analysis, and the algo-
rithm used for data processing were described in our previous publication
[Lai et al., 2010]. The spectrometer was also calibrated with a peptide cali-
bration standard (Bruker Daltonics) and internal calibration was performed
using trypsin autolysis peaks at m/z 842.51 and m/z 2211.10. Peaks in the
mass range of m/z 800 to 3,000 were used to generate a peptide mass fin-
gerprint that was searched against the Swiss-Prot/TTEMBL database
(v57.12) with 513,877 entries using Mascot software v2.2.06 (Matrix Sci-
ence, London, UK). The following parameters were used for the search:
Homo sapiens; tryptic digest with a maximum of one missed cleavage; car-
bamidomethylation of cysteine, partial protein N-terminal acetylation, par-
tial methionine oxidation and partial modification of glutamine to

UVB treated
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well as overlaid pseudo-colored image processed with ImageQuant Tool
(GE Healthcare) (top images). The differentially expressed identified pro-
teins with greater than 1.5-fold differences are annotated with circles (bot-
tom image). [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

pyroglutamate, and a mass tolerance of 50 ppm. Identification was accepted
based on significant MASCOT Mowse scores (P < 0.05), spectrum annota-
tion and observed versus expected molecular weight and p/ on 2-DE.

Immunoblotting Analysis

Immunoblotting analysis was used to validate the differential abun-
dance of mass spectrometry identified proteins. The detailed experimental
procedures were described in our previous reports [Chen et al., 2011a,b;
Hung et al., 2011; Lin et al., 2011]. All of primary antibodies used for
expression validation were purchased from Genetex (Hsinchu, Taiwan).

Immunofluorescence

The detailed experimental procedures for immunofluorescence analy-
sis was described in our previous reports [Lai et al., 2010].

siRNA Design, Construction, and Transfection

The siRNA against mPR and MDH2 were synthesized by Invitrogen.
The targeting sequences 5-AAU UUG CGG CCU UUG GUC ACA
UCG A-3' and 5-AGU GAA CUG AGA CUC CCA GUC ACU C-3'
against mPR and sequences 5'-UUC AGG UCC GAG GUA GCC UUU
CAC A-3, 5-AAU CGU GGC AUU GGU GUU GAA CAG G-3' and
5'-UAA CGA AGG AAC AUU CCA CAA CAC C-3' against MDH2
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Fig. 3. Percentage of differentially expressed proteins between UVB-treated and UVB-untreated HCE-2 cells according
to their biological functions (A) and subcellular locations (B). [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

were designed and verified to be specific by Blast search against the
human genome, and sequences of similar GC contents which do not
match any known human coding sequence were used for negative con-
trol against mPR and MDH2. Transfection was mediated with Lipofect-
amine RNAIMAX (Invitrogen) according to the manufacturer’s
instruction. Briefly, cells were transfected with 60 nM of mPR siRNA,
60 nM MDH2 siRNA or the corresponding control (pGCsi-control) in
serum free medium containing Lipofectamine RNAIMAX for 4 hr fol-
lowed by recovered in medium containing 10% FCS for 24 hr. The effi-
ciency of siRNA knockdown was monitored with immunoblotting by
using primary antibodies against mPR and MDH?2.

Flow Cytometry Analysis for Apoptosis Detection

Annexin-V/propidium iodide (PI) double assay was performed using
the Annexin V, Alexa Fluor® 488 Conjugate Detection kit (Life technolo-
gies). Following UVB-irradiation, cells were typsinized from culture dish

and washed twice with cold PBS; 1 X 10° cells were resuspended in 500
pL binding buffer and stained with 5 pL Alexa Fluor 488 conjugated
annexin V according to the manufacturer’s instructions. Propidium iodide
(PI) (1 pL 100 pg/mL) was added and mixed gently to incubate with cells
for 15 min at room temperature in the dark. After incubation period, sam-
ples were subjected to FCM analysis in 1 hr. using BD Accuri C6 Flow
Cytometry (BD Biosciences, San Jose, CA). The data were analyzed using
Accuri CFlow® and CFlow Plus analysis software (BD Biosciences).

RESULTS

UVB-Induced Shifts in Protein Expression Profiles in
Human Corneal Epithelial HCE-2 Cells

To evaluate the UVB effect on human corneal epithe-
lial cells (HCE-2), we exposed these cells to UVB in a
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Fig. 4. Expression profiles for differentially expressed proteins poten-
tially contributing to: (A) protein folding and (B) redox regulation, (C)
carbohydrate metabolism, and (D) signal transduction/calcium regulation
in UVB-treated and UVB-untreated HCE-2 cells. The horizontal bars

range of 0 to 800 mJ/cm®. We first analyzed the DNA
content of UVB-irradiated HCE-2 cells to determine
whether UVB irradiation arrests cell cycle progression
through propidium iodide staining, followed by flow
cytometry analysis. The stained DNA contents of the
HCE-2 cells after UVB irradiation demonstrated that 58%
of the cells were at G1, 15% were at the S phase, and
27% were at G2/M. The stained DNA contents of the
HCE-2 cells following irradiation with 20, 100, and 200
mJ/cm?> UVB demonstrated that 44%, 34%, and 38% of
the cells were at Gl, respectively; 28%, 27%, and 24%
were at the S phase, respectively; and 26%, 33%, and
33% were at G2/M, respectively, implying a significant
cell cycle arrest at the S phase and at the G2/M phase
following UVB irradiation (Fig. 1A). In a subsequent
study, we used flow cytometry with propidium iodide
staining and annexin V-conjugated Alexa Fluor 488 to
analyze the percentages of apoptotic HCE-2 cells induced
by various doses of UVB irradiation. The total number of
apoptotic cells is represented by the number of early apo-
ptotic cells plotted in the LR quadrant and the late apo-
ptotic cells displayed in the UR quadrant of the resulting
histograms. We found that UVB irradiation at doses from

represent fold-changes in protein expression and the vertical axis indicates
the identified proteins. Additional details for each protein can be found in
Table 1. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

0 mJ/cm?® to 200 mJ/cm? increases the percentage of total
apoptotic cells (LR + UR) in HCE-2 from 13.7% to
40.6%. Thus, UVB has been shown to directly affect
UVB-induced HCE-2 cell apoptosis (Fig. 1B). We per-
formed an MTT assay to determine the UVB-induced cell
damage. Exposure to UVB indicated a dose-dependent
loss of cell proliferation in HCE-2 (Fig. 1C). At a dose of
200 mJ/cm?, we detected a significant loss (50%) of cell
proliferation at 24 hr. We then studied the UVB effect on
the corneal epithelial cell-wound closure. The results
demonstrated that 200 mJ/cm”® UVB reduces the wound
closure in HCE-2 cells. Figure 1D shows chronological
changes in the areas of 200 mJ/cm? UVB-induced epithe-
lial defects. The results also indicate that epithelial wound
healing is relatively rapid within 8 hr after wounding in
control HCE-2. In contrast, no significant restoration of
wound areas was found when HCE-2 cells were irradiated
with 200 mJ/cm? UVB. These results show that UVB has
a considerable effect on corneal epithelial wound healing.

We found HCE-2 cells obtained 24 hr after 200 mJ/cm?
UVB irradiation or non-irradiation. Two cell lysate sam-
ples were analyzed using 2D-DIGE to examine changes in
protein expression induced by UVB irradiation. The
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Fig. 5. Representative immunoblotting analyses for selected differentially
expressed proteins identified by 2D-DIGE/MALDI-TOF MS for UVB-
untreated or -irradiated HCE-2 cells. The levels of identified proteins, (A)
cytokeratin 8, (B) STIP1, (C) peroxiredoxin 6, (D) HSP-60 in 200 mJ/
cm? doses of UVB-irradiated HCE-2 cells versus untreated ones were

1

analysis detected 1,290 protein spots and 150 protein fea-
tures that displayed differential expression (=1.5-fold; P <
0.05) between UVB-irradiated HCE-2 cells and the control
cells (Fig. 2). The proteins in 95 of these features were
subsequently identified by MALDI-TOF MS (Tables I and
II). These differentially expressed proteins are located
mostly in the cytoplasm, the mitochondria, the endoplas-
mic reticulum, and the nucleus, and they play a role in
protein folding, cytoskeleton regulation, protein biosynthe-
sis, redox regulation, metabolism, and signal transduction
(Fig. 3 and Tables I and II).

We further determined numerous potential biological
functions of the identified proteins toward UVB-induced
cell responses in human corneal epithelial cells by using a
Swiss-Prot search combined with KEGG pathway analysis.
Our findings demonstrated that UVB treatment upregulates
proteins known to regulate protein folding, redox regula-
tion, carbohydrate metabolism, and calcium regulation, but
not in the control HCE-2 cells. This result implies the
enhanced ability of UVB irradiation in maintaining cellular
protein conformation, the redox modification of cellular
proteins, cell metabolism, and calcium signaling (Fig. 4).
The induced expression of redox-regulated proteins such as
peroxiredoxins in UVB-irradiated cells may account for
reduced UVB-induced ROS, and our previous observation
shows a similar report in UVB-induced skin fibroblast
responses [Wu et al., 2012].

Environmental and Molecular Mutagenesis. DOI 10.1002/em

Hyaluronic Acid-Dependent Protection on UVB Damage 439
> uvB
@
B & L > untreated treated

—

=3

uve

confirmed by immunoblotting. The levels of these proteins were visual-
ized by 2-DE images (top right panels) and three-dimensional spot images
(bottom right panels). GAPDH is used as a protein level loading control
in immunoblotting. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

To verify the upregulation or downregulation of the
identified proteins, we performed immunoblotting analysis
on certain proteins that we found modulated by UVB irra-
diation in HCE-2 cells, compared with the control cells
without UVB irradiation (Fig. 5). Among them, we used
specific antibodies against cytokeratin 8, STIP1, peroxire-
doxin 6, and HSP-60. The immunoblotting results revealed
that most of these verified proteins showed the same pat-
tern of expression with 2D-DIGE analysis (Tables I and
II). These results also strengthen the validation of 2D-
DIGE analysis in this study.

HMW-HA Improves Cell Proliferation and Facilitates
Cell Migration and Wound Healing in UVB-Irradiated
HCE-2 Cells

In our previous studies, we reported that HA improves
cell proliferation and facilitates cell migration and wound
healing in alkali-burned injuries in human corneal epithe-
lial cells. To clarify whether HA mediates corneal cell
protection against UVB irradiation, we treated UVB-
irradiated HCE-2 cells with 0.05% or 0.3% LMW-HA or
HMW-HA or left them untreated to investigate the HA
effect on corneal epithelial cell proliferation and migra-
tion. The results demonstrated that both LMW-HA and
HMW-HA improve cell proliferation and the cell migra-
tion rate after treatment with an ICso dose of UVB (200
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Fig. 6. Effect of LMW-HA and HMW-HA on HCE-2 cell proliferation,
migration ability, and wound healing ability after UVB-irradiation. (A)
HCE-2 cells were incubated in serum free medium and treated with 200
mJ/cm? UVB. After three washes with PBS, HCE-2 were incubated in
serum free medium containing indicated concentrations of HA or left
untreated for 24 hr. Cell proliferation was subsequently determined by
MTT cell proliferation assay. Data are mean * SD of six independent
experiments. (B) A cloning ring was placed onto the marked circumfer-
ence inside each well of 24-well tissue culture plates and the HCE-2 cell
suspensions were seeded into the cloning ring for an overnight incubation
at 37°C before the rings were lifted. The cell monolayers were washed
once with PBS and the experiment was initiated by the irradiation of 200

mJ/cm?), and HMW-HA showed a considerably higher
reduction in cell proliferation compared with LMW-HA
treatment (Fig. 6A). However, no significant difference
exists in the cell migration ability between LMW-HA and
HMW-HA (Fig. 6B). To clarify corneal epithelial wound
healing by HA, we examined the effects of various doses

mJ/cm® UVB or left untreated followed by washed with PBS. The dam-
aged HCE-2 monolayers were immediately supplied with serum free
medium containing indicated concentrations of LMW-HA or HMW-HA
for 24 hr before stained with crystal violet for measuring migration pixel
areas. Data are mean *= SD of six independent experiments. (C) The
wound corneal epithelial cells (HCE-2) were treated with indicated con-
centrations of LMW-HA or HMW-HA in serum free medium or with
serum free medium alone after the HCE-2 cells were transiently irradiated
with 200 mJ/cm? UVB. The wound healing of HCE-2 cells were photo-
graphed at the times indicated. Each treatment condition has been per-
formed at least three times.

of LMW-HA and HMW-HA on wound closure in HCE-2.
Figure 6C shows the chronological changes in the areas
of 200 mJ/cm?> UVB-induced epithelial defects, followed
by incubation in a serum-free medium containing 0%,
0.05%, or 0.3% LMW-HA or HMW-HA. The results
indicated that epithelial wound healing was relatively
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Fig. 7. Immunofluorescence and immunoblotting analysis of morphologi-
cal, protein localization and protein phosphorylation changes in HCE-2
cells in response to HA treatment and pre-treatment with UVB. The
wound HCE-2 cells on cover slips were either left untreated or irradiated
with 200 mJ/cm® UVB followed by treated with indicated concentrations
of HA for indicated periods before fixation and staining for DAPI and F-
actin. Each set of three fields were taken using the same exposure and
images are representative of six different fields. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

rapid within 8 hr after wounding, and slowed throughout
8 to 24 hr. We observed a positive healing effect in
UVB-irradiated HCE-2 cells after treatment with 0.3%
HMW-HA. Compared with this condition, wound area
restoration decreased significantly when HCE-2 cells
were incubated in 0.05% LMW-HA, 0.3% LMW-HA, or
0.05% HMW-HA. These results show that 0.3% HMW-
HA has a profound effect on UVB-irradiation-induced
corneal epithelial wound healing.

HMW-HA-Modulated Proliferation and Cytoskeletal
Proteins Against UVB-Irradiated HCE-2 Cells

The assembly and disassembly of actin networks are
the major driving forces of cell movements. Actin poly-
meration and depolymeration can be modulated by profi-
lin and cofilin, respectively, thereby regulating actin
dynamics and cell migration. Further investigation by
immunostaining demonstrated that 200 mJ/cm® UVB
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irradiation induced a disruption in the cytoskeletal polar-
ity in the leading edge of HCE-2 cells (Fig. 7). However,
an incubation of 0.3% HMW-HA after UVB irradiation
promoted F-actin polarity and restored the wound closure
(Fig. 7). These observations indicate that actin polymer-
ization/depolymerization modulate peripheral actin orga-
nization and HCE-2 polarity after adding 0.3% HMW-
HA, presumably leading to an efficient regulation of pro-
trusion dynamics and wound healing of UVB-damaged
corneal cells.

Global Analysis of Protein Expression in Untreated or
UVB-Irradiated HCE-2 Cells with or without HMW-HA
Treatment

To clarify the human corneal epithelial cell response to
HMW-HA-mediated protection pathways against UVB
irradiation, we performed a 2D-DIGE experiment to
examine changes in protein expression in UVB-irradiated
HCE-2 cells treated with 0.05% HMW-HA and 0.3%
HMW-HA. The analysis revealed more than 85 protein
features that displayed differential expression (>1.3-fold;
P < 0.05) among the 3 conditions (Fig. 8). The proteins
in 32 of these features were subsequently identified by
MALDI-TOF MS and MS/MS (Tables III and IV). These
differentially expressed proteins function primarily in
cytoskeleton regulation, signal transduction, biosynthesis,
redox regulation, and protein folding (Fig. 9). Numerous
identified proteins showed UVB-dependent changes that
were partially reversed by HMW-HA treatment. The pro-
tein spot 1265 (adenylate kinase isoenzyme 2) was 1.63-
fold upregulated by UVB irradiation, but recovered to
become 1.36-fold downregulated when these cells were
treated with 0.05% HMW-HA (Tables I and II). The pro-
tein spot 1102, identified as the myosin regulatory light
chain MRLC3, was 2.05-fold upregulated by UVB irradi-
ation, but was significantly downregulated by 1.46-fold
when treated with 0.3% HMW-HA (Tables I and II). The
protein spot 855, identified as voltage-dependent anion-
selective channel protein 1, was 1.94-fold downregulated
by UVB irradiation, but was significantly upregulated by
1.4-fold when treated with 0.05% HMW-HA (Tables I
and II). These data confirm that HMW-HA partially—if
not completely—rescues UVB-induced cell death signals,
which are essential for corneal repair processes such as
cell proliferation, cell migration, and wound healing.

Evaluating the Roles of mPR and MDH2 on UVB
Irradiation in Corneal Cells Using siRNA Knockdown

We found mPR and MDH2 to be overexpressed in
UVB-irradiated corneal cells, which are responsible for
intracellular signal transduction, energy metabolism, and
exchanging reducing equivalents. Thus, we performed
knockdown experiments on HCE-2 cells to evaluate the
roles of mPR and MDH2 in UVB-irradiated corneal cells.
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Fig. 8. 2D-DIGE analysis of UVB-induced differential protein expres-
sion profiles in human corneal epithelial cells with post-treated by HMW-
HA or left untreated. Total cellular proteins (150 pg each) purified from
200 mJ/cm2 UVB treated HCE-2 cells before treated with indicated con-
centrations of HMW-HA for 24 hr were labeled with Cy-dyes and sepa-
rated using 24 cm, pH 3 to 10 nonlinear IPG strips followed by resolved
with 12.5% SDS-PAGE. The 2D-DIGE images of UVB-irradiated HCE-2

Immunoblot analysis showed an efficiency that is greater
than 90% in the reduction of endogenous mPR and
MDH?2 protein levels when GAPDH and 3-tubulins were
the internal standards. We maintained mPR and MDH2
knockdown efficiency for more than 5 days (data not
shown). The result indicated that mPR and MDH2 knock-
down with 60 mM of siRNA followed by irradiation with
the indicated UVB doses leads to UVB dose-dependent
reduced proliferation in HCE-2 cells compared with the
scramble siRNA transfected controls (Figs. 10A and
10B), implying that mPR and MDH2 play important roles
in protecting HCE-2 cells from UVB irradiation.

0.3% HMW-HA

l—ﬂ

f $ e -
. L] +
. = -

control and UVB-irradiated HCE-2 cells followed by incubated with indi-
cated concentrations of HMW-HA at appropriate excitation and emission
wavelengths were pseudo-colored and overlaid with ImageQuant Tool
(top panels). The differentially expressed identified protein features are
annotated with circles. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

DISCUSSION

Over the past few decades, the rapid progress of indus-
trial development has resulted in a thinning ozone layer
and an increase in solar UVB radiation reaching the earth.
The human eye is one of the most sensitive among all
organs in its response to external damage. The cornea is
located on the outer surface of the eye and suffers more
injuries from outside environments. Although the clinical
symptoms of UVB-induced damage on the cornea are well
characterized, the molecular mechanisms causing this dam-
age require further elucidation. Various approaches have
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Fig.9. Percentage of differentially expressed proteins between UVB-irradiated HCE-2 cells with post-treated by HMW-
HA or left untreated according to their biological functions (A) and subcellular locations (B). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

been used to investigate the biological effects of UVB
exposure on the cornea, specifically on gene and protein
expression levels [Shi et al., 2006; Black et al., 2011;
Ardan and Cejkova, 2012]. For example, UVB irradiation
of the cornea leads to a deficiency or inactivation in anti-
oxidant enzymes (superoxide dismutase, glutathione perox-
idase, and catalase) in the corneal epithelium, which might
contribute to corneal damage from UVB and the reactive
oxygen products it generates [Cejkova et al., 2000; Lodo-
vici et al., 2003]. In contrast, NO synthase was signifi-
cantly upregulated in the cornea through repeated UVB
irradiation and results in the stimulation of NO production,
peroxynitrite formation and lipid peroxidation [Cejkova
et al., 2005]. However, no global analysis on the UVB-
modulated corneal proteome exists in our knowledge. We

thus monitored UVB irradiation-induced alterations in the
protein expression of corneal epithelial cells by using
lysine-labeling 2D-DIGE. The protein expression profile
identified 95 proteins that showed different expression lev-
els in UVB-treated HCE-2 cells compared with non-
irradiated cells. Most of these differentially expressed pro-
teins play a role in protein folding and cytoskeleton regula-
tion, implying that UVB might induce corneal protein
aggregation, leading to the loss of corneal transparency
and a disturbance in wound closure following UVB-
induced injury. Our results demonstrated that UVB induced
significant cytotoxicity on HCE-2, and we observed a dra-
matic reduction in cell proliferation (confirmed by at least
3 independent MTT assays), migration ability, and the
wound-healing rate following UVB-induced injury. These
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Fig. 10. Effect of UVB-irradiation on cell proliferation of mPR siRNA
and MDH2 siRNA-silenced HCE-2 cells. Efficiency of mPR siRNA and
MDH?2 siRNA on the inhibition of mPR and MDH?2 expression in HCE-2
cells were determined with siRNA silencing and immunoblot analysis.
HCE-2 cells grown overnight were treated with indicated concentrations
of mPR-specific siRNA (A) or 60 nM MDH2-specific siRNA (B) for 24
hr. Expression of mPR and MDH?2 in HCE-2 cells were monitored with
immunoblotting by using primary antibodies against mPR and MDH2,
respectively. MTT-based proliferation assays were subsequently per-
formed where 5,000 HCE-2 cells seeded into 96-well plate for overnight
incubation followed by pre-treated with (A) 60 nM mPR-specific siRNA
or (B) 60 nM MDH2-specific siRNA combining with corresponding
scramble siRNA. After 24 hr, cells were irradiated with indicated doses
of UVB followed by incubated with MTT and then DMSO added and the
plates shaken for 20 min followed by measurement of the absorbance at
540 nm. Values were normalized against the scramble siRNA samples
and are the average of six independent measurements * SD.

data are associated with protein deregulation including cal-
pain, cofilin-1, fascin, LIM, SH3 domain protein 1,
microtubule-associated protein RP/EB family member 1,
profilin-1, and tubulins in our proteomic analysis. The in

vitro incubation with HA significantly reversed certain
UVB-induced corneal epithelial cell responses. HA, a vis-
cous biopolymer covered on the outer surface of the
plasma membrane, has been reported to potentially neutral-
ize ROS and cytotoxins [Nakamura et al., 1997; Pauloin
et al., 2009; Yang et al., 2010]. A previous report indicated
that actinoquinol-HA eye drops reduced alterations in the
corneal optics and suppressed oxidative damage in UVB-
irradiated corneas. However, the effective corneal protec-
tion provided by these eye drops was limited to the lower
UVB dose [Cejka et al., 2010]. The biological functions of
HA rely on its number of disaccharides [Toole, 2004a].
Accordingly, we focused on the correlation between the
molecular weight of HA and its ability against UVB-
induced corneal epithelial cell damage. We initially aimed
to clarify the role of HA during UVB irradiation. The
results showed that HMW-HA was superior to LMW-HA
in reducing the toxic UVB-induced effects and recovering
UVB-induced impairments in wound healing and cell
migration. HMW-HA was also found to modulate the
expression of cytoskeletal proteins (such as actins and
tubulins) and migration-regulated proteins (such as myosin
regulatory light chain MRLC3) after encountering UVB-
induced damage. Our immunofluorescence data also sug-
gested that HMW-HA might promote F-actin polarity and
restore the wound closure ability implying HMW-HA, pre-
sumably leading to the efficient regulation of protrusion
dynamics and the wound healing of UVB-damaged corneal
cells.

HA was reported to specifically act with cell-surface
receptor protein CD44 [Toole, 2004]. The interaction
between CD44 and HA is recognized as important in
wound healing and tumor metastasis [Isacke and Yar-
wood, 2002]. A previous report demonstrated that CD44
activation  increases the secretion of  matrix
metalloproteinase-2 (MMP-2) to stimulate cell migra-
tion, wound healing, and cancer cell metastasis through
the aid of matrix metalloproteinase-14 (MMP-14)
[Takahashi et al., 1999]. A recent report showed that
HMW-HA stimulates cell differentiation but has no con-
siderable effect on the CD44 level, whereas LMW-HA
inhibits cell differentiation and diminishes the CD44
level. This finding suggests that HMW-HA is more
potent in wound healing compared to the wound-healing
ability of LMW-HA because of the differential expres-
sion of CD44 [Maharjan et al., 2011]. Our data are in
agreement with these observations, demonstrating that
HMW-HA has a significant effect on UVB-induced cor-
neal epithelial wound healing. The CD44 receptor has
also been shown to express on the surface of corneal
epithelial cells [Pauloin et al., 2008], implying a close
relationship between HA and the plasma membrane
through the CD44 receptor in maintaining the plasma
membrane integrity of corneal cells during UVB-
induced damage. Apart from the molecular weight, our



findings showed that the HA concentration is crucial for
protecting corneal cells from UVB-induced injury. Our
data showed that 0.3% HMW-HA is the optimal con-
centration for protecting corneal epithelial cells from
UVB-induced damage. At this concentration, HMW-HA
might constitute a proper biopolymer structure that cov-
ers the outer surface of the plasma membrane by inter-
acting with the CD44 receptors. The CD44-bound
HMW-HA might thus promote cell proliferation signals
[Wang et al., 2011] or mask death receptors from acti-
vation to maintain cell function and survival [Pauloin
et al.,, 2009]. Cell proliferation and protection ability
dropped dramatically if the HMW-HA concentration
was higher than 0.5% (data not shown), implying that
high concentrations of HA might interrupt the metabo-
lism, nutrients, and gas exchange. Miyauchi et al.
[1990] reported a similar observation, showing that con-
centrated HA is substantially more viscous than the cul-
ture medium that inhibits epithelial migration, nutrient
diffusion, and cell metabolism.

In our proteomic analysis of UVB-irradiated corneal
cells, we selected 2 potential target proteins, mPR and
MDH?2, for further evaluation of their roles in the
response to UVB irradiation because they each exhibited
significant upregulation in UVB-irradiated HCE-2 during
proteomic analysis and were shown to play roles in cell
signaling and exchanging reduced equivalents. Previous
studies have shown that cancer cells overexpress mPR
compared to normal cells, and thus, mPR is recognized
as an important marker for tumors and cancer progres-
sion [Cahill, 2007; Xu et al., 2011]. The mPR protein is
involved in the control of cancer cell proliferation and
growth [Neubauer et al., 2009] through direct interac-
tions between its cytochrome b5-binding domain and tar-
get proteins, such as Insig-1 [Yang et al., 2002]. Recent
studies have reported that mPR mediates the progester-
one anti-apoptotic function [Peluso et al., 2006] and
induces Akt phosphorylation to promote cell survival
[Neubauer et al., 2008]. However, no study has reported
the role of mPR in the cell response to UVB. Thus, our
result suggests that mPR might protect corneal cells
from UVB-induced damage through the activation of the
PI3 kinase pathway. The second target protein, MDH2,
catalyzes malate oxidation in the TCA cycle and gener-
ates NADPH in the malate-aspartate shuttle. The gener-
ated NADPH is an important source for the reducing
power of cells, which might reduce UVB-induced ROS
in corneal cells.

A recent study reported that ERp29 overexpression
attenuates cell apoptosis through the upregulation of heat
shock protein beta-1 in breast cancer cells [Zhang and
Putti, 2010]. This observation is in partial agreement with
our study, which shows that both ERp29 and heat shock
protein beta-1 exhibit significant upregulation in expres-
sion following the UVB irradiation of HCE-2 cells. The
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ERp29 protein may downregulate elF2a expression and
further stimulates the activity of heat shock protein beta-
1. This process might alleviate unfolded and misfolded
protein-induced ER stress in UVB-irradiated HCE-2 cells.

During UVB irradiation, numerous ROS accumulate,
leading to cell damage or even cell death. Cells accord-
ingly develop defense mechanisms, including the overex-
pression of redox-modulated proteins to scavenge UVB-
induced ROS. We demonstrated the upregulation of gluta-
thione S-transferase P, peroxiredoxin-1, peroxiredoxin-4,
Protein DJ-1, and thioredoxin-dependent peroxide reduc-
tase in UVB-irradiated HCE-2 cells, implying that these
redox-regulatory proteins reduce ROS levels and prevent
ROS-induced cytotoxicity in UVB-irradiated cells. A sim-
ilar report by Black et al. revealed that UVB modulates
the corneal epithelial cell expression of antioxidants
(Mn-SOD, catalase, heme oxygenase-1, and glutathione
S-transferase) and proinflammatory mediators (interferon-
gamma, IL-1beta, TGF-beta, TNF-alpha, and cyclooxy-
genase-2). Alterations in the expression of these media-
tors are likely important in regulating inflammation and
protecting the cornea from UVB-induced oxidative stress
[Black et al., 2011].

Several key regulatory proteins mediate the interac-
tion of heat shock proteins to inhibit apoptosis. The
intrinsic pathway of caspase-mediated apoptosis is
stimulated by c-Jun kinase, resulting in the release of
cytochrome c from the mitochondria, and the subse-
quent activation of a caspase cascade involving caspase
8 and caspase 3. They are each inhibited by heat shock
cognate 71, which interacts with Bcl-2 through Bag-1,
enabling incorporation of the complex into the mito-
chondrial membrane to inhibit apoptosis [Takayama
et al., 1998]. Heat shock protein beta-1 inhibits the
extrinsic apoptotic pathway of caspase 9 through death
receptors [Concannon et al., 2001; Hsu et al., 2011]. In
this study, heat shock cognate 71 and heat shock protein
beta-1 were both upregulated in UVB-irradiated HCE-2
cells, implying that heat shock cognate 71 and heat
shock protein beta-1 are essential for protecting HCE-2
cells from UVB-induced apoptosis.

In conclusion, we performed a comprehensive proteo-
mic analysis after irradiating corneal epithelial cells
with UVB. We identified differentially expressed pro-
teins participating in numerous cellular responses
against UVB irradiation. We also showed that HMW-
HA significantly reduces UVB-induced cytotoxic effects
in corneal cells and increases cell migration and the
wound-healing ability. We confirmed the potency of
mPR and MDH2 in protecting corneal cells from UVB
irradiation. Thus, our study serves as a suitable refer-
ence for clinical practice. Our findings can be applied to
eye drops in repairing UVB-induced damage of the ocu-
lar surface and may be used to design biomaterials to
accelerate wound healing.
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