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Purrosk. Previously, we reported that the secreted Ly6/uPAR-related protein-1 (SLURP1),
abundantly expressed by the corneal epithelium (CE) and secreted into the tear fluid,
suppresses NF-kB signaling in healthy corneas and is downregulated in response to
a variety of stressors, allowing helpful inflammation to progress. Here we investigate
whether SLURP1 manifests its broad protective effects by promoting corneal redox
homeostasis.

MetHops. Oxidative stress was induced in the wild-type (WT) and Slurpi-null
(Slurp1X—/—) mouse corneas using 1350 J/m? UV-B, and in human corneal limbal
epithelial (HCLE) and SLURP1-overexpressing HCLE-SLURP1 cells with 100 J/m?
UV-B, 0.4 pg/mL mitomycin-C, or 0-100 pM H,0O,. We evaluated their (i) redox status
(GSH:GSSG ratio) using O-phthalaldehyde; (ii) reactive oxygen species (ROS)
accumulation using 2',7’-dichlorodihydrofluorescein diacetate; (iii) antioxidants GPX4,
CAT, and SOD2 expression by qRTPCR; (iv) lipid peroxidation by staining for
4-hydroxynonenol, malondialdehyde, and BODIPY-C11; and (v) DNA damage and NF-«B
activation by immunostaining for y H2AX, 8-OHdG, NF-«B, and IxB.

Resurrs. Slurpl was significantly downregulated in the UV-B-irradiated WT corneas.
Oxidatively stressed HCLE-SLURP1 cells displayed relatively less ROS accumulation, lipid
peroxidation, DNA damage and NF-«B activation, and a higher GSH/GSSG ratio and
antioxidant gene expression than the similarly treated control HCLE cells. UV-B-irradiated
Slurp1X—/— corneas displayed relatively more ROS accumulation, DNA damage and less
GPX4 expression than the similarly treated WT corneas.

Concrusions. Collectively, these results elucidate that SLURP1 serves as an insult-agnostic
immunomodulator that upregulates antioxidants and suppresses ROS accumulation to
promote redox homeostasis in corneal epithelial cells and protect them from diverse
genotoxic stressors.

Keywords: SLURP1, ocular surface, cornea, UV-B, oxidative stress, reactive oxygen
species, redox homeostasis, lipid peroxidation, DNA damage

he cornea, the anterior-most cellular layer of the eye,

is a transparent, refractive tissue that acts as a barrier
that protects the rest of the eye from environmental insults.!
Because of its position, the cornea is exposed to high levels
of solar ultraviolet (UV) radiation, microbial pathogens, and
accidental chemical burns that generate high levels of reac-
tive oxygen species (ROS) and oxidative stress.? Chronic
oxidative stress causes severe injury to cornea such as
photokeratitis, corneal epithelial injury, corneal edema, and
opacification.? At the cellular level, oxidative stress damages
mitochondrial DNA (mtDNA), nuclear DNA, cellular lipids,
and proteins, culminating in cell death.*> Excess free radi-
cals can also trigger inflammation through activation of
the nuclear factor kappa B (NF-kB) pathway.®” The cornea
counteracts this damage with an antioxidant defense system
comprised of nonenzymatic compounds glutathione (GSH),
ascorbic acid, uric acid, a-tocopherol, nicotinamide-adenine
dinucleotide phosphate, ferritin and coenzyme-Q10, and
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enzymatic antioxidants such as catalase (CAT), superoxide
dismutase (SOD), and glutathione peroxidase (GPX).” Addi-
tionally, corneal crystallins ALDH3A1 and ALDH1A1 protect
ocular tissues from UV- and ROS-induced damage by virtue
of their catalytic and non-catalytic functions.”® Oxidative
stress occurs when ROS accumulation surpasses the antiox-
idant defense capacity, contributing to inflammation and
cellular damage associated with various ocular surface disor-
ders including dry eye disease.’

The secreted Ly-6/uPAR-related protein 1 (SLURP1) is
a member of the Ly6/urokinase-type plasminogen activa-
tor receptor (UPAR) protein family.'®!! It plays key roles
in intracellular signal transduction, cell adhesion, immune
activation, and serves as a tumor suppressor.!?13 SLURP1
is found in various bodily fluids, including saliva, sweat,
plasma, tears, and urine.'* SLURP1 is highly expressed in the
corneal epithelium (CE) and is secreted into tear fluid, where
it acts as an immunomodulatory peptide.!° Slurp1 activates
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mast cells and alters cytokine production in the mouse
skin.!® It is a pro-differentiation factor that stalls G1-S transi-
tion during corneal epithelial cell proliferation,'® modulates
corneal homeostasis by scavenging urokinase-type plas-
minogen activator (uPA),"” inhibits leukocyte infiltration in
healthy corneas, prevents human umbilical vein endothelial
cells tube formation,'® and suppresses neutrophil chemo-
taxis and transmigration through endothelial cell monolay-
ers.””

Slurpl serves as an agonist for a7 nicotinic acetyl-
choline receptor facilitating immune homeostasis.?’~2?
Slurpl expression is downregulated during alkali burn- or
suture-induced corneal neovascularization, both of which
induce oxidative stress,”> which upregulates the expression
of fibrinolytic system components PAI-1, u-PAR, t-PA and u-
PA.%* Previously, we reported that Slurpl (i) serves as an
immunomodulatory molecule in the mouse cornea'®; (ii)
expression is downregulated in cells exposed to a wide
range of oxidative stressors including bacterial lipopolysac-
charides, fungal zymosan-A, Pam3CSK4, pathologic condi-
tions such as dry eye disease, microbial infections, and alkali
burn!®!%; (iii) decreases TNF-a-induced cytokine produc-
tion and stabilizes epithelial cell junctions!'®?%%7; and (iv)
-null (Slurp1X—/—) corneas display constitutively hyperac-
tive NF-«kB signaling and elevated angiogenic inflammation
on silver nitrate cautery.?® These findings and the fact that
ROS accumulation is elevated in response to the proinflam-
matory oxidative stressors that downregulate Slurpl expres-
sion®711:3 together support the hypothesis that “SLURP1
serves as an insult-agnostic immunomodulator by regulat-
ing redox homeostasis in corneal epithelial cells, thereby
protecting the cornea from diverse genotoxic stressors.” In
this study, we used in vitro and in vivo approaches to test this
hypothesis and elucidate that SLURP1 protects the cornea
from genotoxic oxidative damage by elevating the produc-
tion of antioxidants and suppressing ROS accumulation.

MATERIAL AND METHODS
Cell Culture

Human corneal limbal epithelial (HCLE) cells and HCLE-
SLURP1 cells!” were cultured in keratinocyte-serum free
medium (Gibco, Waltham, MA, USA) supplemented with 0.3
M CaCl;, 0.2 ng/ml epidermal growth factor and brain pitu-
itary extract. These cells in mid-log phase of growth were
treated with 100 J/m? 310 nm UV-B radiation using the
UV-2 ultraviolet irradiation system (Tyler Research Corpo-
ration, Edmonton, Canada), mitomycin-C (MM-C; 0.4 ng/ml)
or increasing concentration of hydrogen peroxide (H,O,; 0—
100 pM).

Animals

The Slurp1X—/— mice with a point mutation in exon 2 of
the Slurpl gene were generously provided by Dr. Stephen
Young at UCLA.?® All animal studies were conducted in
accordance with the ARVO statement for the use of animals
in ophthalmic and vision research and adhered to the guide-
lines established by the University of South Florida Insti-
tutional Animal Care and Use Committee (IACUC Protocol
no.: 1S00011452). For all the experiments, eight-week-old
C57Bl/6] wild-type and Slurp1X—/— mice were anesthetized
with a mixture of 2% isoflurane and 1% oxygen and exposed
to a single dose of 1350 J/m? UV-B radiation.
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Measurement of Reduced (GSH) to Oxidized
(GSSG) Glutathione Ratio

We used GSH/GSSG ratio as a measure of oxidative stress,
wherein a higher ratio indicates better redox homeosta-
sis.?? GSH and GSSG levels were determined by the O-
pthalaldehyde (OPT) fluorometric method, with standard
curves generated from known concentrations of GSH and
GSSG.*® HCLE and HCLE-SLURP1 cells at 70% confluence
in six-well plates were exposed to UV-B and allowed to
recover for 24 hours before measuring the GSH/GSSG
ratio. Untreated cells were used as controls. The cells
were harvested and homogenized in 0.1M phosphate buffer
(pH 8.0) containing 5 mM EDTA and 25% metaphosphoric
acid and spun in a centrifuge at 10,000g for 1 minutes.
GSH was quantified by mixing 10 pL of the supernatant with
180 pL phosphate buffer and 10 pL of OPT, incubating at
room temperature (RT) for 15 minutes, and measuring fluo-
rescence with excitation and emission at 350 and 420 nm,
respectively. To measure GSSG in the cell lysate, GSH was
quenched by mixing 20 pL of the supernatant with 5 uL 0.04
M N-ethylmaleimide and incubating at RT for 30 minutes.
Then, 25 pL of the GSH-quenched cell lysate was mixed
with 175 pL of 0.1 M NaOH and 10 pL of OPT, incubated
for 15 minutes at RT, and fluorescence was measured with
excitation and emission at 350 nm and 420 nm, respectively,
using a Biotek H1 microplate reader and Gen5 software
version 3.14 (Biotek, Winooski, VT, USA). To evaluate the
GSH/GSSG ratio in mouse corneas, the eyeballs of untreated
and UV-B-treated WT and Slurp1X—/— mice were enucle-
ated after one hour of UV-B treatment, cornea was dissected,
homogenized for two minutes in 0.1M phosphate buffer
(pH 8.0) containing 5 mM EDTA and 25% metaphospho-
ric acid. The corneal lysate was then processed in the same
manner as the cell culture lysate described above.

RNA Extraction, Reverse Transcription, and
Quantitative Real-Time PCR (qQRTPCR)

Total RNA was extracted using Bio Basic RNA isolation
kit (for cells) or Qiagen RNA purification kit (for mouse
corneas), following the manufacturer’s instructions and
quantified using a NanoDrop ND-1000 spectrophotometer.
The cDNA synthesis was carried out using Moloney Murine
Leukemia Virus reverse transcriptase (Promega, Madison,
WI, USA). The qRT-PCR was conducted using TATA-box
binding protein as endogenous control (QuantStudio 3,
Applied Biosystems, Waltham, MA, USA). Expression levels
of human GPX4, CAT and SOD2, and mouse Gpx4, Cat, and
Sod2 were quantified in UV-B exposed HCLE, HCLE-SLURP1-
7, and HCLE-SLURP1-14 cells, and WT and Slurp1X—/—
mouse corneas, respectively. The results were analyzed by
the comparative threshold cycle (Ct) method and normalized
by TATA-box binding protein expression. Oligonucleotide
sequences of the primers used are given in Supplementary
Table S1.

Measurement of Intracellular ROS Accumulation

Intracellular ROS accumulation was measured using
H,DCFDA (2',7'- dichlorodihydrofluorescein diacetate) assay
kit (cat no. 10058; Biotium, Fremont, CA, USA) according to
manufacturer’s protocol. H;DCFDA, a cell-permeable fluoro-
genic dye, is deacetylated by cellular esterases to a nonfluo-
rescent compound and later oxidized by ROS into highly
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fluorescent 2',7'-dichlorofluorescein (DCF). HCLE, HCLE-
SLURP1-7, and HCLE-SLURP1-14 cells were seeded in 96-
well black polystyrene plates with clear bottom (Corning
Inc., Corning, NY, USA) at 10,000 cells/well and incubated
for 18 hours. Cells were washed with 1x PBS, stained
with 10 yM H,DCFDA for 30 minutes at 37°C, washed
with 1X PBS, exposed to UV-B or 0-100 pM H,O, or
0.4 png/ml MM-C, and fluorescence was measured with exci-
tation and emission set at 485 nm and 535 nm, respec-
tively. DCF fluorescence was normalized to crystal violet
stain absorbance to account for differences in cell numbers
and expressed as fold change relative to untreated HCLE
controls.

For evaluating the effect of exogenous SLURP1 on ROS
production, HCLE cells were grown in conditioned medium
(CM) from HCLE, HCLE-SLURP1-7 and HCLE-SLURP1-14
cells. Alternatively, HCLE cells were grown in culture
medium containing increasing amounts of recombinant
6XHis-SLURP1 expressed in Pichia pastoris and partially
purified in house using Ni-ion affinity column chromatogra-
phy.? The control protein used in these assays was mock
purified in a similar manner from the parental strain of
Pichia lacking SLURP1-expressing vector. This was followed
by UV-B treatment and H,DCFDA assay as above. To assess
ROS levels in mouse corneas, WT and Slurp1X—/— mice
were exposed to UV-B radiation (1350 J/m?), and after
one hour, their eyeballs were enucleated and collected in
PBS. The corneas were dissected, homogenized in 100 pL
PBS, spun in a centrifuge at 10,000g for five minutes,
and 50 pL of the supernatant was analyzed for H,DCFDA
assay.’!

Immunofluorescent Staining

HCLE and HCLE-SLURP1 cells were seeded on glass cover-
slips coated with collagen. At 70% confluence, the cells
were exposed to UV-B radiation (100 J/m?) and allowed to
recover for 24 hours. The cells on coverslips were fixed in
4% paraformaldehyde (PFA) in PBS for 20 minutes, washed
thrice with PBS for five minutes each, permeabilized with
0.1% Triton X-100 in PBS for two minutes, washed thrice in
PBS for two minutes each, blocked in 10% donkey serum in
PBS for 1.5 hours at RT, incubated with appropriate primary
antibody against NF«B, IkB, 4-hydroxynonenal (4-HNE),
malondialdehyde (MDA), 8-hydroxy-2'-deoxyguanosine (8-
OHAG) or y-H2AX in a humidified chamber at 4°C, washed
thrice with PBS, incubated with secondary antibody and
4',6-diamidino-2-phenylindole (DAPI) for one hour at RT,
and washed thrice with PBS+ 0.1% Tween-20 (PBST) for
five minutes each. The coverslips were mounted using
Aqua Mount (Polysciences, Warrington, PA, USA), allowed
to dry overnight in the dark, sealed using clear nail polish
and imaged using Keyence BZ-X800 microscope (Keyence,
Itasca, IL, USA).

For mouse corneas, 8-pm-thick cryosections from freshly
enucleated eyeballs embedded in optimal cutting tempera-
ture compound were fixed in 4% PFA for 10 minutes, perme-
abilized in PBS with 0.1% Triton for five minutes, quenched
in 1% glycine for 30 minutes, blocked in 10% donkey serum
for one hour at RT, incubated overnight with anti-y-H2AX
at 4°C, stained with secondary antibody and DAPI for one
hour, washed three times with PBST for 10 minutes each,
coverslips were mounted using Aqua Mount and allowed to
dry overnight in the dark at RT. The coverslips were sealed
using clear nail polish and imaged using Keyence BZ-X800

IOVS | March 2025 | Vol. 66 | No. 3 | Article 30 | 3

fluorescence microscope. Antibody details are provided in
Supplementary Table S2.

Measurement of Lipid Peroxidation

Untreated and UV-B treated HCLE and HCLE-SLURP1 cells
were incubated with 2 yM BODIPY 581/591 C11 dye for
20 minutes. The cells were then rinsed three times with 1x
PBS, fixed in 4% PFA for 20 minutes, and washed three addi-
tional times with 1x PBS for 10 minutes each. Coverslips
were mounted using Aqua Mount, sealed with nail polish
the next day, and imaged under red and green channels to
detect the fluorescence emission shift from red (~590 nm) to
green (~510 nm). Mean fluorescence intensity was analyzed
using ImageJ for a ratiometric comparison of oxidized to
non-oxidized states.

Quantification of SLURP1 by Enzyme-Linked
Immunosorbent Assay (ELISA)

ELISA was performed by coating high-binding 96 well plates
with conditioned medium from HCLE, HCLE-SLURP1-7 or
HCLE-SLURP1-14 cells, blocking for 1 hour with 4% milk
in PBST at 37°C, and incubating with anti-human SLURP1
antibody (2 pg/mL; Abnova, Taipei, Taiwan) at 37°C for two
hours. After washing four times each for one minute with
PBST, horseradish peroxidase—conjugated anti-rabbit IgG
(1:500 dilution) was added and incubated at 37°C for one
hour, washed five times with PBST, and the bound antibody
quantified using peroxidase substrate tetramethylbenzidine
by measuring absorbance at 450 nm using a plate reader
(Biotek). SLURP1 concentration was then estimated using
a standard curve generated by coating increasing amounts
of recombinant SLURP1 (Abnova) in duplicate in the same
plate and processing as above.

Statistical Analysis

All experiments were conducted three times and represen-
tative data or mean values from all three experiments are
presented along with error bars representing the standard
error of the mean (SEM). For animal studies, each group
consisted of five mice, and unpaired t-testing was used to
compare Slurpl gene expression levels between untreated
and UV-B treated WT mouse corneas. Differences between
various cell lines and treatment groups were analyzed using
two-way ANOVA, followed by Tukey’s multiple comparisons
test. A P value <0.05 was considered statistically significant.

RESULTS

Slurp1 Is Downregulated in UV-B Irradiated WT
Corneas

Previously, we demonstrated that Slurpl expression is
downregulated in response to herpes simplex virus infec-
tion, bacterial lipopolysaccharides injection,'® silver nitrate
cautery burn,?® exposure to Pam3CSK4, Poly(I:C), and
Zymosan-A.!! Here we tested whether this response extends
to UV-B radiation as well. QRTPCR revealed a significant
decrease in Slurp1 expression in the WT corneas 24 hours
after UV-B exposure (Fig. 1A). Consistent with these results,
immunofluorescent staining showed decreased expression
of Slurpl in UV-B exposed WT corneas (Fig. 1B).
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Figure 1. Slurpl expression decreases after UV-B irradiation.
(A) gqRTPCR reveals a significant decrease in Slurpl transcripts in
the eight-week-old 1350 J/m? UV-B-exposed WT mouse corneas
compared with the untreated WT (n = 5) (P = 0.001). Error bars: the
SEM. (B) Immunofluorescent staining confirmed decreased expres-
sion of Slurpl in the 1350 J/m? UV-B-exposed WT mouse CE
compared with the untreated WT CE. No primary antibody control

is shown. Magnification x60; Scale bar: 20 pm (n = 5).
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SLURP1 Promotes Redox Homeostasis

Different insults mentioned above that downregulate
SLURP1 also cause ROS accumulation, implying that SLURP1
serves as an insult-agnostic immunomodulator by regulat-
ing redox homeostasis. To test this directly, we assessed the
impact of SLURP1 on cellular redox status after UV-B expo-
sure. GSH:GSSG ratio was used as a measure of oxidative
stress, wherein a higher ratio indicates a healthier cellular
redox state.? We subjected HCLE and HCLE-SLURP1 cells
to UV-B radiation and measured the GSH/GSSG ratio after
24 hours. The GSH/GSSG ratio was 2- and —2.5-fold higher
in untreated HCLE-SLURP1-7 and HCLE-SLURP1-14 cells,
respectively, compared with the control HCLE cells (Fig. 2A).
UV-B exposure decreased the GSH/GSSG ratio across all
cell lines, with the most reduction observed in HCLE cells.
There was —75% decrease in HCLE cells, compared with
—31% decrease in HCLE-SLURP1-7 cells and —27% decrease
in HCLE-SLURP1-14 cells in the GSH/GSSG ratio, relative to
their respective untreated control cells (Fig. 2A). Consistent
with our earlier findings of comparable immune status in the
naive WT and Slurp1X—/— corneas,’® there was no differ-
ence in their GSH:GSSG ratio (Fig. 2B). However, on UV-B
irradiation, the Slurp1X—/— corneas showed a significantly
lower GSH:GSSG ratio compared with the WT (Fig. 2B).
Collectively, these results suggest that SLURP1 promotes
corneal redox homeostasis.

SLURP1 Promotes Production of Anti-Oxidative
Enzymes

Next, we tested the effect of SLURP1 on GPX4, CAT and
SOD2, the main anti-oxidative enzymes that help mitigate
the harmful effects of ROS in oxidatively stressed cells.>
GPX4 gene expression at basal level was modestly elevated
in HCLE-SLURP1-7 (1.14-fold) and HCLE-SLURP1-14 (1.46-
fold) compared with HCLE cells (Fig. 3A). Six hours after
UV-B exposure, GPX4 expression significantly increased
in the HCLE-SLURP1-7 (2.75-fold) and HCLE-SLURP1-14
(2.97-fold) cells compared with the HCLE cells (1.28-fold)
(Fig. 3A). Similarly, CAT expression increased significantly
in HCLE-SLURP1-7 (2.8-fold) and HCLE-SLURP1-14 (4.2-fold)
compared with that in the HCLE cells (1.13-fold). SOD2
followed the same trend with HCLE-SLURP1-7 (3.5-fold) and
HCLE-SLURP1-14 (3.4-fold) showing a significant increase
than the HCLE cells (1.6-fold) after UV-B exposure (Fig. 3A).
As above, the naive WT and Slurp1X—/— mouse corneas
did not differ significantly in their expression of antioxidant
enzymes (Fig. 3B). However, Gpx4 expression decreased by
52% in the UV-B-irradiated Slurp1X—/— corneas compared
with only 13% in the WT 24 hours after UV-B treatment
(Fig. 3B). Both Sod2 and Cat were downregulated by —10-20
% in UV-B-irradiated WT and Slurp1X—/— corneas (Fig. 3B).
Collectively, these findings suggest that SLURP1 counter-
acts oxidative stress by enhancing the antioxidant defense
systems.

SLURP1 Suppresses ROS Accumulation

ROS accumulation was quantified by measuring the DCF
fluorescence intensity in the HCLE, HCLE-SLURP1-7 and
HCLE-SLURP1-14 cells exposed to genotoxic stressors UV-
B, MM-C, or H,O, that induce oxidative stress. At base-
line, HCLE-SLURP1-7 and HCLE-SLURP1-14 cells accumu-
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B. Redox homeostasis in WT and Slurp1X-/- corneas
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Figure 2. SLURP1 maintains redox homeostasis. GSH/GSSG ratio reveals the following: (A) more reduced environment in HCLE-SLURP1
cells in comparison with HCLE cells at baseline. 100 J/m? UV-B radiation decreased the GSH:GSSG ratio in all three cell lines. UV-B
exposed HCLE-SLURP1 cells have a significantly higher GSH:GSSG ratio compared with HCLE cells, indicating the presence of more reduced
glutathione in the presence of SLURP1 (z = 6). (B) No difference in GSH:GSSG ratio in untreated WT and Slurp1X—/— mouse corneas.
Slurp1X—/— corneas show significantly more decrease in GSH/GSSG ratio compared with WT corneas after 1350 J/m? UV-B, indicat-
ing the presence of more oxidized glutathione in the absence of Slurpl (n = 3). Error bars: SEM. (*P < 0.05, **P < 0.01, **P <0.001,

wexp < (0,.0001.)

lated —30% and 60% less ROS, respectively, than the HCLE
cells (Fig. 4A). HCLE-SLURP1-7 and HCLE-SLURP1-14 also
accumulated significantly less ROS than the HCLE cells upon
exposure to oxidative stressors UV-B radiation (Fig. 4A),
MM-C (Fig. 4B), or H,O;, (Fig. 4C). To mimic the physi-
ological effect of secreted SLURP1 on the human ocular
surface, we next tested the effect of CM collected from
HCLE, HCLE-SLURP1-7, or HCLE-SLURP1-14 cell cultures
on ROS accumulation in the HCLE cells. ELISA revealed
that the HCLE-, HCLE-SLURP1-7- and HCLE-SLURP1-14-CM
contained 1.0, 1.35, and 17.7 ng SLURP1, respectively, per
mg of total protein (Fig. 4. D. i). At baseline, HCLE cells
grown in HCLE-SLURP1-7 and HCLE-SLURP1-14 CM exhib-
ited —32% and 46% reduction in ROS accumulation, respec-
tively, compared with those grown in HCLE CM. After
exposure to UV-B, ROS levels increased 2.2-fold in HCLE
cells grown in HCLE-CM, 1.6-fold in HCLE-SLURP1-7 CM,
and 1.3-fold in HCLE-SLURP1-14 CM (P < 0.05) (Fig. 4,
D.ii). Consistent with these results, addition of increas-
ing amounts of exogenous recombinant SLURP1 to the
HCLE culture medium provided a dose-dependent protec-
tion from UV-B-induced ROS production (Fig. 4, D.iii).
Collectively, these findings reveal that the extracellular
SLURP1 suppresses intracellular ROS accumulation. Consis-
tent with our previous findings and the results described
above, ROS accumulation was comparable in the naive WT
and Slurp1X—/— corneas. On UV-B exposure, Slurp1X—/—
corneas displayed a significantly higher increase in ROS
levels (2.1-fold) compared with the WT (Fig. 4E), suggest-
ing that Slurpl plays a key role in preventing ROS accu-
mulation in corneas exposed to oxidative stressors such
as UV-B.

SLURP1 Suppresses UV-B-Induced Lipid
Peroxidation in HCLE Cells

Next, we investigated whether SLURP1 mitigates lipid perox-
idation, one of the deleterious downstream effects of oxida-
tive stress that produces highly reactive aldehydes such as
4-HNE and MDA ?>*34 Immunofluorescent staining revealed
that HCLE-SLURP1-7 and HCLE-SLURP1-14 cells accumulate
significantly less 4-HNE and MDA compared with HCLE
cells 24 hours after UV-B exposure (Fig. 5). This was
confirmed by ratiometric analysis of lipid peroxidation using
BODIPY C11 wherein UV-B-exposed HCLE cells showed
a greater shift from red to green fluorescence compared
with HCLE-SLURP1-7 and HCLE-SLURP1-14 cells, indicating
higher lipid peroxidation in HCLE cells (Fig. 6). Collectively,
these results elucidate that SLURP1 protects the cornea
from harmful effects of the oxidative stress-induced lipid
peroxidation.

SLURP1 Protects the CE Cells From
UV-B-Triggered DNA Damage

One of the more serious biological consequences of oxida-
tive damage is mutagenic DNA double-strand breaks. We
used y-H2AX as a biomarker for oxidative stress-induced
DNA double-strand breaks.’> Immunofluorescent staining
demonstrated a greater increase in the number of y-H2AX-
positive nuclei (and the intensity of staining) in control HCLE
compared with the HCLE-SLURP1 cells after UV-B expo-
sure (Fig. 7A). Next, we tested 8-OHdG—another specific
marker of oxidative damage in both nuclear and mitochon-
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A. SLURP1 promotes expression of antioxidants in HCLE cells
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Ficure 3. SLURP1 promotes antioxidant gene expression. The qRTPCR reveals the following: (A) Increased expression of antioxidant genes
GPX4, CAT and SOD2 in HCLE-SLURP1 compared with the HCLE cells after six hours of 100 J/m2 UV-B exposure (nz > 4); (B) significant
decrease in Gpx4 expression in 1350 J/m? UV-B exposed Slurp1X—/— compared with the WT mouse cornea. There is no difference in
catalase and SOD2 gene expression in the UV-B irradiated WT and Slurp1X—/— corneas (n = 5). Error bars: SEM. (*P < 0.05, **P < 0.01,

#Ep 0,001, P < 0.0001).

drial DNA (mtDNA)—by immunofluorescent staining. More
intense staining of 8-OHdG in the UV-B-exposed HCLE
nucleus confirmed above findings with y-H2AX, whereas
the appearance of punctate staining in the HCLE cytoplasm
suggested potential mtDNA damage in UV-B-exposed HCLE
cells unlike that in the similarly treated HCLE-SLURP1 cells
(Fig. 7B). Complementing this in vitro data, Slurp1X—/—
mouse corneas exposed to single dose of UV-B (1350 J/m?)
displayed a higher number of y-H2AX-positive nuclei indi-
cating increased DNA damage compared with the similarly
treated WT corneas (Fig. 8). As earlier, there was no differ-
ence in the severity of DNA damage in the naive WT and
Slurp1X—/— corneas (Fig. 8). Collectively, these results eluci-
date that SLURP1 protects the cornea from oxidative stress-
induced DNA damage.

SLURP1 Prevents Oxidative Stress-Triggered
Nuclear Localization of NFxB

Previously, we reported that SLURP1 stabilizes CE cell junc-
tions and suppresses TNFa-induced cytokine production by
suppressing nuclear localization of NFxB.?’ To determine if

SLURP1 protects the CE cells from oxidative stress-induced
damage by a similar mechanism, we subjected HCLE and
HCLE-SLURP1cells at 70% confluence to (A) 0 J/m? or (B)
100 J/m? UV-B irradiation, allowed them to recover for four
hours and performed immunofluorescent staining for NFxB
and IxkB (Fig. 9). A strong nuclear localization of NFkB was
observed in UV-B-irradiated HCLE cells (Fig. 9, B.iii; arrow-
heads), unlike its predominantly cytoplasmic localization in
the similarly treated HCLE-SLURP1 cells (Figs. 9, B.vi; Fig. 9,
B.ix; arrows). HCLE-SLURP1 cells also displayed a modest
increase in IkB staining intensity both before and after UV-
B exposure (Fig. 9). Similar results were observed with NF«xB
and IxB in HCLE and HCLE-SLURP1 cells subjected to H,O,-
mediated oxidative stress (Fig. 10). Collectively, these results
suggest that SLURP1 protects the CE cells from oxidative
stress-induced damage by preventing the nuclear localiza-
tion of NF«xB.

DISCUSSION

Previously, we reported that SLURP1, highly expressed by
the corneal epithelium and secreted into tear fluid, plays
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Ficure 4. SLURP1 prevents accumulation of ROS. DCF intensity measurement reveals less ROS accumulation in HCLE-SLURP1 cells
compared with the HCLE cells after (A) 100 J/m? UV-B (310 nm) exposure, (B) 0.4 pg/mL mitomycin-C treatment, and (C) H,O, (0-
100 pM) treatment (n > 4); (D) Exogenous SLURP1 protects HCLE cells from redox dysfunction by suppressing ROS accumulation.
(D.1) Quantification of SLURP1 in HCLE and HCLE-SLURP1 cell culture supernatants by ELISA (n = 3). (D.ii) Protective effect of HCLE-
SLURP1 culture supernatants on HCLE cells exposed to UV-B radiation (n = 4). (D.iii) Dose-dependent protective effect of exogenous
recombinant SLURP1 on HCLE cells exposed to UV-B radiation (n = 4); (E) Slurp1X—/— mouse corneas accumulate more ROS than the WT
after 1350 J/m? UV- B exposure (1 = 6). Error bars: SEM. (*P < 0.05; P < 0.01; **P < 0.001; ***P < 0.0001.)
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A.  SLURP1 decreases UV-B-induced accumulation of 4-HNE (DAPI, 4-HNE)
HCLE

00 J/m’

100 J/m’

HCLE-SLURP1-7

HCLE-SLURP1-14

B. SLURP1 decreases UV-B-induced lipid peroxidation in HCLE (DAPI, MDA)

HCLE

HCLE-SLURP1-7

HCLE-SLURP1-14

Ficure 5. HCLE-SLURP1 cells display relatively less UV-B-induced lipid peroxidation than the HCLE cells. Immunofluorescent staining
reveals relatively decreased accumulation of lipid peroxidation byproducts (A) 4-HNE and (B) MDA in HCLE-SLURP1 (v and vi) compared
with the HCLE (iv) cells exposed to 100 ]/mZ UV-B radiation. Magnification x20; scale bar: 20 ym, n = 3. No difference was noted between
the untreated HCLE (i) and HCLE-SLURP1 (ii and iii) cells, in 4-HNE and MDA staining.

a key immunomodulatory role in the healthy cornea. In
this report, considering that elevated oxidative stress is
a common feature of the diverse proinflammatory condi-
tions that downregulated SLURP1 expression allowing
inflammation to progress further,'°-!! we tested whether
SLURP1 plays a role in maintaining redox homeostasis. The
data presented in this report elucidate that the SLURPI1-
overexpressing HCLE-SLURP1 cells display: (i) a better
redox homeostasis with a healthier, more reduced environ-
ment; (i) elevated expression of antioxidant enzymes; (iii)
decreased intracellular ROS accumulation; (iv) decreased
lipid peroxidation; (v) decreased nuclear and mitochon-
drial DNA damage relative to control HCLE cells; and (vi)

decreased nuclear localization of NFkB when exposed to
oxidative stress. Additionally, Slurp1 expression was down-
regulated in UV-B-exposed WT mouse corneas, and the
UV-B-exposed Slurp1X—/— corneas exhibited higher ROS
accumulation, greater DNA damage and reduced GPX4
levels compared with the WT corneas (Fig. 11). Over-
all, these findings support our hypothesis that “SLURP1
serves as an insult-agnostic immunomodulator by regulat-
ing redox homeostasis in corneal epithelial cells, thereby
protecting the cornea from diverse genotoxic stressors”
(Fig. 11).

An important finding in this study is that the WT
and Slurp1X—/— corneas behave comparably in their
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A. SLURP1 decreases UV-B-induced lipid peroxidation in HCLE. (DAPI, BODIPY C11 Oxidized, Non-oxidized)
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Figure 6. HCLE-SLURP1 cells display less oxidized BODIPY C11 after UV-B exposure. (A) Compared with the untreated control HCLE (i),
HCLE-SLURP1 (ii and iii) cells display relatively less oxidized BODIPY C11 (green) staining. In contrast, 100 J/m? UV-B-exposed HCLE cells
(iv) display relatively more oxidized BODIPY C11 (green) than the HCLE-SLURP1 (v and vi) cells, indicating more lipid peroxidation in HCLE
cells. Magnification x20; scale bar: 20 pm; n = 3. (B) Mean fluorescence intensity (MFI) of oxidized (green) to nonoxidized (red) BODIPY
C11 (m > 7). Error bars: SEM. (*P < 0.05; **P < 0.01; **P < 0.001; ***P < 0.0001.)

naive, unstressed state. However, when subjected to UV-
B radiation-mediated oxidative stress, the SlurpiX—/—
corneas display (i) relatively worse redox homeosta-
sis; (i) low level of antioxidant enzyme expression;
(ii) higher ROS accumulation; and (iv) DNA damage,
than the similarly treated WT. These results are consis-
tent with our previous observations of enhanced
corneal neovascularization in Slurp1X—/— corneas
upon silver nitrate cautery’®?® and elucidate that the
Slurp1X—/— corneas are ill prepared to deal with oxidative
stress.

GSH, a tripeptide composed of glutamate, cysteine, and
glycine, functions as a key cellular redox buffer in conjunc-
tion with GSSG. It directly scavenges hydroxyl and super-
oxide radicals and acts as a cofactor for GPXs in metab-
olizing hydrogen peroxide and lipid peroxides. The cellu-
lar redox status, indicated by the GSH/GSSG ratio, is
an important determinant of cell health.”-337 UV-B expo-
sure increases cellular oxidation, as evidenced by decrease
in the GSH/GSSG ratio.®® Our data elucidate that HCLE-
SLURP1 cells maintain a higher GSH/GSSG ratio at base-
line. Although there is a reduction in the GSH/GSSG ratio
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A. SLURP1 decreases UV-B-induced accumulation of yH2AX. (DAPI, yH2AX)
HCLE-SLURP1-7 __HCLE-SLURP1-14

HCLE

B. SLURP1 decreases UV-B-induced accumulation of 8-OHdG. (DAPI, 8-OHdG)
HCLE HCLE-SLURP1-7 HCLE-SLURP1-14

Ficure 7. SLURP1 prevents UV-B-triggered DNA damage in HCLE cells. Immunofluorescent staining shows (A) fewer y-H2AX positive
nuclei (red) in UV-B (100 J/mz) irradiated HCLE-SLURP1 cells (v and vi) compared with the similarly treated HCLE cells (iv). Magnification
x20; scale bar: 20 pm; n = 3; and (B) relatively less 8-OHdG in the nuclei and cytoplasm of 100 J/m? UV-B irradiated HCLE-SLURP1
(v and vi) compared with the similarly treated HCLE cells (iv). Evenly distributed 8-OHdG staining in the nuclei and punctate staining in the
cytoplasm indicate nuclear and mitochondrial DNA damage, respectively. Magnification: x20; scale bar: 30 pm, n = 3. No difference was
noted between the untreated HCLE (i) and HCLE-SLURP1 (ii and iii) cells, in y-H2AX and 8-OHdG staining.
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1350 J/m’

Increased UV-B-induced DNA damage in Slurp1X—/— corneas. Immunofluorescent staining shows a greater number of y-H2AX

positive nuclei (red) in 1350 J/m2 UV-B irradiated Slurp1X—/— mouse CE (D) in comparison with the similarly treated WT mouse CE
(B). Naive WT and Slurp1X—/— mouse CE show no y-H2AX-positive nuclei (A and C). Magnification: x60; scale bar: 20 pm, n = 5.

following 100 J/m? UV-B exposure, this decrease is more
pronounced in HCLE cells compared with HCLE-SLURP1
cells, which continue to exhibit a higher GSH/GSSG ratio.
These results demonstrate that SLURP1 plays a key role in
cellular redox balance, thereby mitigating oxidative stress.

In response to UV-B-induced oxidative stress, the first-
line antioxidant defense systems- GPXs, SODs, and CAT are
activated to neutralize harmful ROS produced by the radia-
tion.>? GPX4, a membrane-bound enzyme, directly reduces
lipid hydroperoxides. SODs convert two molecules of super-
oxide radical anions (O, ™) into H,O, and molecular oxygen
(0,).¥ Catalase effectively catalyzes heterolytic cleavage of
H,O, into oxygen and water, preventing ROS formation and
maintaining cellular redox homeostasis. Our data presented
in this report show that GPX4, CAT, and SOD2 are signif-
icantly upregulated in HCLE-SLURP1 compared with the
HCLE cells. Antioxidant enzyme activity is decreased in
response to radiation, implying that the body’s ability to
combat oxidative stress is decreased.*’ This was exaggerated
in the UV-B exposed Slurp1X—/— corneas, which expressed
much lower Gpx4 than the WT.

Lipid peroxidation is one of the most important down-
stream biological effects of excessive ROS accumulation.
In the presence of elevated ROS, polyunsaturated fatty
acid-rich membrane phospholipids are fragmented lead-
ing to formation of 4-HNE and MDA, major byproducts of
lipid oxidation."4? Elevated levels of 4-HNE cause NF-xB-
mediated inflammation, protein and DNA damage, and mito-
chondrial dysfunction.*? The data presented here demon-
strate that the HCLE-SLURP1 cells display decreased 4-HNE
and MDA staining and lower BODIPY C11 oxidized/reduced
ratio consistent with decreased lipid peroxidation. These
findings suggest that SLURP1 has a protective effect against
UV-B-induced lipid peroxidation.

UV-B radiation indirectly damages DNA through the
production of singlet oxygen or free radicals. Among
ROS, the hydroxyl radical (OH*) is particularly damag-
ing because of its high reactivity with DNA.® Oxidative
damage—induced modification of guanine to 8-Hydroxy-2'-

deoxyguanosine (8-OHdG) affects genomic stability, making
8-OHdG an important marker of oxidative DNA damage.#4-46
The data presented here with anti-8-OHdG antibody eluci-
date that the UV-B-exposed HCLE cells undergo more
pronounced DNA damage than the similarly treated HCLE-
SLURP1 cells. The punctate staining pattern of 8-OHdG in
the cytoplasm of these cells indicates oxidative damage to
mtDNA.?” Additionally, nuclear staining for 8-OHdG was
also more intense in HCLE cells exposed to UVB, suggest-
ing a higher level of nuclear oxidative DNA damage in
HCLE cells. We also assessed y-H2AX, a well-established
biomarker for DNA double-strand breaks, formed by phos-
phorylation of the Ser-139 residue of the histone vari-
ant H2AX.*> We observed a higher number of y-H2AX-
positive nuclei in HCLE compared with HCLE-SLURP1 cells
after UV-B exposure. Similarly, the y-H2AX positive nuclei
were more abundant in the UV-B exposed SlurpiX—/—
corneas compared with WT corneas. Together, these results
imply that SLURP1 protects the corneal epithelial cells from
genotoxic stress-induced mitochondrial and nuclear DNA
damage.

To summarize, the data presented here elucidate that
SLURP1 protects the cornea from oxidative damage by
promoting redox homeostasis in corneal epithelial cells
that are frequently exposed to diverse oxidative stres-
sors. SLURP1 achieves this by elevating the production
of antioxidants and suppressing ROS accumulation. The
improved redox homeostasis in the presence of SLURP1
further prevents the downstream effects of genotoxic oxida-
tive stress such as lipid peroxidation and DNA damage.
Together, these data elucidate the mechanistic basis for the
broad insult-agnostic immunomodulatory role that SLURP1
plays in the cornea and identify SLURP1 as a valuable addi-
tive for artificial tear drops to provide enhanced protection
from chronic dry eye disease-induced oxidative stress in the
ocular surface (Fig. 11). The identity and specific nature of
the cue(s) that elicit SLURP1 downregulation in proinflam-
matory conditions caused by different oxidative stressors
remains to be determined.
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A. Control,0 UV-B
NFkB Merged
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NFkB
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Ficure 9. SLURP1 suppresses UV-B-triggered nuclear localization of NF-xB. Immunofluorescent staining for NF-k B (red) and Ik B (green) in
HCLE, HCLE-SLURP1-7, and HCLE-SLURP1-14 cells at 70% confluence exposed to (A) 0 J/m2 or (B) 100 ]/m2 UV-B irradiation and allowed
to recover for four hours. The nuclear stain DAPI is depicted in blue color. The overlay images are shown in the 7ight column. Arrowbeads
indicate nuclear localization of NF-«k B in UV-B-irradiated HCLE cells, whereas the arrows point to the predominantly cytoplasmic localization
of NF-«B in the similarly treated HCLE-SLURP1 cells. Scale bars: 20 pm. n = 3.
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Control, 0 uM H202
NFkB
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Figure 10. SLURP1 suppresses H,O-triggered nuclear localization of NF-«B. Immunofluorescent staining for NF-«B (red) and 1k B (green)
in HCLE, HCLE-SLURP1-7, and HCLE-SLURP1-14 cells at 70% confluence exposed to (A) 0 uM or (B) 250 uM H,O; for one hour. The
nuclear stain DAPI is depicted in blue. The overlay images are shown in the right column. Arrowhbeads indicate nuclear localization of NF-«B
in HyO;-exposed HCLE cells, whereas the arrows point to the predominantly cytoplasmic localization of NF-«B in the similarly treated
HCLE-SLURP1 cells. Scale bars: 20 uym. n = 3.



Investigative Ophthalmology & Visual Science

SLURP1 Protects the Cornea From Oxidative Stress

Healthy Condition

s ~
SLURPI /A~
SLURPL
SLURP] ; 5 G

Lipid
Peroxidation

IOVS | March 2025 | Vol. 66 | No. 3 | Article 30 | 14

e @

UV-B radiation Microbial Chemical Injury
Infection (Alkali Burn, H,O,, Mitomycin C)

l Stressed Condition

-
SLURP1

‘RQA

Feedback Loop --------x-cmueany

Lipid
Peroxidation
| 3

.

“Thflammatory

Cytosol Geue

Ficure 11. Schematic representation of the key findings in this study. The data presented in this report elucidate that upon UV-B exposure,
the expression of SLURP1 decreases in WT mouse corneas. This results in an increase in ROS levels and decreased expression of antioxidant
genes Gpx4, Cat and Sod2. This shift contributes to an increased oxidative stress and promotes (i) lipid peroxidation, as evidenced by
increased 4-HNE and MDA; (ii) DNA damage, indicated by increased y-H2AX and 8-OHdG, and (iii) Protein damage (inferred based on
increased 4-HNE). Additionally, activation of NF-«xB pathway leads to translocation of NF-«xB into the nucleus, triggering activation of
proinflammatory enzymes further escalating ROS production, creating a feedback loop. These results elucidate that SLURP1 protects the
cornea from oxidative stress and identify SLURP1 as a potentially valuable additive for artificial tear drops to protect from chronic dry eye
disease-induced oxidative stress in the ocular surface. The schematic figure was generated using BioRender software (BioRender, Toronto,

ON, Canada).
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