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Abstract : A pterygium is a benign growth that develops on the conjunctiva and, in
some cases, extends to the cornea and interferes with vision. Excessive exposure
to ultraviolet (UV) light is one of the causes of pterygium development. We
previously reported that UV-induced apoptosis is led by production of reactive
oxygen species (ROS) that activate p38 mitogen-activated protein kinase (MAPK)
in human conjunctival epithelial (HCE) cells. Also, ROS-dependent induction of
interleukin-11 (IL-11) has been reported to upregulate MAPK pathways, which
results in compensatory proliferation. In this study, we examined the effect of
UV exposure on HCE cells, in terms of change in apoptosis, ROS generation,
phosphorylation of c-Jun N-terminal kinase (JNK), levels of IL-11 (a key cytokine
in tissue repair and compensatory proliferation), production of activator protein
1 (AP-1), and expression of c-myc, c-fos and cjun (which provides evidence of
healthy cell proliferation). Apoptosis in HCE cells was induced by UV light
irradiation (312 nm, 4.94 mW/cm?). Apoptosis was measured using the Muse
Annexin V and Dead Cell Assay Kit. ROS generation was measured by using 5-
(and 6-) chloromethyl-2"7’-dichlorodihydrofluorescein diacetate, acetyl ester. JNK
phosphorylation, IL-11 levels and AP-1 production were measured by enzyme-
linked immunosorbent assays (ELISAs). Imnunocytochemical staining was used
to measure c-myc, c-fos and c-jun expression. UV irradiation increased ROS
generation, phosphorylation of JNK, and apoptotic cell count. IL-11 levels and
AP-1 production were significantly increased by UV irradiation. The irradiated
cells had increased expression of c-myc, c-fos and c-jun, and treatment of the cells
with IL-11 significantly increased expression of c-myc, c-fos and c-jun. These results
suggest that the release of IL-11 from UV-induced apoptotic HCE cells and sur-
rounding healthy cells could promote proliferation to maintain homeostasis.
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Introduction

The keratoconjunctiva of the ocular surface is directly irradiated with solar ultraviolet (UV)
light and exposed to many stresses compared with organ tissue, so various UV-induced diseases,

such as pterygium, pinguecula, and cataract, affect the keratoconjunctiva'™.

A pterygium is a
fibrovascular neoformation characterized by a triangular or wing-shaped overgrowth of abnormal
conjunctiva onto the cornea. The mechanism of pterygium development is unclear. Many inter-
pretations have been proposed for the pathogenesis of pterygium. Inflammation, fibrovascular
proliferation, and cell apoptosis are known to play important roles in human pterygium patho-

genesis*®,

Some researchers have reported that not only oxidative stress but also increases in

inflammatory cytokines induced by UV irradiation cause the pathogenesis of pterygium”. How-

ever, the cellular and molecular mechanisms of pterygium development are poorly understood.
An increase in reactive oxygen species (ROS) generation has been implicated in the patho-

genesis of numerous forms of ocular surface disease®!".

We previously reported that ROS
generation activated the p38 mitogen-activated protein kinase (MAPK) and promoted apoptosis
mediated in mitochondria when cultured human conjunctival epithelial (HCE) cells were irradi-
ated with UV at 312 nm, a relatively long wavelength'?.

ROS are produced as byproducts of mitochondrial electron transport and induce significant
damage to cell structures. However, ROS have important roles in cellular processes including
cell proliferation’>'¥. ROS may have both harmful and beneficial effects™ .

Coordination of cell death and proliferation is critical for the maintenance of tissue homeosta-
sis. Excessive cell loss in tissue can be compensated for by the division of remaining cells. A
phenomenon termed ‘compensatory proliferation’ plays an important and beneficial role in his-
togenesis and organogenesis, maintenance of homeostasis, tissue regeneration, wound healing, and

16, 17)

cancer development and progression Recently, Sakurai et al reported that cells adjacent to

apoptotic or damaged cells in the liver undergo compensatory proliferation and lead to cancer'”.
Apoptosis and necrosis are tightly associated with ROS that activate various signaling pathways,
and oxidative stress is involved in compensatory proliferation'®.

Growth factors are released from apoptotic cells to repair tissue'”, and the repair mechanism
is associated with MAPK and interleukins (ILs)?”. Recent analysis of gene expression induced
by enhanced ROS production accompanying cell death identified IL-11, one of the IL-6 family
of cytokines, as having a key role in tissue repair and compensatory proliferation'®.

We thus assumed that apoptosis-induced proliferation helps to maintain the homeostasis of
keratoconjunctive cells through rapid tissue turnover induced by negative feedback in conditions
of severe stress such as UV exposure.

In this study, we investigated the apoptosis-induced proliferation in UV-irradiated HCE cells,
in terms of change in apoptosis, generation of ROS, phosphorylation of c-Jun N-terminal kinase
(JNK), levels of IL-11, activation of activator protein 1 (AP-1), and expression of c-myc, c-fos
and cjun (which provides evidence of healthy cell proliferation).
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Materials and methods

Culture of HCE cells

A human eyeball-derived conjunctival epithelial cell line, Clone-1-5c-4 (HCE cells; Wong-
Kilbourne derivative of Chang conjunctiva clone) was purchased from DS Pharma Biomedi-
cal (Osaka, Japan) and cultured in 2mM glutamine, 10% fetal bovine serum, and penicillin-
streptomycin-containing Medium 199 (Sigma-Aldrich, St Louis, Mo, USA) at 37°C in 5 % CO,".

UV irradiation

Using a UV lamp (TFX-20MC, Vilber Lourmat, Marne La Vallée, France), UV was applied at
a central wavelength of 312 nm, intensity of 4.94 mW/cm?, and dose of 30, 99 or 296 mJ/cm’. To
apply the UV, the lamp made contact with the bottom of the culture dish.

Apoptosis analysis

Cells were adjusted to 5 x 10° cells/ml and seeded in six-well plates, and cultured for 24
hours. Cells were irradiated with UV of 30, 99 or 296 mJ/cm? then cultured for 24 hours, and
then extracted. Apoptosis was measured using the Muse Annexin V and Dead Cell Assay Kit
(EMD Millipore, Billerica, Mass, USA). The rate of apoptotic cells with Annexin V-PE binding
to phosphatidylserine that moved to the cell surface in the early phase of apoptosis was deter-
mined, and the ratio of apoptotic cells to cells that lost cell membrane integrity was determined.

Measurement of ROS generation

HCE cells were adjusted to 1 x 10° cells/ml, cultured for 24 hours and UV irradiated at 99 mJ/
cm’. ROS were measured 30 minutes after irradiation using 5- (and 6-) chloromethyl-2’7’
-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H,DCFDA, Invitrogen, La, USA). CM-
H.DCFDA is degraded to 2’7’-dichlorodihydrofluorescein by esterase and oxidized by ROS
(mainly hydrogen peroxide) in cells, producing fluorescent 2’7’-dichlorodihydrofluorescein. CM-
H,DCFDA was dissolved in dimethyl sulfoxide and adjusted to 100 uM, and then 8l of this
solution was added to UV-irradiated cells in 96-well microplates, followed by incubation at 37°C
for 15 minutes. The medium was changed to 100 ul of phosphate-buffered saline, and fluores-
cence was measured at 488 nm excitation and 525+ 10 nm emission using a Twinkle LB 970

fluorometer (Berthold Technologies, Bad Wildbad, Germany).

Measurement of JNK phosphorylation ability

Cells were adjusted to 1 x 10° cells/ml, cultured in 96-well plates for 24 hours, pretreated with
or without 10 uM SP600125 (Sigma-Aldrich, St Louis, Mo, USA) —a c-Jun N-terminal kinase
inhibitor (JNKi) —and then irradiated with UV. At 1 hour after irradiation, phosphorylation
was measured in cell lysates using the Cell-Based JNK (Thr183/Tyr185) Phosphorylation ELISA
kit (Ray Bio®, Ray Biotech, Norcross, Ga, USA.), with horseradish peroxidase (HRP)-labeled
anti-JNK and anti-phosphorylated JNK antibodies. Following incubation with the appropriate
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substrate for color development, absorbance at 450 nm was measured using a microplate reader.

Measurement of IL-11 levels and AP-1 activity

After culturing cells adjusted to 5 x 10° cells/ml in 6-well plates or 1 x 10° cells/ml in 96-well
plates for 24 hours, 10 uyM JNKi was added 1 hour before UV irradiation. For all samples,
the medium was changed to normal culture medium before irradiation. Immediately after
irradiation, the medium was changed to normal medium with or without JNKi, and cell lysates
from each cell group were collected after 1, 3, 6, 15 and 24 hours of culture. Separately, we
collected supernatant after centrifuging the samples at 3000 x g for 5 minutes, and the isolated
residual cells were subjected to extraction of cytoplasm and nucleus using the Nuclear/Cytosol
Fraction Kit (BioVision, Milpitas, Calif, USA). The culture supernatant fraction was subjected to
measurement of time-course changes in IL-11 production. IL-11 was detected by employing the
sandwich ELISA method, using the IL-11 Human ELISA Kit (Abcam®, Cambridge, UK) and
HRP-labeled anti-IL-11 antibody, and absorbance at 450 nm was measured using a microplate
reader.

The nuclear fraction was subjected to measurement of time-course changes in nuclear AP-1
activity using the Transcription Factor ELISA Kit (Panomics®, Affymetrix, Santa Clara, Calif,
USA). AP-1 was detected employing the sandwich ELISA method using HRP-labeled anti-AP-1
antibody, and absorbance at 450 nm was measured using a microplate reader.

Immunocytochemical staining for c-myc, c-fos and c-jun

HCE cells were adjusted to 3 x 10° cells/well, and cultured on Chamber Slides™ for 24 hours.
To determine the effect of UV irradiation (99 mJ/cm?), cells were cultured for 24 hours after
UV irradiation. To determine the effect of IL-11 treatment, cells were cultured with 10 nM
IL-11 (recombinant human IL-11, PeproTech, Rocky Hill, NJ, USA) for 24 hours. Cells were
fixed with formalin at each time point and reacted with primary antibodies: c-myc (c-8) mouse
monoclonal IgG,, (sc-41, Santa Cruz Biotechnology, Dallas, Tex, USA), c-fos (Ab-2) rabbit
polyclonal IgG (PC05-100UG, Oncogene Research Products, La Jolla, Calif, USA) and Phospho-
c-jun (Ser63) rabbit monoclonal IgG (54B3, Cell Signaling Technology, Danvers, Mass, USA)
for 2 hours, followed by reactions with secondary antibodies and peroxidase-conjugated dextran
polymer reagent to stain the nucleus and cytoplasm, using the EnVision staining system.

Statistical analysis

Results are presented as mean * standard error (n=23-12). The parameters in the UV group
were analyzed using the Student’s t-test for comparison between two groups or ANOVA fol-
lowed by the Bonferroni test for repeated measurements, and P < 0.05 was regarded as signifi-
cant.
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Fig. 2. Effects of UV irradiation on ROS generation
in HCE cells

ROS generation in HCE cells was evaluated
by using CM-H,DCFDA. In the case of JNKi
pretreatment, HCE cells were pretreated with JNKi
for 1 hour, exposed to 99 mJ/cm® UV irradiation,
and then incubated with JNKi for 30 minutes.
Values are mean + SEM, and represent the average
fluorescence intensity/well (n=6). *: P <0.05, **:
P < 0.01 versus UV-irradiated HCE cells from two
independent experiments.

Fig. 1. Effects of UV irradiation on apoptosis in
HCE cells

HCE cells were exposed to 30, 99 or 296 mJ/cm?
of UV and incubated for 24 hours. Apoptosis was
determined using the MUSE™ Cell Analyzer and
UV-irradiated cells (dark column) were compared
with non-irradiated cells (white column). **: P <
0.01 versus non-irradiated HCE cells. Values are
mean + SEM (n = 3).

Results

UV irradiation-induced apoptosis in HCE cells

Fig. 1 shows the results of our apoptosis analysis of living HCE cells exposed to 30, 99 or
296 mJ/cm* UV irradiation. The percentage of apoptotic cells was significantly increased: 20.5%
+04 % after 99 mJ/cm? irradiation and 270 % =+ 1.1% after 296 mJ/cm? irradiation, when com-
pared with non-irradiated cells (14.8% +03% ,n =3, P<0.01 and 152% +05% ,n =3, P <
0.01, respectively).

UV irradiation-induced ROS generation

Fig. 2 shows ROS generation in HCE cells presented as the fluorescence intensity at 30 min-
utes after 99 mJ/cm® UV irradiation. The level of ROS significantly increased in the UV group
(23030 + 9361.3 fluorescence intensity [FI], n = 6) compared with the non-UV group (65183 +
968.5 FI, n = 6; P < 0.01), confirming the induction of oxidative stress by UV irradiation. Pre-
treatment with JNKi significantly inhibited the UV-induced ROS generation (15333.6 +2558.0 FI,
n=6; P<0.03).

UV irradiation-induced JNK phosphorylation ability
Fig. 3 shows the JNK phosphorylation ability in HCE cells 24 hours after 99 mJ/cm* UV irra-
diation presented as the phosphorylated JNK/total JNK ratio. JNK phosphorylation ability was
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Fig. 3. Effects of UV irradiation on JNK phosphory-
lation in HCE cells

The levels of phosphorylated JNK and total JNK
in non-irradiated HCE cells, UV-radiated HCE
cells and UV-irradiated HCE cells that were
treated with JNKi were compared by ELISA. The
UV-irradiated HCE cells that were treated with
JNKi cells were pretreated with JNKi for 1 hour,
exposed to 99 mlJ/cm? UV irradiation, and then
incubated with JNKi for 1 hour. Values are mean
+SEM and represent the phosphorylated JNK/
total JNK ratio (n=12). **: P < 0.01 versus
UV-irradiated HCE cells from three independent
experiments.
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Fig. 4. Effects of UV irradiation on IL-11 levels in
HCE cells

IL-11 levels were measured by ELISA using culture
medium from HCE cells after UV irradiation.
HCE cells were pretreated with JNKi for 1 hour,
exposed to 99mlJ/cm? UV irradiation, and then
incubated with JNK inhibitor for 1, 3, 6, 15 or 24
hours. Values are mean + SEM (pg/ml, n =6). *:
P <005, **: P <001 versus UV-irradiated HCE
cells from two independent experiments. A\ : non-
irradiated, W : UV-rradiated, O : UV-irradiated+
JNKi.
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Fig. 5. Effects of UV irradiation on AP-1 production
in HCE cells

AP-1 was detected by ELISA using nuclear
extracts from HCE cells after UV irradiation.
UV-irradiated HCE cells that were treated with
JNKi were pretreated with JNKi for 1 hour,
exposed to 99 mlJ/cm? UV irradiation, and then
incubated with JNKi for 1, 3, 6, 15 or 24 hours.
Values are mean + SEM and represent AP-1 activity/
ml (n=6). * P <005 ** P < 0.01 versus
UV-irradiated HCE cells from two independent
experiments. A : non-irradiated, B : UV-irradiated,
O : UV-irradiated + JNKi.
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significantly increased by UV irradiation (0.91 +0.03, n =6, P < 0.01) and significantly decreased
by JNKi pretreatment (0.77 £0.02, n = 6; P < 0.01).

UV irradiation-induced IL-11 levels

Fig. 4 shows the sequential change in IL-11 production after 99 mJ/cm® UV irradiation. I1L-11
levels were significantly increased by UV irradiation (153.8 4.7 pg/ml, n = 6, P < 0.01) and sig-
nificantly decreased by JNKi pretreatment (105.6 +3.5 pg/ml, n =6, P < 0.01) at 15 hours after
UV irradiation. This suggests involvement of JNK in increasing IL-11 production.

UV irradiation-induced AP-1 activation

Fig. 5 shows sequential changes in the levels of AP-1 activity in HCE cells after 99 mJ/cm?
UV irradiation. AP-1 activitywas significantly increased by UV irradiation (0.27 £0.01 n =6, P
< 0.01) and decreased by JNKi pretreatment (0.22+0.01, n =6, P < 0.01) at 15 hours after
UV irradiation.

Immunocytochemical staining for c-myc, c-fos and c-jun

Nuclear expression of c-myc, c-fos and c-jun were increased in the 99 mJ/cm? UV group
(Fig. 6) and the IL-11-treated group (Fig. 7) at 15 and 24 hours. After UV irradiation, the
expression of c-myc, c-fos and c-jun stain was increased at 15 and 24 hours; similar increases
in expression of c-myc, c-fos and c-jun were seen after IL-11 stimulation. In contrast, cells that
were not UV irradiated or not treated with IL-11 did not express these proteins.

Discussion

The maintenance of tissue homeostasis is a crucial biological mechanism. Cell differentiation,
proliferation, wound healing, and cell death are strictly controlled by intercellular communication.
It is well known that ROS generation and oxidative stress are causes of UV-induced cell dam-
age. As the conjunctiva is directly exposed to oxygen and UV'W we investigated the relation-
ship between proliferation, oxidative stress and IL-11 in UV-irradiated HCE cells.

We applied UV irradiation at 312nm to HCE cells at low, intermediate and high doses (30,
99, and 296 mJ/cm? respectively), with the high UV dose roughly corresponding to the daily
exposure level in Tokyo in fine weather. At 24 hours after irradiation, we measured the dose-
dependent increase in apoptotic cells using Annexin V staining.

Recent studies on cell death have shown that dying cells are not only phagocytosed, but are
also involved in the maintenance of tissue homeostasis by releasing various factors”. The resid-
ual dying cells release signals or growth factors to surrounding living cells — these signals and
growth factors induce tissue repair, inflammation, and even autoimmune disease®. Both exog-

1.2 Increased

enous and endogenous ROS may function as signals to promote cell proliferation
levels of ROS lead to the activation of MAPK and Akt signaling pathways*?”, and then the
signals transfer to the nucleus and induce the expression of various genes which determine

whether a cell will live or die — for example, by cell cycle regulation and apoptosis promotion.
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Fig. 6. Immunocytochemical staining for c-myc, c-fos and c-jun in
HCE cells after UV irradiation

The upper panels show expression of c-myc, the middle panels
show expression of c-fos, and the lower panels show expression of
cjun. (A), (D) and (G): HCE control for 24-hour cells (non-
irradiated); (B), (E) and (H): 15 hours after UV irradiation;
(C), (F) and (I): 24 hours after UV irradiation (original
magnification, x 200).
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Fig. 7 Immunocytochemical staining c-myc, c-fos and c-jun in
HCE cells after IL-11 treatment

The upper panels show expression of c-myc, the middle panels

show expression of c-fos, the lower panels show expression of

c-jun. (A), (D) and (G): HCE control for 24 hours cells

(without IL-11); (B), (E) and (H): 15 hours after IL-11

treatment; (C), (F) and (I): 24 hours after IL-11 treatment

(original magnification, x 200).
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Studies on compensatory proliferation in the Drosophila wing disc recently demonstrated that

apoptotic cells induce proliferation of surrounding living cells to maintain tissue homeostasis™ .

Cell proliferation is induced by growth factors released through a caspase-initiated (apoptosis
signaling) JNK pathway””. In a zebrafish tail injury-healing model, NADPH-dependent oxidase

(NOX)-dependent ROS generation induced in the injured tissues™

tion which is important for wound healing®. In mammals, damage-associated molecular pat-

activates neutrophil infiltra-

terns (DAMPs) are released from damaged tissues and induce the production of cytokines and
chemokines®>?, leading to compensatory proliferation through STAT3 activation®. Furthermore,
ROS induced members of the IL-6 family of cytokines, which includes IL-6, IL-11, 1L-27 and
IL-31, in an acetaminophen-induced liver injury model. IL-11 induction resulted in compensatory
proliferation by activating STAT3 in surrounding cells and stimulating the pathway of compensa-
tory proliferationlg). By forming a complex with IL-11 receptor alpha chain (IL-11RA) and
gp130, IL-11 activates the JAK-STAT and Ras-ERK pathways in cells’ and promotes compensa-
tory proliferation. In this study, ROS generation and JNK activation significantly increased after
30 minutes and 1 hour of intermediate-dose UV irradiation, respectively. The mitochondria is an
important source of ROS**,  Previously, we described increases in ROS generation and mito-
chondrial membrane damage resulting from UV irradiation, which induced apoptosis'”. Further-
more, we investigated sequential changes in the production of IL-11 (which promotes vicarious
growth) and AP-1 after 15 hours of intermediate-dose UV irradiation, and suppression of JNKi.
These findings suggest that JNK is involved in intracellular production of ROS, IL-11 and AP-1.

Fifteen and 24 hours after the intermediate-dose UV irradiation, c-myc, c-fos and c-jun imm-
nocytochemical stain was observed in HCE cells. Expression of c-myc , c-fos and c-jun was
particularly high at 24 hours (Fig. 6, B-I). Expression of c-myc and c-fos was localized to the
nucleus, and expression of c-jun was observed in cytoplasm. Expression of these proteins was
confirmed by IL-11 treatment of HCE cells (Fig. 7 B-I). These findings suggest that JNK-relat-
ed IL-11 production activated AP-1, and then induced the expression of genes involved in cell
proliferation, such as c-myc and c-fos. In a recent study, treatment with lipopolysaccharide did
not induce IL-11 in primary cultures of conjunctival epithelial cells””. Our study suggests that the
increase in IL-11 expression was caused by UV irradiation-induced apoptosis and ROS produc-
tion. Pterygium causing inflammatory, infiltrating, and proliferative lesions on the ocular surface
is a representative eye disease induced by UV. The overexpression of matrix metalloproteinases
(MMPs) in human tissue has frequently been reported in UV-irradiated tissues”¥>%. AP-1 has
also been implicated in this MMP-associated proliferation mechanism*’, suggesting that compen-
satory proliferation is partially involved in the pathogenesis. In conclusion, intermediate-dose UV
irradiation causes the apoptosis of HCE cells due to ROS generation. Also, this condition may
increase JNK activity and related IL-11 production. It may lead to AP-1 activation and promote
cell proliferation through c-myc, c-fos and c-jun. These findings suggest that conjunctival epithe-
lial cells of the ocular surface which are constantly exposed to UV stress possess an apoptosis-
induced proliferation mechanism. This mechanism seems to be involved in tissue repair and
maintenance of cell growth through turnover.
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