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Pterygia are inflammatory, invasive, and proliferative
lesions of the human ocular surface in which the
matrix metalloproteinase (MMP) collagenase-1
(MMP-1) is highly expressed. Pterygia development
may involve MMP-1 activity against interstitial fibril-
lar collagen, an abundant extracellular matrix com-
ponent of the cornea, and its induction by ultraviolet
light (UVB). We examined the pathways responsible
for enhanced expression of MMP-1 in pterygium epi-
thelial cells after UVB exposure and/or treatment with
chemical inhibitors of mitogen-activated protein ki-
nases or epidermal growth factor receptor. The induc-
tion of MMP-1 by UVB was comparable to that medi-
ated by heparin-binding epidermal growth factor-like
growth factor and epidermal growth factor. The epi-
dermal growth factor receptor inhibitor PD153035
partially blocked the UVB-mediated induction of
MMP-1 and totally abrogated its production after stim-
ulation with either heparin-binding epidermal
growth factor-like growth factor or epidermal growth
factor. UVB exposure enhanced the phosphorylated
form of ERK1/2 in a time-dependent manner whereas
the ERK1/2 inhibitor PD98059 decreased this induc-
tion by at least fivefold. Transcripts for c-jun and c-fos
were detected as early as 2 hours after UVB exposure
and were suppressed by PD98059. The identification
of a specific intracellular signaling pathway respon-
sible for the enhanced production of a key enzyme
that denatures intact fibrillar collagen has important
implications for understanding the pathophysiology
and future therapy for pterygia. (Am J Pathol 2005,
167:489–503)

Pterygium is a condition of the ocular surface charac-
terized by squamous cell metaplasia and goblet cell
hyperplasia. The lesion consists of a wing-shaped
mass of fibrovascular conjunctival tissue that invades
the normal cornea. Other obvious pathological
changes include activation of stromal fibroblasts, a
persistent inflammatory component, elastotic degener-
ation, and destruction of collagenous barriers such as
Bowman’s layer. Pterygia are particularly prevalent in
heavily sun-exposed individuals in whom extensive ep-
idemiological studies link this disease to excessive
ultraviolet (UV) radiation.1–5 Despite this evidence,
there is still controversy regarding the actual trigger for
the development of pterygia and whether or not there is
a genetic predisposition to this disease.6 Recently, we
have identified UVB as an environmental agent likely to
be responsible for initiating molecular events that lead
to the formation of pterygia.7,8 From our hypothesis,9

we postulate that UVB radiation activates cells at or
near the limbus. This activation may cause 1) pheno-
typic alterations in a distinct population of epithelial
cells, 2) production of proinflammatory and angiogenic
cytokines7 and growth factors,8 and 3) increased inva-
siveness due to enhanced production of matrix metal-
loproteinases (MMPs) over and above their natural tis-
sue inhibitors (TIMPs).6,9 –12

To date, we6,9–12 and others13–17 have accumulated
data from in vitro culture and in vivo tissue-based studies
that resemble investigations performed in human UV-
exposed skin. These studies have demonstrated in-
creased MMPs in human skin and skin-derived cells in
response to UV radiation.18–21 Furthermore, photodam-
aged skin displays several histological features in com-
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mon with pterygia, such as regions lacking intact colla-
gen fibrils, the presence of a disrupted matrix, and large
deposits of amorphous material composed of cellular
debris and elastotic matrix.22

The extensive expression of MMP-1 in cultured
pterygium-derived cells and pterygium tissue has
been documented by several independent investiga-
tors.9 –11,13,14 Interestingly, we have also noted dimin-
ished expression of MMP-1 in quiescent normal con-
junctival tissue specimens.9,10 The importance of
MMP-1 should not be underestimated because it can
specifically denature the collagen triple helix at a spe-
cific locus, it is required for keratinocyte migration on a
type I collagen matrix,23 it can promote endothelial cell
migration during angiogenesis,24 and its overexpres-
sion can result in epidermal hyperplasia, and enhance
cell proliferation by activating insulin-like growth fac-
tor.25 Thus determining the role and identifying the
signals that regulate the expression of MMP-1 in ptery-
gia may be critical for understanding how this disease
develops in humans.

In a previous investigation we identified the extracel-
lular signal-regulated kinase (ERK1/2) mitogen-acti-
vated protein kinase (MAPK) as the intracellular signal
transduction pathway activated by UVB that was re-
sponsible for induction of MMP-1 in cultured pterygium
epithelial cell (PECs). Blocking this pathway with the
chemical inhibitor PD98059 resulted in a significant
decrease in MMP-1 production, whereas no inhibition
was observed with an inhibitor of c-Jun N-terminal
kinase (JNK) and p38 (SB202190).9 In the context of
pterygium development, these findings are relevant
because activation of the ERK pathway can promote
cell survival and proliferation, whereas activation of
JNK and p38 signaling pathways can result in apop-
tosis.26 Furthermore, the induction of MMP-1 by
UVB,27,28 UVA,29 and possibly infrared-A radiation30 is
dependent on AP-1 (c-jun/c-fos) transcriptional activity
that is downstream of ERK.

An important aim of this study was to trace the
intracellular signal cascade and to identify the sen-
sor(s) for the UVB stimulus. One of the earliest events
in response to UV radiation involves ligand-indepen-
dent autophosphorylation of cell surface growth factor
receptors such as the keratinocyte growth factor re-
ceptor (KGFR)31 and the epidermal growth factor re-
ceptor (EGFR).32 It is highly likely that stimulation of
such receptors by UV contributes to the activation of
MAPK pathways. Furthermore, targeting the EGFR in
our model is relevant because this receptor33,34 and at
least one of its ligands heparin-binding epidermal
growth factor-like growth factor (HB-EGF)8,35 has been
identified in pterygia. Using a pterygium-derived epi-
thelial cell culture model, we demonstrated the partial
involvement of the EGFR in transmitting an extracellular
UVB signal that resulted in the activation of an intra-
cellular signal transduction pathway. Interestingly, the
same molecules and pathways were not activated by
UVB in normal conjunctival or limbal8 epithelial cells
and this observation is currently under investigation in
our laboratory.

Materials and Methods

Surgical Tissue Specimens

Resected pterygia (n � 8) and normal conjunctiva (n � 8)
were obtained from the Prince of Wales Hospital, Sydney,
Australia. Autologous tissue (n � 3) that remained after
grafting was also used in this study and included small
segments of conjunctiva. All tissue specimens were for-
malin-fixed and paraffin-embedded immediately after
surgery. Informed consent was obtained from each sub-
ject. All research protocols were approved by the Univer-
sity of New South Wales Human Ethics Committee and
performed in accordance with the tenets of the World
Medical Associations Declaration of Helsinki.

Immunohistochemical Analysis

Serial sections (4 �m) of pterygia, normal conjunctiva,
limbus, and cornea were processed for immunohisto-
chemistry as previously described.6–12 In brief, tissue
sections were deparaffinized, hydrated, equilibrated in
0.05 mol/L Tris-buffered saline (TBS), pH 7.6, blocked
with the appropriate serum (20% final) diluted in 2%
bovine serum albumin/TBS, and incubated at room tem-
perature for 30 minutes. Sections were incubated with
primary antibody in 2% bovine serum albumin/TBS at the
indicated dilution, temperature, and time (Table 1). A
rigorous staining optimization protocol was performed for
each antibody. Antibody concentration, time of applica-
tion (30 minutes to 16 hours), and temperature of incu-
bation (4 to 37°C) was predetermined in preliminary
experiments. Antigen retrieval using either microwave
treatment or enzymatic digestion was performed but not
required for optimal staining. Sections were extensively
washed in TBS before the addition of the appropriate
biotinylated secondary antibody (Table 1). Sections were
rinsed, then incubated with horseradish peroxidase-con-
jugated streptavidin (DAKO, Carpinteria, CA) for an ad-
ditional hour at room temperature and the immunoreac-
tivity developed by adding 3-amino-9-ethyl-carbazole
(Sigma Aldrich, St. Louis, MO). Some sections were
counterstained with hematoxylin. Immunohistochemical
controls included either omitting the primary antibody or
replacing the primary antibody with a mouse, rabbit, or
goat isotype (IgG)-negative control antibody (Table 1).
Any difference in the staining intensity between pterygia,
conjunctiva, and limbus was comparable because both
diseased and normal tissue were analyzed under identi-
cal conditions in the same experimental run.

For the EGFR-based studies, PECs were cultured in
chamber slides (Nunc, Roskilde, Denmark),10 fixed, and
stained for this receptor. These conditions ensured no
physical disruption of the cell-membrane-bound receptor
due to enzymatic digestion. For the EGFR ligand studies,
PECs were grown (see below) in 100-mm dishes (Corn-
ing, Corning, NY), treated under control conditions or
irradiated with 20 mJ/cm2 UVB, trypsin-digested, pel-
leted, paraffin-embedded, sectioned, and stained for epi-
dermal growth factor (EGF) and HB-EGF (Table 1).
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Cell Culture

PECs or conjunctival epithelial cells (CECs) were seeded
at 1 � 106 cells in 100-mm tissue culture dishes (Corning)
or seeded at 1.5 � 105 cells per well in 6-well plates
(Nunc) and grown in the presence of 10% fetal bovine
serum/Eagle’s minimum essential medium. Media from
semiconfluent cells was aspirated, cells were washed
three times with sterile phosphate-buffered saline (PBS),
and synchronized in G0 or quiescence by withdrawal of
serum growth factors for 16 hours as previously de-
scribed.6–9 This media was replaced with 5 ml of PBS
and the monolayer irradiated with 20 mJ/cm2 UVB using
TL 20 W/12 RS bulbs (Philips, Sydney, Australia) as pre-
viously reported.6–9 This amount of radiation equates to a
3-minute exposure and was an amount that did not affect
cell viability or cell morphology. Moreover, it represents
the dose that resulted in maximal expression of MMP-1 in
PECs and pterygium tissue.9 UVB light intensity was
monitored and calibrated before each experiment with
the aid of a radiometer (IL1400A; International Light,
Newburyport, MA). Cells were then rinsed once with PBS
and placed in fresh serum-free medium. In some exper-
iments, cells were treated with chemical MAPK inhibitors.
The specific ERK1/2 inhibitor PD98059 (Calbiochem, La
Jolla, CA) was used at 25 �mol/L, while the JNK and p38
inhibitor SB203580 (Calbiochem) was added to a final
concentration of 10 �mol/L for the specified times. For
inhibition of EGFR-mediated signal transduction, quies-
cent PECs were pretreated with PD153035 (0.1 to 5
�mol/L final, Calbiochem) for 1 hour before and for the
specified times after irradiation or stimulated with either
recombinant human EGF (Sigma) or HB-EGF (R&D Sys-
tems, Minneapolis, MN) to a final concentration of 100
ng/ml. PD153035 is an extremely potent and specific
inhibitor of the tyrosine kinase activity of the EGFR and

rapidly suppresses autophosphorylation at low nanomo-
lar concentrations. In other experiments, cells were
treated with either 100 ng/ml of pertussis toxin (Calbio-
chem) because this agent is a known desensitizer of
G-proteins or with 0.1 to 1.0 �mol/L AG1295 (Calbio-
chem), a selective inhibitor of the PDGFR kinase activity.
Supernatants, cell lysates, and RNA samples were har-
vested at defined time points after treatment and stored
at �70°C.

Enzyme-Linked Immunosorbent Assay
for MMP-1

Supernatants derived from control, growth factor-stimu-
lated, or UVB-irradiated cells were analyzed by commer-
cial enzyme-linked immunosorbent assay (Biotrak; Amer-
sham Pharmacia Biotech, Sydney, Australia) for MMP-1,9

precisely as described by the manufacturer. The optical
density of each 96-well plate was read at 450 nm using a
microplate reader (Spectramax Plus; Molecular Devices,
Sunnyvale, CA).

RNA Extraction and Reverse Transcriptase
(RT)-Polymerase Chain Reaction (PCR)

Total RNA was extracted (RNAgents Total RNA extraction
kit; Promega, Sydney, Australia) from control, PD98059-
treated, and UVB-exposed PECs at the designated time
points. Reverse transcription was performed using the
Preamplification System for First-Strand cDNA Synthesis
kit (Invitrogen, Groningen, The Netherlands) as previ-
ously described.10 Aliquots (1 �l) of cDNA were amplified
by PCR after the addition of 100 nmol/L each of the
forward and reverse primers (Table 2). A 2-minute hot

Table 1. Primary Antibodies Used for Immunohistochemistry and Western Blotting

Antibody Source Catalogue no. Application Dilution Temperature/time

Primary antibodies
p-p44/p42 (RaH) CST 9101 WB, IHC 1:1000, (1:30) 4°C/16 hours
p44/p42 (RaH) CST 9102 WB, IHC 1:1000, (1:30) 4°C/16 hours
p-p38 (RaH) SCB sc-7975 WB 1:500 4°C/16 hours
MMP-1 (MaH) ICN 63-178 WB 1:1000 22°C/1 hour
pEGFR (MaH) CST 2236 IHC 1:400 4°C/16 hours
c-fos (RaH) SCB sc-52 IHC 1:200 37°C/1 hour
c-jun (RaH) SCB sc-1694 IHC 1:200 37°C/1 hour
Sp1 (RaH) SCB sc-59 IHC 1:200 37°C/1 hour
EGF (RaH) SCB sc-275 IHC 1:25 4°C/16 hours
HB-EGF (GaH) R&D AF-259-NA IHC 1:60 4°C/16 hours
Rabbit IgG SCB sc-2027 IHC 1:25–1:200 37°C/16 hours
Mouse IgG Dako X0931 IHC 1:400 4°C/16 hours
Goat IgG R&D AB-108-C IHC 1:60 4°C/16 hours

Secondary antibodies
SaRHRP Dako P0217 WB 1:2000 22°C/1 hour
RaMHRP Dako P0260 WB 1:2000 22°C/1 hour
GaRb Dako E0466 IHC 1:200 22°C/30 minutes
GaMb Dako E0433 IHC 1:200 22°C/30 minutes
RaGb Dako E0466 IHC 1:200 22°C/30 minutes

Abbreviations used: CST, Cell Signaling Technology (GeneSearch, Arundel, Australia); GaH, goat anti-human; GaMb, biotin-conjugated goat
anti-mouse; GaRb, biotin-conjugated goat anti-rabbit; ICN, ICN Biomedicals (Sydney, Australia); IHC, immunohistochemistry; MaH, mouse anti-human;
R&D, R&D Systems (Minneapolis, MN); RaGb, biotin-conjugated rabbit anti-goat; RaH, rabbit anti-human; RaMHRP, horseradish peroxidase-conjugated
rabbit anti-mouse; SC, Santa Cruz Biotechnology (Santa Cruz, CA); WB, (Western blotting); SaRHRP, horseradish peroxidase-conjugated swine
anti-rabbit.
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start at 95°C was performed to denature the double-
stranded cDNA, followed by 30 cycles of PCR (each
cycle: 95°C, 30 seconds; 55°C, 30 seconds; 72°C, 30
seconds) and the reactions terminated with a 2-minute
extension at 72°C. For the amplification of c-jun (315 bp)
and c-fos (431 bp) transcripts, it was necessary to set the
annealing temperature to 63°C. Cycle number was pre-
determined so that the products formed fell within the
linear portion of the amplification curve. Products were
visualized on 1.2% agarose gels, precast with ethidium
bromide, and semiquantified with the Gel Doc 2000 and
the Quantity One program (Bio-Rad, Sydney, Australia).
Products were sequenced (Supamac, Sydney, Australia)
to confirm identity. A 100-bp ladder (Invitrogen) was run
in adjacent lanes.

Preparation of Total Cell Lysates

Culture medium was aspirated from monolayers and
each dish was washed twice with PBS. Cells were lysed
by adding 100 �l (per well for a six-well plate) or 500 �l
(per 100-mm2 dish) of lysate sample buffer [62.5 mmol/L
Tris-HCl (pH 6.8), 2% w/v sodium dodecyl sulfate (SDS),
10% glycerol, 0.01% w/v bromophenol blue, 50 mmol/L
dithiothreitol] then scraped, transferred to a 1.5-ml mi-
crofuge tube, and left on ice. Lysates were sonicated for
10 to 15 seconds to shear the DNA and reduce sample
viscosity, centrifuged at 13,000 rpm at 4°C for 10 minutes
to remove cell debris, aliquoted, and stored at �70°C.
Before loading, each sample was heated to 95°C for 5
minutes, cooled on ice, then analyzed by Western
blotting.

Western Blotting

Western blotting was performed as previously de-
scribed.6,9,10,12 Conditioned media or total cell lysates
from control, UVB-irradiated, growth factor-stimulated, or
MAPK inhibitor-treated PECs were used as the antigenic
source. Conditioned media [25 �l plus 8 �l of zymogra-
phy sample buffer (see below)] or total cell lysates [25 �l
total volume (see sample preparation above) were elec-
trophoretically separated on SDS-polyacrylamide gel
electrophoresis (PAGE) using a 4% stacking and 10%
resolving gels for MMP-1 (performed under nondenatur-
ing conditions) or 12% resolving gel for ERK1/2 (per-
formed under reducing conditions). Proteins contained

within the conditioned media or total cell lysates were
transferred to PolyScreen polyvinylidene difluoride trans-
fer membranes (Perkin-Elmer Life Sciences, Boston, MA)
as previously described.6,9,10,12 After transfer, the mem-
branes were blocked in 5% skim milk powder in TBST for
1 hour, washed briefly in TBST, then probed with a pre-
determined concentration of primary antibody directed
against human antigens (Table 1) diluted in 5% bovine
serum albumin/TBST. Membranes were extensively
washed in TBST (3 � 5 minutes) and incubated with a
1:2000 dilution of the appropriate horseradish peroxi-
dase-conjugated secondary antibody (Table 1) for 1 hour
at room temperature. Membranes were again washed
(3 � 5 minutes) in TBST, then placed in chemilumines-
cent reagent for 1 minute (Western Lightning, Perkin
Elmer Life Science) and exposed to Hyperfilm MP (Am-
ersham Pharmacia Biotech). All immunoreactive bands
were semiquantified with the Gel Doc 2000 and the
Quantity One programs (Bio-Rad). A prestained low-mo-
lecular weight protein ladder (Bio-Rad) was run in adja-
cent lanes. Total cell lysates were standardized for pro-
tein content (Pierce, Rockford, IL) before immunoblotting.
Coomassie Blue-stained (Bio-Rad) SDS-PAGE gels also
confirmed equal loading.

Gelatin-Substrate Zymography

Zymography was performed as previously de-
scribed.9 –11 Supernatants (25 �l), standardized for cell
number were diluted with 8 �l of nonreducing sample
buffer (0.25 mol/L Tris-HCl, pH 6.8, 10% SDS, 4%
sucrose, 0.1% bromophenol blue) and loaded without
boiling into 10% SDS-PAGE gels containing 1 mg/ml
gelatin (Sigma). After electrophoresis, the gels were
rinsed twice for 50 minutes each in 2.5% Triton X-100
(Sigma), incubated overnight at 37°C in substrate
buffer (50 mmol/L Tris-HCl, pH 7.4, 10 mmol/L CaCl2,
and 0.02% NaN3), stained with Coomassie Blue R-250
(Bio-Rad) for 1.5 hours, then destained (3 � 50 min-
utes) to expose gelatinolytic bands. A low-range mo-
lecular weight protein ladder (Bio-Rad) was run in ad-
jacent lanes.

Statistical Analysis

MMP-1 levels in the culture supernatants were expressed
as mean � SD. Differences in the level of MMP-1 be-

Table 2. Primer Pairs Used for PCR Analysis

MMP-19,10 F 5�-GGT GAT GAA GCA GCC CAG-3�
R 5�-CAG TAG AAT GGG AGA GTC-3�

TIMP-19,10 F 5�-TGC ACC TGT GTC CCA CCC CAC CCA CAG ACG-3�
R 5�-GGC TAT CTG GGA CCG CAG GGA CTG CCA GGT-3�

c-jun36 F 5�-GAA ACG ACC TTC TAT GAC GAT GCC CTC AA-3�
R 5�-GAA CCC CTC CTG CTC ATC TGT CAC GTT CTT-3�

c-fos37 F 5�-CTA CGA GGC GTC ATC CTC CCG-3�
R 5�-AGC TCC CTC CGG TTG CGG CAT-3�

GAPDH9,10 F 5�-TGA TGA CAT CAA GAA GGT GGT GAA G-3�
R 5�-TCC TTG GAG GCC ATG TGG GCC AT-3�

Previous studies (referenced) have successfully used these primer sets to amplify the respective gene products. GAPDH, glyceraldehyde 3
phosphate dehydrogenase; F, forward primer; R, reverse primer.
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tween control, cytokine, and UV dose-treated cells were
assessed by one-way analysis of variance, followed by
the Newman-Keuls test for multiple comparisons of treat-
ment groups with the control group. Comparison be-
tween UVB-exposed and mock-irradiated PECs at differ-
ent time points was made with an unpaired Student’s
t-test. A commercial software package (Prism; GraphPad
Software, San Diego, CA) was used for all data analysis.

Results

UVB-Mediated Induction of MMP-1 Is
Abrogated by PD98059

PECs were exposed to 20 mJ/cm2 of UVB, which was the
amount of radiation previously delivered to obtain maxi-
mum MMP-1 production without any obvious death or
change in cell morphology.9 Using this dose, PECs were
irradiated and/or treated with chemical inhibitors directed
against selective MAPK pathways for 48 hours after UVB
exposure. This was regarded as a conservative ap-
proach because high levels of MMP-1 could still be de-
tected as late as 72 hours after UVB.9 MMP-1 production
significantly increased to 78.3 ng/ml (P � 0.001) after
UVB compared to 31.9 ng/ml in mock-irradiated control
cells (Figure 1A). This induction was totally abrogated by
PD98059 (22.7 ng/ml, P � 0.001) compared to UVB alone

but increased moderately in response to SB203580 (99.9
ng/ml, P � 0.01). Despite the enhanced expression of
MMP-1, only constitutive MMP-2 activity (Figure 1B) and
TIMP-1 transcripts (Figure 1C) were detected after UVB
or MAPK inhibitor treatment. Furthermore, MMP-9 protein
was not detected after any of the treatments. It is con-
ceivable that the expression of other MMPs was affected
by this exposure,6 however in the current study, no ad-
ditional investigations were initiated to disclose them.

UVB Induces ERK1/2 Phosphorylation in a
Time-Dependent Manner

Our previous9 and current results (Figure 1) indicate that
the induction of epithelial cell-derived MMP-1 involved
the activation of the ERK1/2 MAPK pathway. In this arm of
the study we further elucidated the specific role of the
ERK1/2 MAPK signaling pathway in the regulation of
MMP-1 expression. Initially, PECs were exposed to 20
mJ/cm2 of UVB and the activation of ERK1/2 was deter-
mined by Western blot analysis using antibodies directed
against the phosphorylated species of ERK1/2. Exposure
of PECs to UVB resulted in a rapid and transient activa-
tion of phospho-ERK1/2, that increased between 30 min-
utes to 2 hours after UV and returned to low basal levels
after 4 hours (Figure 2A). In contrast, phosphorylated
ERK1/2 was not changed significantly throughout the
same time course in cells that were not irradiated (Figure
2B). This induction was semiquantified by comparing the
ratio of phospho-ERK1/2 after UVB to phospho-ERK1/2
under control conditions in which phospho-ERK1/2 was
increased at least 3.5-fold 30 minutes after UVB (Figure
2E). In addition, PD98059 significantly reduced phospho-
ERK1/2 levels in UVB-exposed cells as demonstrated by
the reduction in the intensity of the immunoreactive band
(Figure 2, compare A with C). The most obvious inhibition
(12-fold) was observed after 30 minutes (Figure 2F). UVB
also enhanced phosphorylated p38 protein slightly
above constitutive levels particularly late (4 to 7 hours)
after exposure (Figure 2G). This induction was not inhib-
ited by PD98059 (Figure 2H), suggesting that this path-
way is unlikely to be involved in modulating MMP-1 pro-
duction. A representative Coomassie Blue-stained gel
demonstrated equal loading in each lane (Figure 2).

Localization of Phospho-ERK1/2 in
Pterygium Specimens

As the ERK1/2 MAPK signaling pathway was shown to
play a role in the UVB-mediated induction of MMP-1 in
cultured PECs, we attempted to examine the cellular
distribution and relative abundance of phospho-ERK1/2
in pterygium specimens. Total ERK1/2 expression was
extensive and expressed in all (n � 8) pterygium speci-
mens analyzed (Figure 3; A, D, G). ERK1/2 was predom-
inantly localized to the pterygium epithelium, vascular
endothelium (Figure 3, D and G; arrow), some stromal
fibroblasts, and inflammatory leukocytes. The expression
of phospho-ERK1/2 (Figure 3; B, E, and H) was relatively

Figure 1. Inhibition of MMP-1 by PD98059. PECs were cultured under
control conditions, irradiated with 20 mJ/cm2 UVB, or treated with either
PD98059 (25 �mol/L) or SB203580 (10 �mol/L). Cell supernatants and total
RNA were harvested after 48 hours (A and B) or 24 hours (C) and analyzed
by enzyme-linked immunosorbent assay (A), gelatin zymography (B), or
RT-PCR (C). The arrowhead in B points to the region of gelatinolytic activity
expected for latent MMP-9. The bars in A represent the mean � STD of
triplicate experiments. **Significance set at P � 0.001.
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similar to that of total ERK1/2, predominantly confined to
the pterygium epithelium and the occasional inflamma-
tory cell, whereas the vascular endothelium was gener-
ally void of any reactivity (Figure 3, E and H; arrow). In
contrast, relatively fewer cells expressed total ERK1/2 in
normal conjunctiva (Figure 3, J and M; arrowheads) and
the intensity of staining was generally diminished when
compared to pterygium specimens. Furthermore, reac-
tivity for phospho-ERK1/2 was rarely observed in normal
conjunctival tissue (Figure 3, K and N; arrowheads). Con-
trol reactions performed in pterygium (Figure 3; C, F, I)
and conjunctival (Figure 3, L and O) sections were gen-
erally void of immunoreactivity.

c-jun and c-fos Expression in Cultured PECs
and Pterygium Tissue

The increased expression of MMP-1 mRNA has been
shown to involve the activation of AP-1.38 AP-1 is a pro-
tein dimer that consists of c-jun and c-fos. Increased
c-fos gene expression correlated with induced AP-1 ac-
tivation in UVB-exposed keratinocytes and is directed by
specific MAPK pathways.38 Given this background,
PECs were irradiated with 20 mJ/cm2 UVB, RNA was
harvested, and analyzed by RT-PCR (Figure 4; A to D).
Note the intermediate-early induction (2 to 6 hours) of
both c-fos and c-jun transcripts after UVB (Figure 4, B
and C, respectively). Whereas MMP-1 mRNA steadily
increased between 12 to 24 hours after UVB (Figure 4A).
Although MMP-1 transcripts increased, c-jun and c-fos
mRNA expression fell to near background levels
(Figure 4E).

Autologous tissue samples from pterygia and normal
conjunctiva were analyzed by immunohistochemistry to
determine the distribution of c-jun and c-fos. c-jun stain-
ing was extensive and localized predominantly to the
pterygium (Figure 5, A and E) and conjunctival epithelium
(Figure 5, I and M). Likewise, staining for c-fos was iden-
tified on the pterygium epithelium (Figure 5, B and F) but
fewer cells expressed this transcription factor in the nor-
mal conjunctiva (Figure 5, J and N). The relative expres-
sion of these proteins was comparable between dis-
eased and normal tissue, as sections were stained in the
one experimental run under identical conditions. Further-
more, the absence of any significant staining for c-fos in
the conjunctiva was not attributable to the absence of
antigen as these specimens stained positively for the
transcription factor Sp1 (Figure 5, K and O) that is re-
garded as a housekeeping-like gene. Sp1 was not only
found in the pterygium epithelium, but also stained con-
junctival epithelium and pterygium fibroblasts (Figure 5;
C, G, K, and O). Sections incubated with an isotype
control antibody (Figure 5, D and L) or in the absence of
a primary antibody (Figure 5, H and P) developed no
reactivity.

In our previous studies9,10 we noted the diminished
expression of MMP-1 in normal human conjunctival tissue
compared to the abundant expression of this protease in
pterygium specimens. Interestingly, MMP-1 could not be
induced after UVB radiation in cultured CECs.9 Similarly,

Figure 2. PD98059 inhibited the UVB-induced ERK1/2 activation. PECs were
seeded at equal density and cultured until 95% confluence was established.
Cells were serum starved overnight then either irradiated with 20 mJ/cm2

UVB (A and G) or mock irradiated (B), and immediately treated with the ERK
inhibitor PD98059 (25 �mol/L final) (C, D, and H). Total cell lysates were
prepared at the indicated times ranging from 5 minutes to 7 hours. Western
blot analysis was performed (A–D, G, and H) with phospho (P)-specific
P-p44/p42 (A–C) and phospho-specific P-p38 (G and H) antibodies or
antibodies directed against total (T)-p44/p42 (ERK) (D). Equal protein load-
ing was confirmed by staining the SDS-PAGE gels with Coomassie Blue. The
Western blot results were further semiquantified and comparisons made
between UVB-irradiated and mock-irradiated PECs (E) and UVB-exposed
and PD98059-treated PECs (F) with respect to phospho-ERK (pERK) expres-
sion. These results are representative of three different cell lines analyzed.
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in the current investigation we noted the lack of c-fos
expression in conjunctival specimens (Figure 5, J and N).
Because c-fos expression is downstream of ERK1/2
and upstream from MMP-1 induction, we investigated
whether UVB radiation could modulate c-fos expression
in CECs. Indeed c-fos mRNA expression was not signif-
icantly altered when CECs were exposed to UVB (Figure
6B). In contrast, c-fos transcripts were transiently in-

duced in a time-dependent manner in the corresponding
PECs (Figure 6A).

Having identified the involvement of the ERK1/2
MAPK signaling pathway in the UVB-mediated induc-
tion of MMP-1 in PECs (Figures 1 and 2), it was impor-
tant to establish whether c-jun and c-fos expression
was affected by inhibiting specific MAPK pathways as
other investigators have shown in human keratino-

Figure 3. Localization of ERK1/2 in pterygia. Pterygia (A–I) and normal conjunctiva (J–O) were serially sectioned and stained for total ERK (A, D, G, J, and M)
or pERK (B, E, H, K, and N). Control reactions included omitting the primary antibody (C and F) or applying a relevant isotype control IgG antibody (I, L, and
O). Tissue sections in A to C and J to L were derived from one subject and tissue in G to I and M to O were derived from another patient. Pterygium tissue in
D to F was obtained from a third donor. Red staining denoted positive immunoreactivity. Arrows in D and G indicate a positively stained blood vessel. Whereas
the arrows in E and H point to the same unstained vessel. Arrowheads in J and M illustrate mild reactivity for total ERK in the basal conjunctival epithelium,
whereas the arrowheads in K and N indicate the absence of any reactivity for phospho ERK (pERK) in the same region of the conjunctiva. This pattern of
expression was representative of all diseased and normal tissue specimens analyzed. Original magnifications, �500.
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cytes.39 In this set of experiments, PECs were cultured
under control conditions or irradiated and treated with
either the ERK inhibitor (PD98059) or the JNK/p38
inhibitor (SB203580) for the times indicated, after
which total RNA was extracted and analyzed by RT-
PCR. Early (2 to 6 hours) and late (24 hours) time points
of harvest were chosen because c-jun and c-fos are
intermediate/early-induced genes whereas MMP-1
mRNA is induced later after UVB exposure9 (Figure 4).
Although the data for the control and UVB-exposed
PECs corroborated those in Figure 4 with respect to
c-jun, c-fos, and MMP-1 mRNA expression, obvious
changes in the expression of these genes were noted
on incubation with the specific MAPK inhibitors (Figure
7). The expression profile for MMP-1 was not altered at
the early time points (2 to 6 hours) irrespective of the
treatment but increased at least 1.5-fold 24 hours after
UV, was inhibited to background levels by PD98058,
and was slightly induced by SB203580 to levels above
those seen in UVB-exposed cells (Figure 7, C and G).
These mRNA data paralleled those for MMP-1 protein
production displayed in Figure 1B. In contrast to the
late enhanced expression of MMP-1 mRNA after UVB,
c-jun (Figure 7, B and E) and c-fos (Figure 7, A and F)
mRNAs were increased relatively early (2 to 6 hours)
but the increased expression of both genes was abro-
gated by the addition of PD98059, and like MMP-1
mRNA, they were moderately induced by SB203580.

Activation, Phosphorylation, and Internalization
of the EGFR after UVB

Our previous study suggested that the increased produc-
tion of MMP-1 was not due to an autocrine mechanism
involving a soluble protein (a ligand-dependent event)
instead a direct (a ligand-independent event) effect was
likely.9 This arm of the study was designed to address
whether or not UVB radiation was capable of activating
the EGFR. This receptor was targeted because it has
previously been identified in pterygia33,34 and at least
one of its ligands, HB-EGF,8,35 has been linked with the
pathogenesis of this disease. In addition, the EGFR is
activated in the human skin in response to UVB,27 and
both HB-EGF and EGF can activate ERK1/2.40,41

Initially, the expression of the EGFR was confirmed in
several pterygium specimens (n � 5). This receptor was
heavily expressed by most PECs, in a pattern typical of
cytoplasmic and membranous staining (Figure 8B). Fur-
thermore, both HB-EGF (Figure 8C) and EGF (Figure 8A)
were identified in serial pterygium sections. Interestingly,
the active phosphorylated form of the EGFR was local-
ized to the perinuclear space with a distinct polarized
staining pattern (Figure 8D). Next, the activation status of
the EGFR was determined in cultured epithelial cells.
EGFR expression in nonirradiated PECs (Figure 8F) was
abundant as shown by the moderate-to-intense immuno-
reactivity and was comparable to the expression on non-
irradiated CECs (data not shown). Also, when both PECs
(Figure 8E) and CECs (Figure 8G) were irradiated, no
significant change in the distribution of receptor staining
was noted. Moreover, little or no phospho-EGFR was
detected in nonexposed PECs (Figure 8I), and CECs
(data not shown). But obvious internalization and trans-
location of this receptor to the nucleus region of the PEC
was noted after UVB (Figure 8H, arrowheads), in a
pattern similar to that disclosed in vivo (Figure 8D). In-
terestingly, only a small portion of UV-irradiated CECs
demonstrated staining for phospho-EGFR (Figure 8J,
arrowheads)

Increasing evidence from keratinocyte cultures32 and
human skin41 indicates that ligand-independent activa-
tion of the EGFR involves a variety of extracellular stimuli
including UV irradiation. To address whether the UVB-
mediated induction of MMP-1 involved the activation of
the EGFR, serum-starved PECs were preincubated with
PD153035. This agent is an extremely potent and specific
inhibitor of the tyrosine kinase activity of the EGFR. The
results showed that MMP-1 levels were moderately abro-
gated (P � 0.01) by PD153035 (Figure 9A). This repre-
sented a 19.4% inhibition compared to UVB alone and
was further abrogated by the addition 5 �mol/L
PD153035 to 28% (data not shown). MMP-2 levels were
not altered by the same treatment (Figure 9A, zymo-
gram). Interestingly, both recombinant-human HB-EGF
(Figure 9B) and EGF (Figure 9C) significantly (P � 0.001)
enhanced MMP-1 to the levels observed after UVB irra-
diation. However, the growth factor-mediated induction of
MMP-1 was totally abolished by PD153035 (Figure 9, B
and C). Again no modulation of MMP-2, and no induction

Figure 4. The intermediate-early genes c-jun and c-fos are induced after
UVB. Semiconfluent cultures of PECs were exposed to 20 mJ/cm2 UVB.
Total RNA was isolated at 0 to 24 hours after UVB and analyzed by RT-PCR
to determine MMP-1 (A), c-fos (B), c-jun (C), and GAPDH (D) mRNA
expression using gene-specific primers. Control reactions included RNA
that was not reverse transcribed (�RT) or reactions in which the primer
pairs were omitted (�1o). No products formed in reactions in which a
DNA template was not included (not shown). Molecular weight of the
products was estimated by comparison to a 100-bp ladder. These results
were further semiquantified as fold-increase that was standardized to
GAPDH levels (E). These results are representative of three different cell
lines analyzed.
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Figure 5. Localization of c-jun and c-fos in ocular tissue. Pterygia (A–H) and normal conjunctiva (I–P) were serially sectioned and stained for c-jun (A, E, I, and
M), c-fos (B, F, J, and N), and Sp1 (C, G, K, and O). Control reactions included omitting the primary antibody (H and P) or applying a relevant isotype control
IgG antibody (D and L). Tissue sections in A to D and I to L were derived from one donor and tissue in E to H and M to P were derived from a second patient.
Red staining denoted positive immunoreactivity. To illustrate the extent and location of the immunoreactivity, sections in A to C, E to G, I to K, and M to O were
not counterstained. Because no reactivity was observed in any of the control reactions (D, H, L, and P), these sections were counterstained with hematoxylin.
This pattern of expression is representative of all diseased and normal tissue specimens analyzed. Original magnifications, �500.
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of MMP-9 was observed by either recombinant human
HB-EGF or EGF (Figure 9, B and C; zymograms). Fur-
thermore, desensitization of G-proteins with pertussis
toxin significantly reduced the UVB-mediated induction
of MMP-1 by at least 27% (Figure 9E), suggesting that the
increased MMP-1 production was partially due to G-
protein coupled receptors. Importantly, when a selective
inhibitor of the tyrosine kinase activity of the PDGFR
(AG1295) was co-incubated with the same cells, no
significant reduction in MMP-1 levels were observed
(Figure 9D).

Discussion

The UV spectrum is subdivided into three ranges: short
(UVC, 200 to 280 nm), mid-range (UVB, 280 to 320 nm),
and long (UVA, 320 to 400 nm). UVC is absorbed by the
atmosphere before reaching the earth’s surface and
therefore is not likely to cause pathological changes.
However, exposure to UVA and UVB is associated with
disorders of the skin18–22 and the eye,1,5,6,42 which is not
surprising because both organs are continuously ex-
posed to the phototoxic effects of this agent. Exposure of
mammalian cells to UV can cause cell death due to
apoptosis or cell proliferation as in skin cancer. One of
the initial cellular events after UV radiation is activation of
cell-surface receptors such as the EGFR27,32,43 and
KGFR.31

In the current investigation we provide evidence that
implicates cell-surface receptors (eg, EGFR) as potential
transmitters of the extracellular UV signal and we refer to
this as a ligand-independent event. Although the binding
of EGFR ligands is also a likely mechanism of enhancing
MMP-1 expression in our cell culture model, we provide
convincing preliminary evidence that argue against a
ligand-dependent event. For example, our previous study
demonstrated that conditioned media from UVB-irradi-

ated PECs (known to contain several UVB-inducible cy-
tokines and growth factors)7,8 was unable to stimulate the
production of MMP-1 in quiescent PECs9 and the induc-
tion of MMP-1 was partially blocked (Figure 9) by a spe-
cific EGFR inhibitor (PD153035) as well as a nonspecific
G-protein receptor inhibitor (pertussis toxin). This partial
blockade may indicate the activation of other receptor-
mediated signaling pathways and this is the topic of
ongoing investigations in our laboratory. Furthermore,
HB-EGF stimulated the expression of TIMP-16 (and MMP-
1), while UVB irradiation had a negligible effect on the
expression of this inhibitor (Figure 1C).9

Several studies have shown that extracellular signals in
the form of UV light or osmotic stress can activate intra-
cellular MAPK cascades through the phosphorylation of
growth factor and cytokine receptors such as the EGFR,
TNFR, and IL-1R.32,43,44 This is known to occur via re-
ceptor clustering and internalization to endosomal com-
partments.44 Although EGFR has been identified in ptery-
gia,33,34 to our knowledge, we are the first group to
demonstrate not only the presence of EGFR ligands such
as HB-EGF8,35 (Figure 8C) and EGF (Figure 8A) but more
importantly the active phosphorylated form of this recep-
tor in pterygium specimens (Figure 8D) and UVB-
exposed PECs (Figure 8G) in a pattern not too dissimilar
to that observed in a previous report.44 Interestingly,
AG1295 (a selective inhibitor of the PDGFR tyrosine ki-
nase activity) was unable to reduce MMP-1 in the same
experimental setting (Figure 9D). These results are rele-
vant because the PDGFR has been identified in ptery-
gium cells.45

In many regards our data are in direct agreement with
studies performed in human skin or skin-derived keratin-
ocytes in which MMP-1 has been widely reported as the
major enzyme sensitive to the effects of UVA and UVB.
However, the cascade of extra- and intracellular signal-
ing events that result in the induction of MMP-1 after UV
stimulation in the normal and diseased eye are scant.
Stress-induced activation of ERK1/2 has been demon-
strated in glaucomatous human eyes where widespread
and excessive immunoreactivity for phospho-ERK was
observed in diseased compared with few positively
stained cells in normal retinas.46 Other studies have
demonstrated ERK1/2 activation in proliferating retinal
pigment epithelial cells,47 in the VEGF-induced retinal
microvascular endothelial cell proliferation,48 and in cy-
tokine-stimulated trabecular meshwork cells.49 Common
to these three investigations was the potent pharmaco-
logical inhibition of ERK1/2 and cell proliferation by
PD98059. These data suggest that MAPK inhibitors may
provide useful therapeutic intervention in ocular disor-
ders such as pterygia that are characterized by extensive
cellular proliferation. Using normal autologous conjuncti-
val tissue, we were able to detect faint reactivity for total
ERK1/2 and rarely was phospho-ERK1/2 observed (Fig-
ure 3; J to O). These results suggest that the pterygium
epithelium may receive continuous stimulatory signals,
either environmental or physiological, that may be re-
sponsible for the extensive ERK1/2 expression in situ.

Several reports have established the effect of UVB on
the induction of c-fos and c-jun protein/mRNA in vitro

Figure 6. Differential expression of c-fos in epithelial cells. Semiconfluent
cultures of PECs (A) and CECs (B, C) were exposed to 20 mJ/cm2 UVB. Total
RNA was isolated at 0 to 48 hours after UVB and analyzed by RT-PCR to
determine c-fos (A, B) and GAPDH (C) mRNA levels using gene-specific
primers. Control reactions included RNA that was not reverse transcribed
(�RT) or reactions in which the primer pairs were omitted (�1o). No
products formed in reactions that did not include a DNA template (not
shown). Molecular weight of the products was estimated by comparison to a
100-bp ladder.
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using the human keratinocyte line HaCaT or the trans-
fected derivative cell line FL30.32,39,50–52 In those inves-
tigations it was generally observed that both c-fos and
c-jun were maximally increased by 1 to 4 hours after UVB
and that after the addition of the ERK inhibitor (PD98059),
the expression of both genes was significantly sup-
pressed. These data are in direct agreement with our
results that demonstrated an early induction of both gene
transcripts that preceded an increase in MMP-1 expres-
sion (Figures 4, 6, and 7). Furthermore, the authors were
able to demonstrate increased immunoreactive staining
for c-jun protein in UVB-exposed human skin predomi-
nantly in the epithelial layers.27 In contrast, c-jun was
rarely detected in nonirradiated skin and was significantly
reduced by pretreatment with all-trans retinoic acid. c-fos
levels were similar in UV-exposed compared to nonirra-
diated skin.27 This contrasted slightly with our study in
that c-jun staining was demonstrable, but little or no
reactivity for c-fos was found in the normal conjunctiva
(Figure 5, J and N). Interestingly, c-fos mRNA was con-
stitutively expressed in nonirradiated CECs, but not sig-
nificantly induced after UVB exposure (Figure 6B). These
data may explain why MMP-1 protein was not induced in

CECs after the same treatment9 and provide further clues
as to the pathway most likely activated in our model.

An important question that still remains unanswered is
why normal CECs are less responsive to the effects of
UVB. One theory is that these cells have developed
mechanisms to combat the phototoxic effects of UVB and
this may explain the relatively rare occurrence of con-
junctival neoplasms.53 Moreover, differences between
CECs and PECs in response to UV may be at the level of
cellular differentiation. Sesto and colleagues54 used an
oligonucleotide microarray approach and demonstrated
the overexpression of keratins K5 and K14 (markers of
epithelial cell proliferative capacity) compared to keratins
K1 and K10 (typical of differentiated phenotype) in UVB-
irradiated primary human keratinocytes. Also expressed
at late time points were markers of terminal differentiation
and components of the cornified envelope such as in-
volucrin.55 The authors stated that this could be function-
ally beneficial because enhanced cornification may pro-
vide additional protection to the cell from the effects of
UV. Although speculative, similar mechanisms may ex-
plain the UV-protective phenotype of the conjunctival-
derived epithelial cell described in the present study.

Figure 7. Inhibition of c-jun, c-fos, and MMP-1 mRNA by PD98059. Semi-
confluent PECs were exposed to 20 mJ/cm2 UVB. Total RNA was isolated
at intermediate (2 to 6 hours) and at a late (24 hours) time point after UVB
and analyzed by RT-PCR to determine c-fos (A), c-jun (B), MMP-1 (C), and
GAPDH (D) mRNA expression using gene-specific primers. Control reac-
tions included RNA that was not reverse transcribed (�RT) or reactions in
which the primer pairs were omitted (�1o). Molecular weight of the
products was estimated by comparison to a 100-bp ladder. These results
were semiquantified and graphically represented as fold-induction for
c-jun (E), c-fos (F), and MMP-1 (G) that was standardized to GAPDH
levels (D).
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Alternatively, it is well documented that cells of different
lineage respond to different UV wavelengths, although
this generally applies to epithelial verses fibroblastic cell
lines.19,54,56 Finally, it has been suggested that cell sur-
face receptor density (such as EGFR) may play a critical
role in transmitting the initial stress signal.57 In the current
investigation, we did not quantify receptor density on the
different epithelial cells used, however, it is not unreason-

able to propose that this may be another likely explana-
tion for the absence of a UV response in cultured normal
CECs and limbal-derived epithelial cells.8 Significant
staining differences were indeed noted for pEGFR be-
tween UVB-exposed PECs and CECs and this could be
one explanation for the reduction in sensitivity toward UV
radiation. However, these results should be interpreted
with caution as different ocular surface epithelial cells

Figure 8. Expression of the EGFR and its ligands in pterygia and cultured PECs. Serial sections of pterygium (A–D), cultured PECs (E, F, H, I), or CECs (G and
J) were stained for the EGFR (B, E–G), the active phosphorylated EGFR (D, H–J), HB-EGF (C), and EGF (A). Control reactions included omitting the primary
antibody (not shown) or applying a relevant isotype control IgG antibody (A, inset). Some cells were mock irradiated [�UVB, (F and I)] or exposed to 20 mJ/cm2

UVB [�UVB (E, G, H, J)]. Red staining denoted positive immunoreactivity. All tissue sections and cultured cells were counterstained with hematoxylin.
Arrowheads in H and J point to perinuclear immunoreactivity for the phospho-EGFR. This pattern of expression was representative of all diseased tissue
specimens and cultured cells analyzed. Original magnifications: �500 (A–D, E, G, I, J); �640 (F and H).
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can undergo phenotypic and functional changes under
culture conditions.6

Pterygia are tumor-like lesions that consist of a fibro-
vascular proliferative tissue mass (nonclonal in origin)
that invade the cornea and are analogous to a rheuma-
toid synovial pannus. Although the human tissue speci-
mens used in the current investigation do not clearly
demonstrate basophilic elastotic degeneration, this is in-
deed a classical feature of pterygia (see figures within Di
Girolamo and colleagues9,12) that resemble the patholog-
ical changes found in photodamaged skin.22 Whether
elastosis occurs as a direct consequence of UV-induced
damage or indirectly via the induction of inflammatory
mediators such as cytokines and MMPs, are mechanisms
yet to be elucidated. The natural history of pterygia is not
one of progression to malignancy. Interestingly, conjunc-
tival neoplasms and pterygia arise within the same limbal
region, are triggered by UV radiation, and both condi-

tions can occur together or contralaterally.58 The mech-
anism by which UV radiation triggers the development of
a pterygium separate from a conjunctival neoplasm is
also not known.

The data presented in this study form the basis of a
preliminary investigation to map the intracellular path-
way(s) likely activated in response to UVB radiation in
a reliable in vitro culture model. Importantly, these data
provide clues as to potential therapeutic agents that
could be used either pre- or postoperatively. It would
not be unreasonable to target cell-surface molecules
such as the EGFR, as others have done in the setting of
neoplasia.59 Not only is this receptor present in ptery-
gia and pterygium-derived epithelial cells (Figure
8),33,34 it is phosphorylated by UVB, EGF, and HB-
EGF, and is activated by viruses such as hepatitis B,
Epstein-Barr, and Pox viruses.59 This, too, is relevant to
the development of pterygia because there is on-going
debate as to whether there is a viral component to this
disease.60 – 62 Alternatively, specific blockade of intra-
cellular pathways downstream of EGFR activation such
as targeting MAPK has been performed with some
success in reducing disease severity63 and inhibiting
tumor cell invasiveness.64 Finally, retinoic acid has
been shown to inhibit the UVB-mediated induction of
c-jun protein in human skin.27 The mechanism by
which retinoic acid acts on epithelial cells has not been
fully elucidated but this agent has been successfully
used in the clinic to treat limbal dysplasia.65
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