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Human corneal epithelial cell proliferation by epiregulin and its
cross-induction by other EGF family members
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Purpose: Toinvestigate the effects of epiregulin, a newly identified member of the epidermal growth factor (EGF) family,

on the proliferation of human corneal epithelial cells (HCECS).

Methods: The proliferation of HCECs was determined by cell counting and BrdU incorporation assays at specific times
after exposure to different concentrations of human recombinant epiregulin (0 to 20 ng/ml). Immunohistochemical stain-
ing was used to localize epiregulin in cadaveric corneas. RT-PCR and real-time PCR were used to determine the expres-
sion levels of epiregulin in cultured and cadaveric HCECs. To examine the interaction between epiregulin and epidermal
growth factor receptors (EGFRSs), the phosphorylation of ErbB1 and ERK1/ERK2 (ERK1/2) was estimated by western
blot analysis in the presence or absence of AG1478, a specific inhibitor of EGFR kinase activity. To search for cross-
induction of epiregulin by other EGF family members, the expressions of EGF, heparin-binding epidermal growth factor-
like growth factor (HB-EGF), amphiregulin (AR), and transforming growth factor-alpha (I\GRRNA were deter-

mined by real-time PCR in the presence of 10 ng/ml of epiregulin. Conversely, the expression of epiregulin was also
determined following the incubation of HCECs with 10 nM of either of EGF, HB-EGF, dGFAR.

Results: The mRNA of epiregulin was expressed in cultured HCECs and HCECs obtained from cadaveric eyes. Epiregulin
was strongly detected in the limbal epithelium and basal epithelium of the peripheral cornea, but it was weakly detected in
the central corneal epithelium. HCECs proliferated in the presence of epiregulin in a dose-dependent manner as detected
by an increase in cell numbers or in BrdU incorporation. When HCECs were incubated with exogenous epiregulin, the
expression of the mMRNA of epiregulin was up-regulated as detected by real-time PCR, and the phosphorylation of ErbB1
and ERK1/2 was up-regulated in a dose-dependent manner as shown by Western blot analysis. These up-regulations were
inhibited by AG1478, a specific inhibitor of EGFR kinase activity. Epiregulin increased the expression of HB-EGF and
AR, while TGFe, HB-EGF, AR, and EGF increased the expression of epiregulin in HCECs.

Conclusions: These findings indicate that epiregulin played an autocrine role in the proliferation of HCECs presumably
through cross-induction with other EGF family members.

The corneal epithelium is a multi-layered stratified epi-Soluble mature peptides are released from the extracellular
thelium that covers the surface of the cornea and acts asdlamains by proteolytic cleavage as ligands for EGF receptors
physical barrier to noxious agents. To maintain an effectivgl7]. There are four types of EGF receptors: ErbB1 (EGFR/
barrier, a constant renewal of corneal epithelial cells is necebterl), ErbB2 (Neu/Her2), ErbB3 (Her3), and ErbB4 (Her4)
sary, and this was accomplished with the aid of different growtfiL8-21]. The members of the EGF family can be divided into
factors [1,2]. Of these growth factors, the members of the epiwo groups according to their binding specificity to transmem-
dermal growth factor (EGF) family have been most extenbrane receptors. The first group, which includes EGF, HB-
sively studied. The EGF family consists of EGF, transforming=GF, TGFe:, AR, BTC, and epiregulin, generally binds to
growth factor-alpha (TGle:), heparin binding EGF-like ErbB1 [4,5,12,22-24] and plays a crucial role in epithelial
growth factor (HB-EGF), amphiregulin (AR), epiregulin, development and wound-healing for skin, lungs, and the gas-
betacellulin (BTC), neuregulin 1, neuregulin 2, and neuregulitrointestinal tract [25-27]. The members of the second group,
3 [3-12]. Among these, TG&-and HB-EGF are known to the neuregulins, bind to ErbB3 and ErbB4 [3,7,8,28] and are
stimulate not only the migration and proliferation of cornealcrucial for the development of cardiac muscle and the central
epithelial cells, but also the synthesis of the basement memervous system [29-32].
brane and extracellular components [6,11,13-16]. It has been shown that the first group of the EGF family

In general the growth factors of the EGF family consistnembers plays important roles during the healing of corneal
of a transmembrane domain and one or more EGF domairisjuries [1,16,33-35]. These binding EGFR ligands activate
ErbB1, thus activating subsequent intracellular signals such
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Epiregulin is a relatively new member of the EGF family Proliferation of HCECs by epiregulin:. HCECs were
and was originally purified from conditioned medium of theseeded in 6 well plates at a density of &ddlis/well in se-
NIH3T3 cell line T7 [12]. It is made up of 46 amino acids thatrum-free modified MCDB153 medium. On the following day,
form a single-chain polypeptide that exhibits 24-25% amindhe cells were subcultured in fresh medium containing serial
sequence homology with other EGFR ligands [12,40,41]concentrations of recombinant epiregulin (0-20 ng/ml) in the
Epiregulin is unique due to its affinity to bind to all of the absence of bovine hypothalamic extract because the cells were
ErbB family members [42]. It has been demonstrated thattill 20% confluent. After 6 days, the cells were collected and
epiregulin plays a role in the proliferation of epithelial cells,counted using a hemocytometer.
e.g., epidermal and urothelial cells [43,44]. In the eye, Zhou To determine whether the HCECs had proliferated, the
et al. [45] reported that the mRNA of epiregulin was preferentevel of BrdU incorporated into the HCECs was determined.
tially expressed in limbal basal cells of mice; however, théedCECs were seeded in 6 well plates at a density of“8x10
precise role of epiregulin in human corneal epithelial cells hasells/well in serum-free modified MCDB153 medium. After
not been determined. Like other members of the first group akaching about 50% confluency, the cells were subcultured in
the EGF family, epiregulin also binds to ErbB1, and it is thug medium without bovine hypothalamic extract. On the fol-
reasonable to consider that epiregulin may play a role in colewing day, the cells were subcultured in the same medium
neal epithelial cell proliferation. containing serial concentrations of recombinant human
The purpose of this study was to determine whether thepiregulin (0-20 ng/ml) and incubated for 48 h. The cells were
proliferation of HCECs is up-regulated in the presence othen incubated with medium containing BrdU for 2 h. BrdU
epiregulin, and whether epiregulin can act on the HCECs tawas detected immunohistochemically using the 5-Bromo-2'-
gether with other members of the EGF family including EGFdeoxy-uridine Labeling and Detection kit 2 (Roche, Indianapo-
TGF-a,, HB-EGF, and AR. lis, IN) according to the instructions of the manufacturer. The
number of BrdU-labeled cells/5 niwere counted (n=4).
METHODS Phosphorylation of ErbB1 and ERK1/ERK2 by epiregulin:
Human subjects:  All procedures involving human subjects HCECs were seeded in 24 well plates at a density of*5x10
were conducted in accordance with the tenets of the Declareells/well in serum-free, modified MCDB153 medium. After
tion of Helsinki (JAMA 1997; 277:925-926). The experimen-reaching about 80% confluency, the cells were subcultured in
tal protocol for these experiments was approved by the Inst& medium without bovine hypothalamic extract. On the fol-
tutional Review Board of Ehime University. lowing day, the cells were subcultured in the same medium
Materials: All reagents used for cell cultures were pur-containing serial concentrations of recombinant human
chased from Invitrogen (Carlsbad, CA) except for the growttepiregulin (0-20 ng/ml) for 5 min. The cells were rinsed with
factors. Recombinant human epiregulin, EGF, T@GFAR,  cold Cd*- free and M¢'-free phosphate buffer saline (PBS
and HB-EGF were purchased from R&D Systems (Minneand then harvested on ice with a cell scraper. The cells were
apolis, MN). lysed in 20Qul of lysis buffer containing 62.5 mM Tris-HClI,
Cdll cultures: Primary HCECs were isolated from hu- 2% SDS, 25% glycerol, 0.01% bromophenol blue, and pro-
man corneoscleral buttons dissected from eyes acquired froiinase inhibitors at pH 6.8. After centrifugation, the cell ly-
an American eye bank. The buttons were carefully denuded ehtes were separated on 7.5% polyacrylamide gel containing
the endothelial cells and adherent iris tissues. After digestiosodium dodecyl sulfate (SDS-PAGE) and transferred to a ni-
with 1.2 U/ml Dispase at4C for 24 h, the loosened epithelial trocellulose membrane (Millipore, Billerica, MA). After block-
sheets were removed and dissociated into single cells by eing with 5% non-fat dry milk, the membrane was incubated
zyme digestion with 0.25% trypsin. The isolated HCECs were
cultured in serum-free, modified MCDB153 medium contain-
ing insulin (5ug/ml), hydrocortisone (0.6M), ethanolamine
(0.1 mM), phosphoethanolamine (0.1 mM), and bovine hypo-
thalamic extract (5Qg/ml). The medium was changed every  cene

cession

TABLE 1. SPECIFIC PRIMER PAIRS FOR HUMAN EPIREGULIN, HB-EGF,
TGF-a, AR, EGF, Ao GAPDH ARE LISTED

Product
size

2 days, and cells from the third or fourth passage were uséﬁumer)
for all experiments.

Epiregulin

Forward priner

Reverse priner

(bp)

Expression of epiregulin mRNAin cadaveric corneal epi- ~ (NM.001432)  CGTGTGGCTCAAGTGTCAAT  TGGAACCGACGACTGTGATA 235
. . . HB- EGF

thelium: The corneal epithelium was collected from the Ca{nv001945) GCTCITTCTGACTGCAGITC  AGCTGGTOOGTGGATACAGT 120
daveric corneos'cleral puttons using a surglcal knife, and tht'{ﬁ;’_gosm) CATACACTGCTGOCAGGTC  ATCTCTGOCAGTGCTGICST 207

total RNA was immediately extracted using an RNeasy kitr
. . NM 001657) CGGGAGCCGACTATGACTAC CCATTTTTGCCTCCCTTTTT 172

(Qiagen, Valencia, CA) and measured by spectrophotometéyr
(OD at 260 and 280 nm). Total RNA was reverse-transcribefip 0*? ~ SCHATACACACT - CACTICOCACCACTTCAGET - 187
CGACCACTTTGTCAAGCTCA  AGGGGTCTACATGGCAACTG 228

to cDNA using Omniscript Reverse Transcription ReagentsAys40484)

(Qiagen) accor.d.ing to the iljls'tructions of the manufactureyy, the table, HB-EGF=heparin-binding epidermal growth factor-like
The PCR conditions for the initial denaturation step were 9growth factor, TGFe=transforming growth factor-alpha,

°C for 15 min and 40 cycles at 96 for 10 s, followed by 64 AR=ampbhiregulin,
GAPDH=glyceral-dehyde-3-phosphate dehydrogenase.

°C for 20 s for annealing and 7€ for 20 s for extension.
2120

EGF=epidermal

growth factor,
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with a 1:1,000 dilution of an anti-phospho-EGFR(ErbB1,were again subcultured in the same medium containing 10 ng/
Tyr1173) antibody (Upstate Biotechnology, Lake Placid, NY)ml of epiregulin and harvested at 0.5, 1, 2, 3, 6, and 12 h. To
or an anti-phospho-ERK1/ERK2 (ERK1/2) antibody (R&D determine whether other EGF family members affected the
systems) at 4C for 12 h. After washing with PBS, the mem- expression of epiregulin (a cross-induction mechanism by other
brane was incubated with a 1:2,500 dilution of fluoresceinEGF family members), HCECs were exposed to 10 nM of
labeled goat anti mouse IgG (Amersham Pharmacia BiotechiB-EGF, TGFe,, AR, or EGF. In addition, to determine
Piscataway, NJ) for 1 h at RT. The signal was amplified wittwhether AG1478 affected the expression of endogenous
an anti-fluorescein alkaline phosphatase conjugate followeepiregulin by exogenous epiregulin stimulation, HCECs were
by the addition of a fluorescent substrate, Attophos (Amershaexposed to 10 ng/ml of epiregulin for 2 h with or without 1 h
Pharmacia Biotech). The membrane was scanned usingo&preincubation in AG1478 (1M). Then the total RNA was
Fluorimager (Molecular Dynamics, Sunnyvale, CA), and theextracted using an RNeasy kit (Qiagen, Valencia, CA) and
expression levels of ErbB1 and ERK1/2 were determined rela

tive to that of beta-actin in the same sample using the NIl \
Image program. The phosphorylation of ErbB1 and ERK1/: ) (;,O(“ea
was also determined by Western blot analysis in HCECs e: e\C T

) ) : EC,‘?J da\l . ‘-\e\\
posed to serial concentrations of AG1478 (Calbiochem, L \,\O (o ep\‘

Jolla, CA), a specific inhibitor of EGFR kinase activity, with

100 ng/ml of epiregulin. . )
Quantitative real time PCR analysis. To determine Eplregulln

whether exogenous epiregulin affected the expression of e

dogenous epiregulin, i.e., an auto-induction mechanism, ¢

other members of the EGF family, i.e., a cross-inductiot

mechanism, HCECs were stimulated by epiregulin, and th  GAPDH

expression of the mRNA of the other growth factors was ex

amined by real time PCR. Briefly, HCECs were seeded in 2

well plates at a density of 5x€klIs/well in serum-free, modi- ) _ ) ) _

fied MCDB153 medium. After reaching about 80% Figure 1. Expression of epiregulin mRNA in HCECs and cadaveric

confluency, the cells were subcultured in a medium withouguman corneal epithelia. The expression of epiregulin mRNA was
etected in HCECs and corneal epithelium collected from cadaveric

bovine hypothalamic extract. On the following day, the ceIIseyes by RT-PCR.
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Figure 2. Immunohistochemical localization of epiregulin in human coie@orneal limbusB: Peripheral corne&: Center of corned:
Corneal limbus (treated with normal goat Ig G). Immunoreactivity was detected strongly on basal and superficial limbanepithéie
basal layer of peripheral corneal epithelium, and some basal cells of central cornea. The scale bar is equal to 100
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measured by spectrophotometry (OD at 260 and 280 nmiack of primer dimers. The comparative cycle thresholy (C
Equal amounts (fg) of total RNA were reverse-transcribed was calculated for all samples to quantify the relative expres-
to cDNA using Omniscript Reverse Transcription Reagentsion of each mRNA with standardization using that of GAPDH
(Qiagen) according to the instructions of the manufacturemRNA [46]. All experiments were performed in duplicate for
The PCR primers are listed in Table 1. These primers werach datum point.

designed from the full-length cDNA sequence in Genbank,
and their specificities were confirmed by BLAST (National
Library of Medicine, Bethesda, MD). A 0

Real-time PCR was performed using a DyNAmo SYBR 5™

*
*

Green gPCR Kit (Finnzymes, Espoo, Finland). Amplifications 9 *
were performed in a final volume of aDcontaining 0.5uM
of primer mixture and @l of cDNA. The PCR conditions for
the initial denaturation step were 96 for 15 min and 40 *
cycles at 95C for 10 s, followed by 60C (HB-EGF, AR,
EGF and GAPDH) or 64C (epiregulin and TG for 20 s *
for annealing, and 72 for 20 s for extension. All PCR reac- I

0 0.5 1 5 10 20
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o
1

-
o
1

Cell number (x

tions were performed by OPticon2 DNA Engine (BioRad,
Hercules, CA), and each run was completed with a meltin
curve analysis to confirm the specificity of amplification and

Epiregulin (ng/ml)

Figure 3. Effects of epiregulin on the proliferation of HCECs. Serial concentrations of recombinant epiregulin were laeldeetiiarm, and
after 6 days the cell numbers were counted using a hemocytometer. The bottom panel shows representative photographdaj$GteCs 6
the addition of epiregulinB¢ 0 ng/ml,C: 1 ng/ml,D: 10 ng/ml) The scale bar is equal to 400.
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Figure 4. Effect of epiregulin on BrdU incorporation into HCECs. Serial concentrations of epiregulin were added to theamediiten 48

h the incorporation of BrdU was determined by counting the number of BrdU labeled cells/5trarbottom panel shows representative
photographs of BrdU labeled cell&: (0 ng/ml,C: 1 ng/ml,D: 5 ng/ml,E: 10 ng/ml). The scale bar is equal to 200. Asterisks show a
significant difference (p<0.01) from the corresponding control (no addition of epiregulin). P values were calculated bylevoisam
Results are representative of four independent experiments.
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Figure 5. Phosphorylation of ErbB1 (EGFR) and ERK1/2 by epiregulin. HCECs were exposed to serial concentrations offepbegilin
The cell lysates were subjected to 7.5% SDS-PAGE and then phosphorylated ErbB1 and ERK1/2 were detected with anti-pldesphorylate

ErbB1 or anti-phosphorylated ERK1/2 antibody. The expression levels of ErbB1 and ERK1/2 were measured relativ@-{adtiairothe
same sample.

A ecrr _ - 175KDa
— 44KDa
ERK1/pERKZ S S
. R 42KDa
Bactin ek bl 12102
AG1478 = o 100nM 1M 102M
Epiregulin S 4 + + +
(100ng/ml)
EGFR ERK1 i pERK2
B . p C. P P
T 15 2
2 2
@ ©
2 2
= 1 s 1
& &
05 0&
. . . . . ' |
AG1478 - = 100nM 1M 10.M AG1478 - = 100nM 1M 102 M
Epiregulin - + + + + Epiregulin - + £ + +
(100ng/ml) (100ng/mi)

Figure 6. Inhibitory effect of AG1478 on the epiregulin induced phosphorylation of ErbB1 (EGFR) and ERK1/2. HCECs werg@xposed
serial concentrations of AG1478 for 1 h before incubation with 100 ng/ml of epiregulin for 5 min. The cell lysates wereslgobjes%

SDS-PAGE, and then phosphorylated ErbB1 and ERK1/2 were detected with anti-phosphorylated-ErbB1 or anti-phosphorylated ERK1/2
antibodies. The expression levels of ErbB1 and ERK1/2 were measured relative t@thatinfin the same sample.
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Immunohistochemical staining: Cadaveric corneas were epiregulin in a dose dependent manner with an increase up to
fixed in methanol, embedded in paraffin, and cut inftmm® 3.0 fold at 10 and 20 ng/ml (Figure 4).
sections. Immunohistochemical staining was carried out with  Phosphorylation of ErbB1 and ERK1/2 by epiregulin:
anti-epiregulin antibody (R & D Systems, 1:50 dilution, 16 hEpiregulin is known to bind to ErbB1 and to activate MAP
at 4°C) using the VECTASTAIN Elite ABC kit (Vector Lab, kinase pathways [12]. In the next study, we investigated
Burlingame, CA), according to the manufacturer’s protocowhether the tyrosine residues of ErbB1 and ERK1/2 in HCECs
for paraffin sections. All sections were developed with AECwere phosphorylated in the presence of epiregulin. Western
and counterstained with hematoxylin. For control, sectionblot analysis revealed that epiregulin enhanced the phospho-
were treated with normal goat immunoglobulin G (IgG).  rylation of ErbB1 and ERK1/2 in a dose-dependent manner

(Figure 5). The phosphorylation by 100 ng/ml of epiregulin
RESULTS was suppressed by al or higher concentration of AG1478

Expression of epiregulin in human cornea and corneal epi-  (Figure 6).
thelial cells: To determine whether epiregulin is expressed in  Autoinduction of epiregulin and cross-induction of other
human corneal epithelial cells, we used RT-PCR to dete®@GF family members by epiregulin: We examined whether
epiregulin mRNA in the corneal epithelium collected from theepiregulin up-regulated the transcription of its own mRNA in
cadaveric eyes and from cultured HCECs. Epiregulin mRNAICECS, i.e., an auto-induction mechanism of epiregulin. The
was detected in both corneal epithelial cells and culturetesults from real-time PCR showed that the expression of
HCECs (Figure 1). Immunohistochemical staining showed thapiregulin increased as early as 0.5 h after incubation with 10
immunoreactivity was detected in all layers of the corneal eping/ml of epiregulin, reached a peak (4.8 fold increase from 0
thelium, however, strong staining was detected in the bash) at 3 h after incubation (Figure 7), and gradually returned to
and superficial layers of the limbal epithelium and in the basats original level by 12 h. This up-regulation was completely
layer of peripheral corneal epithelium. Immunoreactivity wasnhibited by AG1478 (Figure 8).
very weakly detected in the central cornea (Figure 2). Immu- Because EGF-related autocrine growth factors were able
noreactivity was also detected in the endothelium and weaklyp induce other growth factors of the EGF family in a variety
detected in keratocytes. Other than the cornea, epiregulin wagepithelial cells [47], we examined whether epiregulin up-
detected strongly in the conjunctival epithelium, blood vessealegulated the other members of the EGF family, i.e., a cross-
endothelium, and weakly in the subconjunctival fibroblasts. induction mechanism of epiregulin, in HCECs. Real time PCR

Recombinant human epiregulin stimulates proliferation  analysis showed that epiregulin exposure significantly in-
of HCECs: To determine whether epiregulin stimulates thecreased the mRNA levels of AR at 2 h and of HB-EGF be-
proliferation of HCECs, HCECs were cultured in serum-fregween 0.5 and 2 h, while the mRNA levels of EGF and TGF-
medium with serially diluted concentrations of epiregulin, andx remained essentially unchanged (Figure 9).
the total number of cells and the number of BrdU-labeled cells  Lastly, we investigated whether the expression of
were counted. The results showed that epiregulin stimulategbiregulin was enhanced by other EGF family members, i.e.,
the proliferation of HCECs in a dose-dependent manner with cross-induction mechanism by other EGF family members,
an 8.0 fold increase in cell numbers at 10 ng/ml (Figure 3using real-time PCR analysis. The results showed that the ex-
The number of BrdU labeled cells was also increased by

P<0.001 P<0.001
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Figure 7. Auto-induction of epiregulin in HCECs. HCECs were in-Figure 8. The inhibitory effect of AG1478 on the auto-induction of
cubated with 10 ng/ml of epiregulin for 0.5, 1, 2, 3, 6, and 12 h, andpiregulinin HCECs. HCECs were exposed to 10 ng/ml of epiregulin
the relative expression of mMRNA was determined by real time PCRor 2 h with or without preincubation of AG1478 M), and the

The amount of mMRNA was calculated relative to the amount ofelative expression of epiregulin mMRNA was examined by real-time
GAPDH mRNA in the same samples. Asterisks indicate a significarPCR. The amount of mMRNA was calculated relative to the amount of
difference from the corresponding control (0 h). P values were calAPDH mRNA in the same samples. P values were calculated by
culated by the two-sample t test. Results are a®BM of five in-  the two-sample t test. Results are me3aM of five independent
dependent experiments. experiments.
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pression of MRNA of epiregulin increased around 2 or 3 lexpression was strongly detected in the progenitor or prolifer-
after treatment with all of the EGF family members includingating corneal epithelial cells. These results would suggest that

TGF-a, HB-EGF, EGF, and AR (Figure 10). epiregulin may contribute to the proliferative capacity of cor-
neal epithelial cells.
DISCUSSION We have shown that epiregulin was able to enhance the

The integrity of the EGF receptor-ligand signaling system igproliferation of HCECs. It has been suggested that the prolif-
of great importance in regulating epithelial cell differentia-eration of corneal epithelial cell by members of the EGF fam-
tion and proliferation. Among the members of the EGF family was induced through the ErbB1-MAPK pathway [38]. Our
ily (EGF, TGFe, AR, and HB-EGF), ligands for ErbB1 are results showed that epiregulin was also able to activate ErbB1
known to be responsible for the migration and proliferation ofollowing ERK1/2 phosphorylation. Thus, like other EGF fam-
HCECs and for the synthesis of extracellular matrix durindly members, epiregulin may induce corneal epithelial cell
corneal epithelial wound healing [13-16,34,35]. proliferation as, at least, a ligand for ErbB1.

Epiregulin is a relatively new member of the EGF family, Most of the EGF-related autocrine growth factors are ca-
and in a previous report on the distribution of epiregulin inpable of promoting the expression of other EGF family growth
human tissues, northern blot analysis showed that epiregulfactors in a variety of epithelial cells [47,48], and an increase
MRNA was found predominantly in the placenta and periphin the level of EGF family growth factors (EGFR ligand tran-
eral blood leukocytes and to a lesser extent in the heart. geripts) is dependent upon signals from their own receptors,
very weak expression was also detected in normal adult boEGFR” [48-51]. Shirakata et al. reported that epiregulin is
marrow, ovaries, small intestine, colon, lungs, and liver [41]part of an auto-induction and cross-induction mechanism in-
Similar to other growth factors belonging to the EGF family,volving HB-EGF, AR, and TGle: in keratinocyte prolifera-
epiregulin has been reported to promote the proliferation dfon [44]. In this study, we have shown that epiregulin stimu-
other human epithelial cells such as the urothelium and epliated the induction of its own mRNA as well as the phospho-
dermis [43,44]. rylation of ErbB1. The significant inhibition of the induction

We have shown that epiregulin mRNA was expressed if epiregulin expression by AG1478, a specific inhibitor of
human corneal epithelial cells. Immunohistochemical stainEGFR kinase activity, suggests the possible existence of an
ing for epiregulin revealed that immunoreactivity was stronglyauto-induction of epiregulin, and phosphorylated ErbB1 may
detected in limbal epithelial cells, and in the basal layer obe part of the pathway of the auto-induction mechanism. These
peripheral corneal epithelia in which transient amplifying cellgesults also indicate that epiregulin can be listed as one of the
are supposed to exist. Similarly, Zhou et al. [45] reported thatuto- or paracrine growth factors for corneal epithelial cells
the mRNA of epiregulin was preferentially expressed in limbalnteraction with ErbB1.
basal cells of mouse corneal epithelia. The differences in ex- Our results also showed that epiregulin served as an ef-
pression patterns may be due to the differences in species dedtor of similar auto- and cross-induction mechanisms in cor-
experimental methods. However, in both studies epiregulineal epithelial cells. Although an up-regulation by epiregulin
was limited to HB-EGF and AR in the case of HCECs, the
epiregulin mMRNA was up-regulated by EGF, HB-EGF, TGF-
o, and AR. These findings suggest that epiregulin most likely
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Figure 9. The cross-induction of HB-EGF, T@FEGF and AR (r?)
MRNA by epiregulin. HCECs were incubated with 10 ng/ml

epiregulin for 0.5, 1, 2, 3, 6, and 12 h, and the relative expressions Bfgure 10. Cross-induction of epiregulin mRNA expression by HB-
HB-EGF, TGFe, EGF, and AR mRNA were examined by real-time EGF, EGF, AR, and TGE- HCECs were incubated with 10 nM
PCR. The amount of mMRNA was calculated relative to the amount afach of EGF, HB-EGF, AR, and TGFfor 1, 2, 3, and 6 h, and the
GAPDH mRNA in the same samples. Asterisks indicate a significantelative level of expression of epiregulin mRNA was examined by
difference from the corresponding control (0 h). P values were cateal-time PCR. The amount of mMRNA was calculated relative to the
culated by the two-sample t test. Results are a®BM of five in- amount of GAPDH mRNA in the same samples. Results are the
dependent experiments. meanr-SEM of five independent experiments.
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operates in corneal epithelial proliferation in concert with otheg.
EGF family members.

The extent of cross-induction differs among the member3:
of the EGF family. It has been reported that each EGF family
growth factor has distinct biological functions. The tissue dis-
tribution, molecular characteristics, receptor binding, prefer-
ence to dimerize, and receptor affinity differ among the growth
factors [44,47]. Interestingly, Barnard et al. reported results
similar to ours that HB-EGF and AR were rapidly induced by
EGF-related peptides in the intestinal epithelial cell line, ané.

©2007 Molecular Vision

Liu JJ, Kao WW, Wilson SE. Corneal epithelium-specific mouse
keratin K12 promoter. Exp Eye Res 1999; 68:295-301.

Wen D, Peles E, Cupples R, Suggs SV, Bacus SS, Luo Y, Trail G,
Hu S, Silbiger SM, Levy RB, Koski RA, Lu HS, Yarden Y. Neu
differentiation factor: a transmembrane glycoprotein contain-
ing an EGF domain and an immunoglobulin homology unit.
Cell 1992; 69:559-72.

Shoyab M, Plowman GD, McDonald VL, Bradley JG, Todaro GJ.
Structure and function of human amphiregulin: a member of
the epidermal growth factor family. Science 1989; 243:1074-6.

Shing Y, Christofori G, Hanahan D, Ono Y, Sasada R, lgarashi K,

speculated that differences in the post-receptor processing may Folkman J. Betacellulin: a mitogen from pancreatic beta cell

contribute to the heterogeneity in the biological responses [47].
TGF-a, HB-EGF, and AR have been reported to be up-regu-
lated on corneal epithelial cells, although the levels of EGF

tumors. Science 1993; 259:1604-7.

Higashiyama S, Abraham JA, Miller J, Fiddes JC, Klagsbrun M. A
heparin-binding growth factor secreted by macrophage-like cells
that is related to EGF. Science 1991; 251:936-9.

are at trace levels and do not change during the corneal Wow;l_dchalng H. Riese DJ 2nd, Gilbert W, Stern DF, McMahan UJ.

healing process [16,52]. Although T@FMRNA was not in-
duced by epiregulin under the conditions we employed, it is
consistent that HB-EGF and AR were induced in corneal epB.
thelial cells, and these results might be a molecular character-
istic of the corneal epithelial cells. Consistent with other re-
ports, EGF was not induced by epiregulin; however, EGF in?:
duced the expression of epiregulin in HCECs.

It is known that EGF exists in tear fluid along with HB- 10
EGF and TGFe, and corneal wounds increase the expression
of EGF supplied from lacrimal glands through the sensoryq
nerves [53,54]. Thus, EGF may be able to stimulate corneal
epithelial cells, but not be induced in corneal epithelial cells.

Together with previous reports, our results suggested thag.

epiregulin may function together with not only endogenously
produced EGF family members, but also with those in the tear
fluid through cross-induction mechanisms during corneal epii3
thelial wound-healing.

The presence of autocrine or paracrine feedback loops
involving EGFR have been documented for the members qfy
the EGF family in different tissues [51]. When it comes to
these pathways, an increase in the level of EGFR ligand tran-
scripts is dependent upon the signal from their own receptor$$
“EGFR” [48-51]. As shown in this study, the phosphorylation
of ErbB1 by epiregulin can lead to an increase in transcripts®
of the other EGF family members. It would be highly effi-
cient for corneal epithelial cells to utilize a common pathway17
when the integrity of the corneal epithelium is seriously com-
promised.

In conclusion, epiregulin is present in human corneal epi-
thelial cells and is able to induce HCECs to proliferate as an
autocrine growth factor. The intricate cross-induction mecha-

nism involving epiregulin certainly plays a role in a variety of19-

events which occur in the corneal epithelium.
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