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Semaphorins are a family of glycoproteins that play an important role in repulsive axon guidance during
embryogenesis. We have now investigated the effect of corneal epithelial cells on the expression of
Sema3A in corneal fibroblasts with the use of a coculture system in which the two cell types are sepa-
rated by a collagen vitrigel membrane. Reverse transcription-polymerase chain reaction and immunoblot
analyses revealed that the presence of immortalized human corneal epithelial (HCE) cells increased the
expression of Sema3A in human corneal fibroblasts at both the mRNA and protein levels. This effect of
HCE cells was mimicked by recombinant human epidermal growth factor (EGF) in a concentration-
and time-dependent manner. An inhibitor of the tyrosine kinase activity of the EGF receptor,
PD153035, blocked the EGF-induced up-regulation of both Sema3A mRNA and protein in corneal fibro-
blasts. Depletion of EGF in HCE cells by RNA interference largely abolished the effect of these cells on
Sema3A expression in corneal fibroblasts. These findings indicate that EGF released from corneal epithe-
lial cells up-regulates the expression of Sema3A in corneal fibroblasts. This effect of EGF may play an
important role in maintenance of corneal structure and repair of corneal damage.

� 2008 Elsevier Inc. All rights reserved.
The cornea is unique in terms of its structure and biological
properties, consisting of simple layers of epithelial cells, fibro-
blasts, and endothelial cells as well as being avascular, richly inner-
vated, and transparent. Fibroblasts in the corneal stroma are often
activated in individuals with persistent corneal epithelial defects,
suggesting that epithelial–mesenchymal interactions may play an
important role in maintenance of corneal structure and function.
And, cytokine-mediated signaling may thus occur either unidirec-
tionally, from epithelial cells to fibroblasts or from fibroblasts to
epithelial cells, or bidirectionally [1].

We recently established an in vitro model based on the cocul-
ture of corneal epithelial cells and fibroblasts separated by a colla-
gen membrane for studies of epithelial–mesenchymal interactions.
With this model, we showed that the presence of corneal fibro-
blasts induced up-regulation of the expression of tight-junction
proteins in corneal epithelial cells [2], suggesting that corneal
fibroblasts might play an important role in maintenance of the bar-
rier function of the corneal epithelium. Furthermore, we found that
the presence of corneal epithelial cells up-regulated the expression
of connexin43, a component of gap junctions, in corneal fibroblasts
[3]. The secretion of insulin-like growth factor-1 from the epithelial
ll rights reserved.
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cells appeared to contribute to this effect [3]. Epidermal growth
factor (EGF) has been shown to affect the proliferation or migration
of corneal epithelial cells and fibroblasts [3–5], and its receptor
(EGFR) has been shown to be expressed in corneal fibroblasts [6].
The EGF-EGFR axis may thus also participate in epithelial–mesen-
chymal interactions in the cornea.

The proper distribution of nerve fibers during tissue innervation
and development is achieved in part by the action of neural guid-
ance proteins. Such proteins include the semaphorins [7,8], a large
family of structurally distinct secreted or transmembrane glyco-
proteins characterized by the presence of a conserved sema do-
main of �500 amino acids [9,10]. Several secreted semaphorins
(group-3 semaphorins in vertebrates), such as Sema3A, -B, -C,
and -F [11], induce the collapse of certain populations of growth
cones in cultured neurons and thus function as inhibitory or repul-
sive cues in axonal guidance [9,12,13]. Evidence implicating se-
creted semaphorins in chemorepulsion came initially from the
finding that chick Sema3A induces the collapse of growth cones
of chick dorsal root ganglion neurons [14]. Sema3A was subse-
quently shown to act as a chemorepellent for a variety of sensory
and motor axons in mammals [15,16]. We recently showed that
Sema3A is expressed in all cells of the rat cornea with the excep-
tion of superficial epithelial cells [17]. Sema3 proteins and their
receptors are also expressed in the neonatal and adult rat retina
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[18]. Moreover, lens-derived Sema3A regulates sensory innerva-
tion of the cornea [19].

The cornea is the most densely innervated tissue of the human
body, containing primarily sensory nerves and some autonomic
nerves [20]. In primates, most corneal nerves originate from the
ophthalmic branch of the trigeminal nerve and enter the corneal
stroma in a radial pattern from the limbus [20,21]. The cell bodies
of the sensory nerves of the cornea are located in the trigeminal
ganglion [22]. In addition to their role in sensing insults to or irri-
tants in the cornea, corneal nerves possess trophic properties that
contribute to maintenance of a healthy ocular surface. Character-
ization of the regulation of Sema3A expression in corneal fibro-
blasts might be expected to provide insight into the possible role
of Sema3A produced by these cells in nerve growth in the cornea.

We have now investigated the effect of corneal epithelial cells
on the expression of Sema3 by corneal fibroblasts in our coculture
system. Furthermore, to identify the factors responsible for signal-
ing from corneal epithelial cells to fibroblasts, we examined the ef-
fect of EGF released from epithelial cells on the expression of
Sema3A in fibroblasts. Our results suggest that expression of Se-
ma3A in corneal fibroblasts is regulated by EGF released from cor-
neal epithelial cells.

Materials and methods

Antibodies and reagents. Rabbit polyclonal antibodies to Sema3A
were obtained from Abcam (Cambridge, UK), and mouse monoclo-
nal antibodies to EGF were obtained from R&D Systems (Minneap-
olis, MN), those to a-tubulin were from Sigma (St. Louis, MO).
Recombinant human forms of EGF were obtained from R&D Sys-
tem, Inc. (Minneapolis, MN), and a small interfering RNA (siRNA)
specific for human EGF mRNA and the transfection reagent siPORT
NeoFX were obtained from Ambion (Foster, CA). PD153035 were
obtained from Calbiochem (San Diego, CA).

Cells. (1) Human corneal fibroblasts; Human corneal fibroblasts
were prepared from the tissue remaining after corneal transplanta-
tion surgery and were cultured as described previously [23]. In
brief, human corneas were obtained from Mid-America Transplant
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Fig. 1. Effect of HCE cells on Sema3 expression in human corneal fibroblasts. (A) Tot
membrane in the absence or presence of HCE cells was subjected to RT-PCR analysis of
similar to that shown in (A) was quantified by image analysis and normalized by the
experiments. *P < 0.002 versus the corresponding value for corneal fibroblasts incubated
collagen vitrigel membrane in the absence or presence of HCE cells were subjected to im
Service (St. Louis, MO), Northwest Lions Eye Bank (Seattle, WA), or
the Eye Bank of Wisconsin (Madison, WI). The donors were white
males and females ranging in age from 4 to 65 years.

(2) Human corneal epithelial cells; Simian virus 40-transformed
human corneal epithelial (HCE) cells [24] were obtained from RI-
KEN Biosource Center (Tsukuba, Japan).

Coculture of HCE cells and corneal fibroblasts on a collagen mem-
brane. Corneal fibroblasts (1 � 105) were seeded on a 30-mm-
diameter collagen vitrigel membrane (Asahi Technoglass, Tokyo,
Japan) in DMEM supplemented with 10% heat-inactivated FBS.
After 24 h, the membrane was turned upside down in another dish
and HCE cells (2 � 105) were seeded on the empty side of the
membrane, also in DMEM supplemented with 10% heat-inacti-
vated FBS. After an additional 6–8 h, the membrane was again
turned upside down in another dish containing DMEM supple-
mented with 0.5% heat-inactivated FBS. As a control, corneal fibro-
blasts were seeded on a vitrigel membrane without HCE cells. The
effects of recombinant human EGF on corneal fibroblasts were
determined with cells cultured in 30-mm dishes and deprived of
serum for 24 h.

Immunoblot analysis. Corneal fibroblasts were lysed in 200 ll of
a solution containing 150 mM NaCl, 2% SDS, 5 mM EDTA, and
20 mM Tris–HCl (pH 7.5). Cell lysates were fractionated by
SDS–polyacrylamide gel electrophoresis, and the separated pro-
teins were transferred to a nitrocellulose membrane and exposed
consecutively to primary antibodies and horseradish peroxidase-
conjugated secondary antibodies. Immune complexes were de-
tected with enhanced chemiluminescence reagents.

RT-PCR analysis. Total RNA was isolated from corneal fibroblasts
with the use of an RNeasy kit (Qiagen, Valencia, CA), and portions
(0.5 lg) of the RNA were subjected to reverse transcription (RT)
and polymerase chain reaction (PCR) analysis with a One-Step
RT-PCR kit based on the Platinum Taq system (Invitrogen, Carlsbad,
CA). The PCR protocol was designed to maintain amplification in
the exponential phase. The sequences of the PCR primers (sense
and antisense, respectively) were 50-CTGTCTTTTCTGGGGAGTATT
ACTT-30 and 50-AATTAGCACATTCTTTCAGGATGTC-30 for Sema3A,
50-GACATTGGTACTGAGTGCATGAACT-30 and 50-TCCAAAATACCTT
a3A Sema3B Sema3C Sema3F

E (-) HCE (+)

*: p<0.002

HCE (-)
HCE (+)

al RNA prepared from corneal fibroblasts cultured for 12 h on a collagen vitrigel
Sema3A, -B, -C, and -F mRNAs. (B) The abundance of Sema3 mRNAs in experiments
corresponding amount of G3PDH mRNA. Data are means ± SE from three separate
in the absence of HCE cells. (C) Lysates of corneal fibroblasts cultured for 24 h on a
munoblot analysis with antibodies to Sema3A and to a-tubulin.
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Fig. 2. Concentration dependence and time course of the effect of EGF on the
abundance of Sema3A in corneal fibroblasts. Corneal fibroblasts were deprived of
serum for 24 h and then incubated either for 12 h in the presence of the indicated
concentrations of EGF (A) or for the indicated times in the absence or presence of
EGF at 10 ng/ml (B). Total RNA was then isolated from the cells and subjected to RT-
PCR analysis of Sema3A and G3PDH mRNAs. Corneal fibroblasts were deprived of
serum for 24 h and then incubated either for 24 h in the presence of the indicated
concentrations of EGF (C) or for the indicated times in the absence or presence of
EGF at 10 ng/ml (D). Cell lysates were then prepared and subjected to immunoblot
analysis with antibodies to Sema3A and to a-tubulin.
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GACAAACTTGGG-30 for Sema3B, 50-GCGTGTTGGTTGGAGTATTT
ATTTG-30 and 50-ATTCAGGGAAAGAATGTGATCTTTG-30 for Sema3C,
50-ATGCTGGTGTGTACATCGATTTTAT-30 and 50-CTCACGGAAGAA
GAAGTAAAGCTTA-30 for Sema3F, and 50-ACCACAGTCCACGCCAT
CAC-30 and 50-TCCACCACCCTGTTGCTGTA-30 for glyceraldehyde-3-
phosphate dehydrogenase (G3PDH, internal control). RT was
performed at 50 �C for 30 min, and the PCR cycle comprised
incubations at 94 �C for 2 min, 58 �C for 30 s, and 72 �C for 1 min.

RNA interference. HCE cells (2 � 105) were seeded in 30-mm
dishes and cultured for 24 h to 50–60% confluence. A small inter-
fering RNA (siRNA) specific for human EGF mRNA (1 lM; Ambion,
Foster, CA) was mixed with 5 ll of transfection reagent (siPORT
NeoFX, Ambion) and then diluted with 200 ll of OPTI-MEM (Invit-
rogen-Gibco, Carlsbad, CA). After incubation for 10 min at room
temperature, the mixture was added to culture dishes and the cells
were cultured for an additional 48 h.

Statistical analysis. Quantitative data are presented as mean-
s ± SE from three independent experiments and were analyzed by
Student’s t-test. A P value of <0.05 was considered statistically
significant.

Results

Effects of HCE cells on Sema3 expression in human corneal fibroblasts

We first investigated the effects of the presence of HCE cells on
expression of the group-3 semaphorins Sema3A, -B, -C, and -F in
human corneal fibroblasts. RT-PCR analysis revealed that the
amount of Sema3A mRNA in corneal fibroblasts cultured for 12 h
in the presence of HCE cells was about twice that in those cultured
without HCE cells (Fig. 1A and B). In contrast, the presence of HCE
cells had no effect on the amounts of Sema3B, -C, or -F mRNAs.
Immunoblot analysis also revealed that the amount of Sema3A
protein in corneal fibroblasts cultured for 24 h in the presence of
HCE cells was markedly increased compared with that in those cul-
tured alone (Fig. 1C).

Effect of EGF on Sema3A expression in corneal fibroblasts

To examine the possible role of EGF in the effect of HCE cells on
Sema3A expression in corneal fibroblasts, we first determined the
effect of exogenous EGF on the abundance of Sema3A mRNA in
these latter cells. RT-PCR analysis revealed that EGF increased the
amount of Sema3A mRNA in corneal fibroblasts in a concentra-
tion-dependent manner; whereas the abundance of the mRNA in-
creased with EGF concentration up to 50 ng/ml, it had decreased to
below basal levels in the presence of EGF at 100 ng/ml (Fig. 2A).
The effect of EGF (10 ng/ml) on the abundance of Sema3A mRNA
was also time-dependent, with the number of transcripts being
maximal at 12 h and having returned to control values by 48 h
(Fig. 2B). Incubation of corneal fibroblasts alone for 12 h had no ef-
fect on the abundance of Sema3A mRNA.

Immunoblot analysis showed that EGF also increased the
amount of Sema3A protein in corneal fibroblasts in a concentra-
tion-dependent manner; this effect was maximal at an EGF con-
centration of 50 ng/ml but was no longer apparent at 100 ng/ml
(Fig. 2C). The amount of Sema3A was maximal after exposure to
EGF (10 ng/ml) for 24 or 48 h but had returned to basal levels by
72 h (Fig. 2D). Incubation of corneal fibroblasts alone for 24 h
had no effect on the abundance of Sema3A.

Role of EGFR in the up-regulation of Sema3A expression in corneal
fibroblasts by EGF

To determine whether the effect of EGF on Sema3A expression
in corneal fibroblasts was mediated by the EGFR, we exposed the
cells to PD153035, a specific inhibitor of the tyrosine kinase activ-
ity of EGFR. PD153035 blocked the EGF-induced up-regulation of
both Sema3A mRNA (Fig. 3A) and protein (Fig. 3B) in corneal fibro-
blasts, confirming that the effect of EGF was mediated by EGFR.

Role of EGF in the up-regulation of Sema3A expression in corneal
fibroblasts by HCE cells

Finally, we examined the effect of depletion of EGF in HCE cells
by RNA interference on the up-regulation by these cells of Sema3A
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Fig. 3. Effect of the EGFR antagonist PD153035 on the EGF-induced up-regulation of
Sema3A expression in corneal fibroblasts. (A) Corneal fibroblasts were deprived of
serum for 24 h and then incubated in the absence or presence of EGF (10 ng/ml) or
PD153035 (10 lg/ml) for 12 h. Cells were exposed to dimethyl sulfoxide (DMSO) as
a control for the PD153035 vehicle. Total RNA was then isolated from the cells and
subjected to RT-PCR analysis of Sema3A and G3PDH mRNAs. (B) Cells treated as in
(A) but incubated with EGF or PD153035 for 24 h were lysed and subjected to
immunoblot analysis with antibodies to Sema3A and to a-tubulin.
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expression in corneal fibroblasts. The time course of EGF depletion
in HCE cells revealed that the effect of the EGF siRNA was most
pronounced after transfection for 48 h (Fig. 4A). Immunoblot anal-
ysis revealed that such depletion of EGF in HCE cells largely abol-
ished the stimulatory effect of these cells on Sema3A expression
in corneal fibroblasts (Fig. 4B). These results thus indicated that
EGF released from HCE cells mediates the effect of these cells on
Sema3A expression in corneal fibroblasts.
EGF

Tubulin
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Fig. 4. Effect of EGF depletion in HCE cells on the up-regulation by these cells of Sema3A
an siRNA specific for EGF mRNA or subjected to mock transfection, after which cell lysat
24 h on a collagen vitrigel membrane in the absence or presence of normal HCE cells or
corneal fibroblasts were then subjected to immunoblot analysis.
Discussion

With the use of a coculture system based on a collagen vitrigel
membrane, we have shown that the presence of corneal epithelial
cells up-regulated the expression of Sema3A in corneal fibroblasts.
Depletion of EGF by RNA interference in HCE cells largely abolished
the stimulatory effect of these cells on Sema3A expression in
corneal fibroblasts, indicating that EGF released from HCE cells is
responsible, at least in part, for the observed up-regulation of
Sema3A in corneal fibroblasts. Consistent with these results, direct
addition of EGF to corneal fibroblasts increased the amounts of
Sema3A mRNA and protein in a concentration-, time-, and EGFR-
dependent manner. Our observations thus suggest that EGF
released from corneal epithelial cells may contribute to homeosta-
sis in the corneal stroma through regulation of Sema3A expression
in corneal fibroblasts.

Interactions between two different types of cells have been
studied by examining the effects of conditioned medium from
one cell type on the function of the other cell type [3,25]. Medium
conditioned by corneal fibroblasts has thus previously been shown
to stimulate the proliferation of corneal epithelial cells but not that
of corneal fibroblasts themselves [25]. In contrast, medium condi-
tioned by corneal epithelial cells did not have any effect on the pro-
liferation of corneal fibroblasts [3]. As an alternative to this system,
we have developed a coculture model in which corneal epithelial
cells and corneal fibroblasts are cultured on opposite sides of a col-
lagen membrane. No direct interactions between the two cell types
are possible in this model, but humoral factors, such as cytokines,
released from one cell type may affect the function of the other cell
type.

With this system, we have now shown that RNA interference-
mediated depletion of EGF in HCE cells prevented the stimulatory
effect of these cells on Sema3A expression in corneal fibroblasts.
Various growth factors or cytokines have previously been shown
to affect the biological functions of corneal epithelial cells or
fibroblasts in monolayer culture [3,5,6]. For example, EGF and basic
fibroblast growth factor (bFGF) each increased, whereas transform-
ing growth factor-b reduced, the proliferation rate of both cell types
in a concentration-dependent manner [3,25]. Transforming growth
factor-b was also previously found to up-regulate bFGF expression in
keratocytes [26], and the newly synthesized bFGF may then stimu-
late proliferation in an autocrine manner [27,28]. The stimulatory
effect of EGF on the proliferation of corneal fibroblasts suggested a
role for this growth factor in corneal maintenance and repair [29,30].

Several secreted semaphorins, including Sema3A, -E, and -F, as
well as membrane-bound semaphorins such as Sema4 C, -6A, and
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-7A [11] have been shown to be expressed in the cornea at various
stages of development [31]. Semaphorin 3A (Sema3A), one of the
most well characterized members of this family, also increases
the expression of cell adhesion molecules and regulates cell–cell
and cell-extracellular matrix interactions as well as cell motility
in fibroblasts [32,33]. In particular, the expression of Sema3A and
its role in the timing and pattern of sensory innervation in the cor-
nea have been described [19]. We have now shown that, among
the group-3 semaphorins examined, the expression of only Se-
ma3A was increased in corneal fibroblasts by the presence of
HCE cells and that this effect was mediated by EGF acting at EGFR.
EGF has also been shown to up-regulate the expression of neuropi-
lin-1, which is a receptor for Sema3A, in keratinocytes [34]. The
EGF-EGFR axis may thus participate in epithelial–mesenchymal
interactions in the cornea. Further characterization of the functions
of Sema3A and its mechanisms of action in the cornea will provide
insight into the role of such interactions in corneal homeostasis.
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