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Abstract: Limbal stem cell (LSC) on the basal layer of cornea plays an important role in the epithelial repair after
corneal injury as it can proliferate, differentiate and migrate into injury sites under the direction of cytokines. This
study explored the signaling pathway and cellular mechanism between corneal epithelial cells LSC, on a mouse
model with mechanic corneal injury. Ipsilateral corneal mechanic injury model was prepared on mice using the
contralateral eye as the control. Tissues from both central and peripheral regions of cornea were collected, cultured
and quantified for expression of various cytokines including epidermal growth factor (EGF), fibroblast growth factor-8
(FGF-B), heparin-like growth factor (HGF), keratinocyte growth factor (KGF), transforming growth factor-f1 (TGF-B1),
IGF-1 and IGF-2. The effects of these factors on the differentiation of LSC and fibroblasts were also studied. Most
of those cytokines had elevated gene expressions after the corneal injury. Among those IGF-2 had significantly in-
creased expression, along with the high expression of IGF-2 receptor in corneal peripheral cells. IGF-2 also induced
the differentiation of LSC into keratin-12-positive cells. Further studies showed the prominent expression of a-actin
in injured tissues, suggesting the potential transformation of fibroblasts into myofibroblasts. Both IGF-2 and its
receptor had elevated expressions after corneal injury. They may facilitate the transformation of LSC into epithelial

cells, in addition to the role in transformation from fibroblasts to myofibroblasts.
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Introduction

Corneal epithelial cells have been reported to
have certain self-renewal and repair abilities,
due to the existence of limbal stem cell (LSC),
which can assist repairing injured corneal tis-
sues via cell proliferation, differentiation and
migration [1-5]. The repair ability of cornea is
severely compromised when LSC is absent,
causing conjunctivalization, chronic inflamma-
tion and persistent epithelial damages, or even
leading to vision lost. The transplantation of
LSC and peripheral corneal tissues, therefore,
can ameliorate corneal injury via its prolifera-
tion, differentiation and migration into injury
sites, where it induces the expression of epi-
thelial markers [6-9]. The molecular mecha-
nism and signaling pathway between LSC and
peripheral tissues, however, remained un-
known. One previous study on corneal tissues
after mechanical or chemical injury revealed

potentiated expression of growth and differen-
tiation related cytokines, including transform-
ing growth factor-a (TGF-&), TGF-B, epidermal
growth factor (EGF), heparin-like growth factor
(HGF), fibroblast growth factor- (FGF-B), all of
which are synthesized by corneal epithelial cells
for regulating cell proliferation and growth [10].
Besides, insulin-like growth factor-2 (IGF-2) has
been demonstrated to facilitate the prolifera-
tion of keratinocytes and synthesis of protein
N-cadherin, both of which contribute to the gen-
eration of extracellular matrix and keratin col-
lagen [11-14]. IGF related signaling pathway has
been known to be involved in cell proliferation
and differentiation, thus playing a crucial role in
mediating growth at both cellular and organ lev-
els. Therefore IGF and other cytokines may also
be related to the proliferation, differentiation
and migration of LSC, which can be identified
from other corneal cells by cell surface markers
such as keratin K3, K12 or connexin 43. Those
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Figure 1. Morphology of cornea after mechanical in-
jury. The arrow indicate breakage of epithelial layer
of cornea. Scale bar, 100 um.

abovementioned factors are also related with
the proliferation and differentiation of periph-
eral corneal cells. There were studies reporting
the ability of supernatants of corneal cell cul-
ture to facilitate the differentiation of multiple
stem cells including saccular stem cells, mes-
enchymal stem cells (MSCs) and embryonic
stem cells into K12-positive cells, although the
molecular mechanism is still unclear [3, 4,
15-19]. This study thus investigated the molec-
ular mechanism between corneal epithelial
cells and LSC, using a mechanical corneal inju-
ry model on mice.

Materials and methods
Animal model

A total of 20 male BALB/C mice (10 weeks old)
were purchased from Shandong University and
were kept in standard cages with food and
water provided ad libitum. After anesthesia by
xylazine and ketamine, surgical eye and periph-
eral skins were sterilized by 0.5% iodine. A 1.5
mme-diameter circle was made in the center of
cornea using a trephine. 23-gauge needle was
used to break the epithelial cornea in the cen-
ter but leaving corneal matrix or peripheral tis-
sues intact. The other eye of the mouse was
kept intact as the control. HE staining was used
to detect the injury site and severity on the cor-
nea. After different post-injury time points
including 3 hr, 6 hr, 12 hr and 24 hr. Central and
peripheral corneal tissues were extracted and
separated into different layers under the micro-
scope. All experimental protocols have been
approved by the ethical committee in Provincial
Hospital Affiliated to Shandong University, in
accordance with related codes for animal expe-
riments.
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Single-cell suspension of corneal tissues and
supernatants of culture medium

The peripheral corneal tissues were separated
and digested by pepsin (10 min, x10 times).
Cells were collected by centrifugation (250 g, 8
min) and were transferred into DMEM medium
(Sigma, US) containing 10% fetal bovine serum
(FBS, Sigma, US), antibiotics (penicillin 100 U/
mL plus streptomycin 100 yg/mL) and HEPES.

Twenty-four hours after corneal injury, samples
(~1 mm diameter, without peripheral tissues) in
the central corneal region were collected from
both experimental and control eyes and cul-
tured in 48-well plate containing DMEM medi-
um. After 24 hour incubation, supernatants
were centrifuged at 400 g for 10 min, filtered
using 0.22 ym mesh, and were stored at -80°C
for further use.

Real-time PCR

Real-time PCR was used to describe the expres-
sion levels of cytokines (including EGF, FGF-3,
KGF, HGF, TGF-B1, IGF-1 and IGF-2) in injured
corneal tissues. Samples from both central and
peripheral cornea were transferred into tubes
containing 500 pL Trizol (Molecular Research
Center, US) for total RNA extraction following
the manual instruction. In vitro reverse tran-
scription was performed using M-MLV reverse
transcriptase (Promega, US) to synthesize first
strand cDNA. Real-time PCR was performed
using the parameters: pre-denature for 3 min
(95°C), followed by 40 cycles (95°C for 20 sec,
60°C annealing for 30 sec, 72°C for 30 sec).
Each experiment was performed in triplicates.
Target gene expression levels were determined
with reference to GADPH gene.

Immunofluorescent staining

Both LSC and corneal epithelial cells (25,000
per mL) were cultured in 24-well plate contain-
ing DMEM for 48 hours. Apoptotic cells were
labelled by Hoechst 33258 (Invitrogen, US) and
separated by BD Influx (BD Bioscience, US).
Remaining living cells were fixed in 4% parafor-
maldehyde for 20 min and rinsed in 0.1% Triton
X-100. Fixed cells were then incubated with
goat anti-K2 polyclonal antibody (Santa Cruz,
US) or mouse anti-a-actin antibody for 1-hour
incubation, followed by anti-IgG antibody conju-
gated with Alexa Flour 594/488 (Invitrogen,
US). Cell nucleus was visualized by DAPI. Stain-
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Figure 2. Gene expressions of cytokines. Data were presented as mean +
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Figure 3. mRNA levels in corneal epithelial and pe-
ripheral tissues. A. IGF-1 receptor; B. IGF-2 receptor.
Data were presented as mean + standard deviation
(SD). “"P<0.05 compared to corneal epithelial tissues.

ing images were captured by a fluorescent mic-
roscope (Leica, Germany).
Analysis of corneal culture supernatants

Goat anti-IGF-2 antibody (Peprotech, US) was
mixed with supernatants of cultured corneal
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Statistical analysis

Student t-test was used to compare means
across groups using SPSS 16.0 software. A sta-
tistical significance was defined when P<0.05.

Results
Mechanical injury of cornea

In a pilot study, HE staining was used to des-
cribe the morphology of injury cornea tissues.
As shown in Figure 1, the needle only penetrat-
ed the epithelial layer, leaving basal layer intact,
suggesting the validity of our surgical proce-
dures.

Cytokines and related receptor gene expres-
sion

Real-time PCR was used to describe cytokine
expressions in various corneal tissues at differ-
ent time points (0, 3, 6, 12, 24 hours after sur-
gery). As shown in Figure 2, expressions of EGF,
FGF-B, KGF, HGF, TGF-B1, IGF-1 and IGF-2 were
significantly elevated (P<0.05), especially for
IGF-2 at 3 hours after surgery. Thus we further
compared IGF-1 and IGF-2 receptor gene
expressions in central and peripheral corneal
tissues. Results found significantly elevated
expressions of those two receptor genes in
peripheral tissues when compared to epithelial
cells at 3 hours post-surgery (P<0.05, Figure 3).

K12 expression in LSC

To evaluate the potency of IGF-2 on the differ-
entiation of LSC, we used Immunofluorescent
method to detect the expression of keratin 12
(K12) proteins in LSC. During the culture of
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Figure 4. Effects of IGF-2 on LSC differentiation. A.
Controlled LSC without IGF-2 addition; B. LSC added
with IGF-2 had keratin 12 (K12) expression; C. Nor-
mal corneal epithelial cells also expressed K12.

LSC, IGF-2 was added. Results showed the
prominent expression of K12 in IGF-2 added
LSC (Figure 4). This was consistent with corneal
epithelial cells, suggesting the role of IGF-2 in
facilitating differentiation of LSC into corneal
epithelial cells for injury recovery.

Effects of IGF-2 on LSC differentiation

To further substantiate the effect of IGF-2 in
LSC differentiation, we mixed the cultured
supernatants with anti-IGF-2 antibody. Results
showed the significantly elevated K12 gene
expression of LSC after treating with culture
supernatants (Figure 5). The pre-incubation
with IGF-2 antibody, however, blocked such
potentiation effect. These results further con-
firmed the role of IGF-2 on LSC differentiation.

IGF-2 receptor and fibroblasts

We further added the supernatants from cul-
tured injury corneal tissues. IGF-2 receptor
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Control  No IGF-2 Ab IGF-2 Ab

Figure 5. IGF-2 antibody and LSC differentiation. K12
gene expression was significantly suppressed after
the co-incubation with IGF-2 antibody. *"P<0.01 com-
pared to the control group.

antibody was also added in the experimental
group. Immunofluorescent staining showed sig-
nificantly decreased a-actin levels in the experi-
mental group, suggesting the increased myofi-
broblasts in controlled animals (Figure 6).
These results thus suggest the certain role of
IGF-2 receptor in the transformation from fibro-
blasts to myofibroblasts.

Discussion

The slow recovery of corneal epithelial layers
under the absence of LSC suggest the origin of
epithelial cells from LSC’s differentiation, as
supported by further studies showing the trans-
plantation of peripheral corneal tissues or LSC
improved regeneration of cornea [20]. LSC can
be recognized from epithelial cells by the sur-
face markers and morphological features.
Under normal circumstances, LSC is protected
within tissue clefts and migrates into injury
sites following cytokines release, cell prolifera-
tion and differentiation induction under corneal
damage. The related mechanisms and induc-
tion of LSC differentiation, however, still
remained unknown yet. Studies showed certain
induction effects on the differentiation of stem
cells into corneal epithelial cells by using
embryonic stem cells, MSCs, human tissue-
specific stem cells or cultured corneal cells.
These studies all suggested the critical role of
extracellular matrix, including the containing
cytokines in such differentiation [21-23]. More-
over, supernatants of corneal cells culture also
induced the expression of corneal cell-specific
marker K12 in stem cells, but leaving related
cytokines unknown.
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Figure 6. IGF-2 affects fibroblasts growth. A. Controlled cells with no IGF-2 receptor antibody; B. Experimental groups
with the addition of IGF-2 receptor antibody. Green, a-actin; Red, F-actin; Blue, DAPI. Scale bar, 100 pm.

This study found prominent expression of cell
proliferation and differentiation related cyto-
kines after corneal injury. Those cytokines may
penetrate lacrimal membrane, aqueous humor
and epithelial layer to reach the peripheral
region, where it can induce the proliferation of
LSC. We collected LSC 24 hours after primary
corneal injury and found significantly elevated
cell proliferation when compared to the healthy
eye. To confirm the related cytokine, we mixed
all cytokines produced by both LSC and epithe-
lial cells after injury. Of all those factors only
IGF-2 elevated the gene expression of K12,
which cannot be produced by LSC under nor-
mal physiological conditions. Previous studies
have used IGF-2 to differentiate between pleio-
tropic stems cells and corneal stem cells [24,
25]. As IGF-2 expression level was potentiated
in corneal epithelial cells after primary injury, it
may exert a major role in inducing LSC prolifera-
tion and differentiation. The secretion of IGF by
corneal cells has been reported to exert multi-
ple effects on corneal cells. This study suggest-
ed the major role of IGF-2 for stimulating epi-
thelial cell regeneration after corneal damage
as it exerts a critical function in the prolifera-
tion and differentiation of LSC. As one family of
IGF signaling pathway, IGF-2 is responsible for
multiple cellular functions and pathways cover-
ing peptide hormones (IGF-1 and 2), cell sur-
face receptor (insulin-like receptor I/Il) and IGF
binding protein 1-6 via the specific binding onto
relevant receptors for signaling cascades.

It has been reported that IGF receptor expres-
sion was suppressed after corneal damage,
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possibly due to the focal suppression of IGF
binding onto corneal cells, thus facilitating the
penetration of IGF into peripheral regions for
IGF receptor expression and LSC differentiation
[26]. We confirmed the ability of supernatants
from corneal cell culture to stimulate IGF-2
expression of LSC. As one cytokine, IGF-2
directly stimulated the expression of its recep-
tors in peripheral cells. Meantime IGF-2 from
supernatants also induces cells to expression
K12 protein. The addition of IGF-2 antibody,
however, may damage the potency for prolifera-
tion/differentiation. IGF-1, on the other hand,
may induce cell proliferation and had no signifi-
cant effect on LSC in mice. Previous reports
mentioned the potentiated proliferation on ker-
atin by IGF-1/2 via the binding onto substances
P to stimulate growth of rabbit corneal epithe-
lial cells. IGF may also have certain trophic
effects as it had certain facilitating functions
on KGF and HGF in rabbit epithelial layer. Our
study found the potential role of IGF-2 and its
receptor in facilitating transformation of myofi-
broblasts, thus causing the scar formation
after corneal injury [27, 28]. Currently it is
known that TGF-B family relates with fibrosis
and scar formation of cornea. Therefore it is
necessary to elucidate the interaction between
IGF cytokines and corneal injury.

Recent studies showed the ability of IGF in
inducing MSC differentiation into hepatocytes,
in addition to the differentiation of myoblasts,
inducing insulin-like differentiation of human
adipocyte stem cells, facilitating activation and
differentiation of human cardiac stem cells in
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various organs [29, 30]. The differentiation of
LSC and related cytokines had clinical signifi-
cance for stem cell treatment, as reported by
recent studies in which cultured LSC and trans-
plantation had satisfactory treatment efficacy
for severe corneal damage and LSC loss. The
addition of cytokines in LSC culture medium
should enrich the proliferation of target cell
types, benefiting its application in regenerative
medicine.
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