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ABSTRACT

Corneal epithelial stem cells are located in the limbus, the junction between the cornea and the
conjunctiva. A limbal epitheliummodel in vitrowould be useful for the study of epithelial stem cells,
as well as improving the quality of cultivated epithelial sheets for the treatment of limbal stem cell
deficiency. In this study, we succeeded in constructing a limbal epithelium-like structure that could
be maintained for at least 5 months in vitro. We modified conventional medium by replacing epi-
dermal growth factor with keratinocyte growth factor (KGF) and adding Y-27632, a rho kinase
inhibitor. Using this medium, epithelial cells freshly isolated from human limbus were cocultured
with human mesenchymal stem cell-derived feeder cells. Cells formed a stratified layer without air
exposure, and both basal and suprabasal layers maintained their unique morphologies for up to 5
months. Basal layers expressed the progenitor marker p63 uniformly and K15 heterogeneously.
Expressions of PAX6, K3, and K12 indicated that cell sheets underwent normal differentiation in the
corneal epithelium lineage. Although medium was changed daily after day 7, cell debris was ob-
served every day, suggesting that cell sheets underwent turnover. Furthermore, secondary colonies
were observed from cells dissociated from 1-month and 3-month cultured sheets. In conclusion,
human limbal epithelial cell sheet cultures with KGF and Y-27632 maintained stratification, high
expression of both stem/progenitor markers and differentiation markers, and colony-forming cells
long-term. This protocolmay be useful as an in vitro limbal epithelialmodel for basic studies. STEM
CELLS TRANSLATIONAL MEDICINE 2013;2:758–765

INTRODUCTION

Stem cells of corneal epithelium are located in
the limbus, the junction between the cornea and
the conjunctiva [1]. The basal layer of limbal ep-
ithelium express the stem/progenitor markers
cytokeratin 15 (K15) [2], p63 [3], and ABCG2 [4,
5], whereas the suprabasal layer of the limbal
epithelium and the whole layer of the corneal
epithelium express the cornea-specific differen-
tiationmarkers K3 andK12 [6, 7]. The limbus con-
tainsmelanocytes andmelanin, whereas the cor-
nea does not, suggesting that the limbus is
protected from ultraviolet light [8]. Stem cells
are thought to have high proliferation potential
(self-renewal ability), proven by the higher col-
ony forming efficiency (CFE) and higher replica-
tive ability of limbal epithelial cells compared
with corneal epithelial cells [9, 10]. Damage to
the limbus causes limbal stem cell deficiency
(LSCD), which leads to chronic corneal epithelial
loss and conjunctival invasion, indicating that the
limbus is a critical region to maintain corneal ep-
ithelium [11].

Since it is impossible to study human epithe-
lial stem cells in vivo, an in vitro model would be
useful for the study of these cells. Engineering
the limbal epithelial phenotype in vitro would
also be useful as a source of stem cells for the
treatment of LSCD patients [12–23] and to re-
duce the needof experimental animalmodels for
ophthalmic drug tests [24]. Differentiation of ep-
ithelial cells is mediated by the Rho/ROCK path-
way and inhibited by the chemical inhibitor of
ROCK, Y-27632 [25]. This may be the reason why
Y-27632 increases the CFE of human keratino-
cytes [25, 26]. Y-27632 also increases the CFE of
other cell types, such as human embryonic stem
cells (ESCs) [27], primate corneal endothelial
cells [28], and rabbit limbal epithelial cells [29]. In
human ESCs, Y-27632 inhibits apoptosis caused
by the loss of cadherin-dependent cell-cell con-
tact [27, 30, 31]. In rabbit limbal epithelial cells,
Y-27632 promotes the rapid adherence of inocu-
lated cells to the culture plate and scavenges ac-
cumulated reactive oxygen species (ROS) [29]. In
addition to the improvement of CFE, long-term
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administration of ROCK inhibitor greatly increases the prolifera-
tion capacity of human keratinocytes without impairment of the
differentiation capacity [32]. These results suggest that ROCK
inhibitor may be effective for expanding limbal epithelial stem
cells in vitro.

Limbal basal cells express FGFRIIIb, the receptor for fibro-
blast growth factor 7/keratinocyte growth factor (KGF) [33, 34].
KGF stimulates the proliferation of epithelial cells [35–37]. Al-
though epithelial cells themselves do not produce KGF, they se-
crete interleukin-1, which stimulates the production of KGF in
mesenchymal cells [38]. Limbal fibroblasts secrete higher levels
of KGF and less hepatocyte growth factor (HGF) than central
corneal fibroblasts [39], and KGF stimulates the expansion of
explant cultured rabbit limbal epithelium and increases the ex-
pression of p63 compared with HGF [40]. In contrast to epider-
mal growth factor (EGF), KGF does not inhibit the induction of
differentiation markers K1 in epidermal keratinocytes [36] and
K3 in limbal epithelial cells [37] in serum-free, feeder-free cul-
tures. These facts suggest that KGF stimulates the proliferation of
limbal epithelial cells without impairing differentiation, which may
bebeneficial to culture limbal epithelial cell sheets that includeboth
undifferentiated and differentiated cell layers as observed in vivo.

In this study, we attempted to use primary cultured human
limbal epithelial cell sheets as an in vitro limbal epithelium
model. Several methods of culturing epithelial cell sheets are
known [9, 12, 13, 15, 16, 22, 23, 41–43]. In clinical studies at our
institution, epithelial cells freshly isolated from human limbus
are cultured in cell culture inserts, with human feeder layer cells
separated in the bottom of a paired well [43]. To improve the
quality of our sheets, we supplemented the medium with KGF
and Y-27632 instead of EGF, which resulted in higher expression
of both stem/progenitormarkers and differentiationmarkers, as
well as a high content of colony-forming cells in the epithelial cell
sheets. These sheets maintained the morphology, stratification,
marker expressions, and CFE for up to 5months in vitro, suggest-
ing the maintenance of stem/progenitor cells by this protocol.

MATERIALS AND METHODS

Preparation of Feeder Layer Cells
Humanmesenchymal stem cells (HMSCs) (SanBio Inc., Mountain
View, CA, http://www.san-bio.com) andNIH/3T3 cellswere used
as feeder cells. HMSCswere used as feeders for primary cultured
epithelial cell sheets because of local regulations requiring min-
imal use of xenogenic factors for clinical use [43]. NIH/3T3 cells
were used as a feeder layer for the colony formation assay, im-
munostaining of colonies, subculture of epithelial cells, and cul-
ture of experimental epithelial cell sheets. HMSCs were fed with
�-minimal essential medium (Life Technologies, Carlsbad, CA,
http://www.invitrogen.com) supplementedwith fetal bovine se-
rum (FBS; 10%) and the antibiotics streptomycin (100 �g/ml;
Meiji Seika Pharma, Tokyo, Japan, http://www.meiji-seika-
pharma.co.jp/english) and penicillin G (100 U/ml; Meiji), twice a
week. Semiconfluent cells were dissociated by enzyme treat-
ment (37°C for 10 minutes; TrypLE Express; Life Technologies)
and subcultured at a density of 3� 105 cells per 75-cm2 flask. For
use as feeder cells, HMSCs were seeded in six-well plates (1 �
105 cells per well) and cultured until cells reached confluence.
Confluent cells were treated with mitomycin C (MMC; final con-
centration, 4 �g/ml; Kyowa Hakko Kirin, Tokyo, Japan, http://
www.kyowa-kirin.co.jp/english) at 37°C for 2 hours. NIH/3T3

cells (3 � 105 cells per 75-cm2 flask) were subcultured every 3
days by enzyme dissociation (TrypLE Express). NIH/3T3 cells
were fed with Dulbecco’s modified Eagle’s medium (DMEM; Life
Technologies) including FBS (10%) and antibiotics. Confluent
NIH/3T3 cells were treated with MMC (4 �g/ml, 37°C, 2 hours),
and dissociated cells were cryopreserved until use. One day be-
fore use, NIH/3T3 feeder cells were seeded to the culture dishes
at a density of 2.5 � 104 cells per cm2.

Primary Culture of Human Limbal Epithelial Cell Sheets
Human limbal epithelial cells were obtained from U.S. eye bank
eyes after the central cornea was used for transplantation. Iris,
ciliary body, Descemet’s membrane with corneal endothelium,
conjunctiva, and excess sclera were surgically removed from the
corneosclera. Limbal epithelium was isolated by the treatment
with Dispase II (Roche, Basel, Switzerland, http://www.roche.
com) in a low-cell-binding centrifuge tube (STEMFUL; Sumitomo
Bakelite Co., Ltd., Tokyo, Japan, http://www.sumibe.co.jp/
english/index.html) at a concentration of 4.0 U/ml in DMEM/
F12, followed by the dissociation by pipetting. Epithelial cells
(0.5–2 � 105 cells per insert) were inoculated on cell culture
inserts (3450; Corning Enterprises, Corning, NY, http://www.
corning.com) and cocultured with HMSC feeder in the bottom of
six-well plates, as described previously [43].When indicated, ep-
ithelial cells were directly seeded onNIH/3T3 feeder layers in the
cell culture insert and cocultured with another NIH/3T3 feeder
layer in the bottom of a paired well as described previously [44].
Supplemental hormonal epithelial medium (SHEM) containing
human recombinant EGF (10 ng/ml; PeproTech, Rocky Hill, NJ,
http://www.peprotech.com) or KGF (10 ng/ml; 100-19; Pepro-
Tech), as well as DMEM/F12 (96%), FBS (4%), insulin (10 �g/ml;
Sigma-Aldrich, St. Louis,MO, http://www.sigmaaldrich.com), tri-
iodo-thyronine (2 nM; Sigma-Aldrich), hydrocortisone (500
ng/ml; Nichi-iko Pharmaceutical, Toyama, Japan, http://www.
nichiiko.co.jp/english/index.html), isoproterenol hydrochloride
(250 ng/ml; Kowa Company, Aichi, Japan, http://www.kowa.co.
jp/eng), and antibiotics, was used as culture medium. ROCK in-
hibitor Y-27632 (final concentration, 10 �M; Nakalai Tesque,
Kyoto, Japan, http://www.nacalai.co.jp/global) was supple-
mented when indicated. In some cases, cell culture inserts were
coated with fibrin (Kaketsuken, Kumamoto, Japan, http://www.
kaketsuken.or.jp/en/) as described previously [45], and apro-
tinin (final concentration, 150 KIU/ml; Wako Pure Chemical In-
dustries, Osaka, Japan, http://www.wako-chem.co.jp/english/)
was added to the medium to prevent the degradation of fibrin
gels. Cells were fed at day 3, day 5, and every day after day 7 for
up to 5 months. Feeder cells were not changed throughout the
culture, and epithelial cells were not air lifted.

Colony Forming Assay of Primary Human Limbal
Epithelial Cells
Freshly isolated epithelial cells were passed through a 40-�m
mesh (Cell Strainer; BD Biosciences, San Jose, CA, http://www.
bdbiosciences.com) to remove cell aggregations, then seeded in
anNIH/3T3 feeder-prepared 100-mmdish at a density of 1� 103

cells per dish. Cells were fedwith SHEM supplementedwith EGF,
EGF and Y-27632 (E�Y), KGF, or KGF and Y-27632 (K�Y). After
10–14 days of culture, cells were fixed with 10% formalin and
stained with rhodamine B. Since the CFEs of primary cells varied
greatly between experiments, we normalized CFE data by setting
the CFE of EGF culture as 1.
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Colony Forming Assay of Cultivated Human Limbal
Epithelial Cell Sheets
Epithelial cell sheets cultured for 1 month and 3 months were dis-
sociated by enzyme treatment (TrypLE Express with Y-27632) at
37°C for 30 minutes. Y-27632 (10 �M) was added to prevent any
effects due to cell dissociation. Cells were seeded onNIH/3T3 feed-
er-prepared100-mmdishes at adensity of 1�103 cells per dish. To
compare theCFEsof sheets culturedusingdifferentmedia, a colony
formation assay was performed using the same medium (SHEM
E�Y) in all groups, since EGF stimulated more growth than KGF
(supplemental online Fig. 1B, 1C), resulting in larger colonies, which
are easy to visualize compared with smaller colonies.

Serial Cultivation of Human Limbal Epithelial Cells
Epithelial cells freshly isolated from limbus were seeded on NIH/
3T3 feeder layers in 75-cm2 flasks. Cells were fed every 3–4 days
with SHEM supplemented with EGF, E�Y, KGF, or K�Y. When
cells reached semiconfluence, cells were dissociated by enzyme
(TrypLE Express) and subcultured to new feeder-prepared flasks
at a density of 1 � 105 cells per 75-cm2 flask. The number of cell
population doublings (PDs) in each passage was calculated as
PDs � log2 (Number of cells collected/Number of cells seeded).

Reconstruction of Epithelial Cell Sheets From
Subcultured Epithelial Cells
An epithelial cell sheet cultured with SHEM K�Y for 5 months
was dissociated by enzyme (TrypLE Express), and 1 � 105 cells
were subcultured on NIH/3T3 feeders in 75-cm2 flasks using
SHEM K�Y. After four passages, cells (1 � 105 cells per insert)
were seeded on the NIH/3T3 duplex feeders as described in the
primary culturemethods. Cells were fed every day for 2weeks to
allow stratification.

Immunostaining
For whole mount staining of sheets, cell sheets were cut using a
sharp blade (biopsy punch; Kai Medical Inc., Seki, Japan, http://
www.kaimedical.com/en2). For immunohistochemistry, 10-�m-
thick frozen sections were prepared. For immunostaining of col-
onies, freshly isolated cells (5� 102 cells per well) were cultured
on NIH/3T3 feeder-prepared six-well plates for 10 days. All sam-
ples were fixed with ice-cold 4% paraformaldehyde in phos-
phate-buffered saline (PBS) for 5 minutes. After treatment with
blocking solution consisting of normal donkey serum (10%) and
Triton X (0.1%) in PBS for 1 hour at room temperature (RT), an-
tibodies specific for cytokeratin 15 (K15, mouse IgG2a, clone
LHK15, MS-1068; Thermo Fisher Scientific, Waltham, MA,
https://www.thermoscientific.com), K12 (rabbit IgG, sc-25722;
Santa Cruz Biotechnology Inc., Santa Cruz, CA, http://www.scbt.
com), K3 (mouse IgG1, clone AE5, sc-80000; Santa Cruz Biotech-
nology), PAX6 (rabbit IgG, PRB-278P; Covance, Princeton, NJ,
http://www.covance.com), p63 (mouse IgG2a, clone 4A4, sc-
8431; Santa Cruz Biotechnology), and CDH1 (rabbit IgG, sc-7870;
Santa Cruz Biotechnology) were diluted in blocking buffer at
1:100 and applied to samples for 1–2 hours at RT. After washing
three times with PBS, anti-mouse IgG antibody (Alexa Fluor 488-
conjugated, 1:100; Life Technologies), anti-rabbit IgG antibody
(Alexa Fluor 555-conjugated, 1:100), and 4�,6-diamidino-2-phe-
nylindole (1 �g/ml; Dojindo Laboratories, Kumamoto, Japan,
http://www.dojindo.com) were applied for 1 hour at RT. Sam-
ples were mounted with coverslips using mounting medium

(PermaFluor; Thermo Fisher Scientific) and observed using a
fluorescence microscope.

Statistical Analysis
One-way analysis of variance followed by Scheffe’s F test was
used to compare four groups, and Student’s t test was used to
compare two groups, at a significance level of p � .05.

RESULTS

The Effects of KGF and the ROCK Inhibitor Y-27632 on
Cultured Human Limbal Epithelial Cells
Colony formation assays were performed to examine the effects
of Y-27632, KGF, and their combination on primary human limbal
epithelial cells in the presence of 3T3 feeder cells (Fig. 1A, 1B).
Since CFE varied among donor cell source (supplemental online
Fig. 1), CFE was normalized as CFE of EGF � 1 (relative CFE; Fig.
1B). Y-27632 significantly increased the relative CFE in both EGF
groups (EGF culture and E�Y culture) and KGF groups (KGF cul-
ture and K�Y culture). The relative CFE of E�Y culturewas 2.7�
0.7-fold (mean � SD; n � 7) as large as that of EGF culture, as
recently reported [29]. Similarly, the relative CFE in K�Y culture
was 2.8 � 1.0-fold as large as that in KGF culture. Although rela-
tive CFE did not differ between EGF and KGF, the morphology of
colonies was different between these groups. Colonies in KGF
consisted of densely packed small cells compared with EGF (Fig.
1C). Colony size was smaller in KGF (Fig. 1A), reflecting the slow
cell growth compared with EGF (supplemental online Fig. 1B,
1C). Immunostaining showed that expression of the epithelial
stem/progenitor marker p63 was higher in KGF than EGF (Fig.
1D). Both EGF culture and KGF culture without Y-27632 ceased
growth at passage 4 in the serial cultivation assay (supplemental
online Fig. 1D; 19.6� 1.04 PDs in EGF and 16.0� 1.6 PDs in KGF;
n� 3), whereas E�Y culture and K�Y culture continued to grow
over passage 5 (32.0� 1.2 PDs and 29.5� 1.4 PDs, respectively).

The Effects of KGF and ROCK Inhibitor Y-27632 on the
Morphology of Cultivated Epithelial Cell Sheets
NextweconfirmedtheeffectsofcombiningKGFandY-27632onthe
culture of epithelial cell sheets. Limbal epithelial cells were primary
culturedwith human feeder cells that were separated from epithe-
lial cells by cell culture inserts [43], aswas required for clinical appli-
cation. As observed in colonies on 3T3 feeders, the morphology of
basal cells was different between EGF (EGF sheets and E�Y sheets)
and KGF groups (KGF sheets and K�Y sheets). Cell sheets in KGF
were dense, and the border between cells was easy to observe us-
ing a phase contrast microscope (Fig. 2A). Immunohistochemistry
showed higher expressions of epithelial stem/progenitor markers
(K15,p63),differentiation-relatedmarkers (K3,K12), transcriptional
factor PAX6, and epithelial cadherin (CDH1) in KGF compared with
EGF (Fig. 2B–2D). K15 was heterogeneously expressed in the basal
layersofKGFgroups,whereas itwas randominE�Ysheetsand rare
in EGF sheets (Fig. 2B, green). K12was expressed in suprabasal cells
and some basal cells in KGF sheets (Fig. 2B, red), whereas K3 was
observed only in suprabasal cells (Fig. 2C, green). CDH1was promi-
nent in the cell borders of KGF sheets (Fig. 2D; supplemental online
Fig. 2). The effect of KGF was also confirmed in traditional epithelial
sheets cultured in contact with 3T3 feeder cells, which also showed
enhancedexpressionof p63, K3, andK12 (supplemental online Fig. 3).
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The Effects of KGF and the ROCK Inhibitor Y-27632 on
the Colony Forming Ability of Cultivated Epithelial Cell
Sheets
To confirm the proliferation potential of cell sheets, cells disso-
ciated from cell sheets were seeded on feeder-prepared dishes

at clonal density (Fig. 3). Cells prepared fromK�Y sheets showed
the highest CFE (14.5 � 6.5%; n � 3). The CFE of KGF sheets was
4.5 � 3.9%. E�Y sheets showed significantly lower CFE (0.8 �
0.6%) compared with K�Y sheets. EGF sheets showed lowest
CFE (0.0 � 0.1%).

Figure 1. TheeffectsofEGF,KGF,andY-27632onthecolony formationofhuman limbalepithelial cells. (A):RhodamineB-stained100-mmdish. (B):
Relative CFE; n� 7. ��, p� .01. CFEwas normalized as CFE of EGF� 1. (C): Phase contrastmicrograph of colonies at day 7. (D): Immunostaining of
coloniesatday10usinganti-p63antibody (green). Scalebars�100�m (C,D). Abbreviations:CFE, colony formingefficiency;E�Y,epidermalgrowth
factor and Y-27632; EGF, epidermal growth factor; K�Y, keratinocyte growth factor and Y-27632; KGF, keratinocyte growth factor.

Figure 2. The effects of EGF, KGF, and Y-27632 on the morphology of human limbal epithelial cell sheets. (A): Phase contrast micrograph of
cells cultured for 1month in the indicatedmedium. (B–D): Cryosections stainedwith antibodies specific for K15 (green, [B]), K12 (red, [B]), K3
(green, [C]), PAX6 (red, [C]), p63 (green, [D]), and CDH1 (red, [D]). Phase contrast images were merged with immunofluorescence images.
Where indicated, cell nuclei were stained with DAPI. Culture conditions were the same as for the top panel. Scale bars � 100 �m (A) and 50
�m (B–D). Abbreviations: DAPI, 4�,6-diamidino-2-phenylindole; E�Y, epidermal growth factor and Y-27632; EGF, epidermal growth factor;
K�Y, keratinocyte growth factor and Y-27632; KGF, keratinocyte growth factor; mo, month.
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Long-Term Maintenance of Cultivated Epithelial Cell
Sheets by Using KGF and ROCK Inhibitor Y-27632
We cultured cell sheets in EGF medium or K�Y medium for up
to 3 months in eight cases (Fig. 4) and for 5 months in one case
(supplemental online Fig. 4). Cells in EGF sheets showed large,
elongated shapes at 3 months and were lost by 5 months,
whereas all K�Y sheets maintained cell morphology up to 5
months. Althoughmediumwas changed daily after day 7, des-
quamation was observed every day, suggesting the turnover

of superficial cells in these cell sheets. Expressions of stem/
progenitor markers (K15, p63), differentiation markers (K12
and K3), PAX6, and CDH1 were maintained in long-term in
K�Y sheets (Fig. 4B; supplemental online Fig. 4B) as shown in
a 1-month-cultured sheet (Fig. 2). The CFE of 3-month-cul-
tured K�Y sheets was 23.3 � 7.3% (n � 5), similar to that of
1-month-cultured K�Y sheets (19.0 � 12.6%; n � 7), which
slightly decreased at 5 months (8.6%). However, cells dissoci-
ated from the 5-month-cultured K�Y sheet were able to be

Figure 3. The effects of EGF, KGF, and Y-27632 on the colony forming ability of human limbal epithelial cell sheets. (A): Scheme of colony
formation assay. Cell sheets cultured with EGF, E�Y, KGF, or K�Ymediumwere dissociated by enzyme treatment, followed by subculture on
the indicator dishes at clonal density. All disheswere fedwith samemedium. (B):RhodamineB-stained indicator dishes. (C):CFE of sheets; n�
3. �, p � .05. Abbreviations: CFE, colony forming efficiency; E�Y, epidermal growth factor and Y-27632; EGF, epidermal growth factor; K�Y,
keratinocyte growth factor and Y-27632; KGF, keratinocyte growth factor.

Figure 4. Morphology and colony forming ability of human limbal epithelial cell sheets cultured for 3months. (A): Phase contrastmicrograph
of cell sheets cultured with EGFmedium or K�Y medium for 3 months. (B): Immunohistochemistry of 3-month cultured EGF sheets and K�Y
sheets using the specific antibodies indicated. Phase contrast images were merged with immunofluorescence images. (C): Colony formation
assays of cells dissociated from 3-month cultured EGF sheets and K�Y sheets. Top: Rhodamine B-stained indicator dishes. Bottom: CFE of
1-month cultured sheets and 3-month cultured sheets. Scale bars� 100�m (A) and 50�m (B). Abbreviations: CFE, colony forming efficiency;
EGF, epidermal growth factor; K�Y, keratinocyte growth factor and Y-27632; mo, months.
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subcultured for at least seven passages (28.0 PDs; supplemen-
tal online Fig. 4C) and were able to reconstruct stratified epi-
thelial cell sheets after passage 4 (25.4 PDs at passage 4; sup-
plemental online Fig. 4D).

DISCUSSION

In order for limbal epithelial cell sheets in vitro to be equivalent
to limbal epithelium in vivo, the cell sheets should contain stem/
progenitor cells to maintain differentiated layers. In our culture
system, cell morphology was maintained for the long term; 3
months in eight cases (Fig. 4) and 5 months in one case (supple-
mental online Fig. 4). Cell debris was observed throughout the
culture, although the culture medium was changed daily after
day 7, suggesting that the cell sheets underwent turnover. His-
tology and immunohistochemistry showed that tissue organiza-
tion of cell sheets was similar to that of limbal epithelium in vivo,
consisting of small basal cells and large differentiated suprabasal
cells (Figs. 2, 4). Tissue histology did not change from 1month to
5 months, and cell polarity and morphology were stable. The
existence of K15-high cell clusters (Fig. 2) and colony-forming
cells (Fig. 3) in cell sheets suggests the presence of stem/progen-
itor cells. This idea is supported by the serial cultivation assay and
sheet reconstruction assay of 5-month-cultured K�Y sheets
(supplemental online Fig. 4). Expressions of PAX6 and corneal
epithelium-specific differentiation markers K3 and K12 indicate
that cell sheetsmaintained their linage as corneal epitheliumand
did not transform to conjunctival epithelium or epidermis. From
these results, we conclude that our limbal epithelial cell sheets
had stem/progenitor cells generating differentiated cells in cor-
neal epithelium linage, showing the similarity with limbal epithe-
lium in vivo.

We primary cultured human limbal epithelial cell sheets with
KGF- and Y-27632-supplemented medium for up to 5 months.
Although long-term supplementation of Y-27632 has shown a
deleterious effect on epidermal keratinocytes [26], another
group reported a beneficial effect [32]. In the former report,
human keratinocytes treated with Y-27632 from day 0 to day 14
showed an increase in CFE in primary culture but a decrease in
CFE after passage [26]. In the latter report, continuous adminis-
tration of Y-27632 throughout culture enabled human keratino-
cytes to be subcultured for up to 150 passages without impairing
the differentiation capacity [32]. In this study, we found that cell
sheets cultured with Y-27632 tended to increase CFE (Fig. 3C)
and serial cultivation with Y-27632 increased cell proliferation
(supplemental online Fig. 1D). The latter report and our results
support the fact that long-term administration of Y-27632 is ben-
eficial to maintain stem cells.

How does Y-27632 work in the maintenance of stem cells in
culture? Y-27632 increased CFE up to threefold in both EGF and
KGF medium (Fig. 1), indicating that the effect of Y-27632 is in-
dependent of KGF. Y-27632 is known to protect dissociated hu-
man ESCs from apoptosis [27], which is induced by the loss of
cadherin-dependent cell-cell contact [30, 31]. Y-27632 also in-
hibits the differentiation of dissociated keratinocytes suspended
as single cells [25]. In addition, Y-27632 promotes the rapid ad-
herence of rabbit limbal epithelial cells [29]. These studies sug-
gest that Y-27632 protects human epithelial cells from the influ-
ence of dissociation. The effect of Y-27632 does not seem to be
limited to the period immediately after cell preparation but con-
tinues for several days. In human keratinocytes, Y-27632 treat-

ment after cell inoculation increased CFE; Y-27632 treatment for
the first 6 days out of 14 days seemed to slightly increase CFE
comparedwith Y-27632 treatment for first 3 days of 14 days [26].
This is consistent with our preliminary study where Y-27632
treatment for the first 4 days out of 10 days showed lower CFE
compared with Y-27632 at 10 days (data not shown). Recently,
Zhou et al. showed that Y-27632 increases glutathione level in
rabbit limbal epithelial cells and decreases intracellular ROS dur-
ing clonal expansion [29]. Y-27632 may contribute to the long-
term maintenance of epithelial cell sheets by increasing seeding
efficiency at the beginning of the culture and protecting cells
from ROS stress.

KGF is not expressed in epithelial cells, but it is expressed in
fibroblasts [33] and is increased in fibroblasts by the stimulation
from epithelial cells [39, 46]. The absence of KGF production in
epithelial cells may be related to the requirement of fibroblasts
for serial cultivation of epithelial cells in serum-containing me-
dium [41]. Basal layers of the limbal epithelium are known to
express the KGF receptor, and KGF increases p63 expression in
rabbit limbal epithelial cell sheets [40]. These facts suggest that
KGF is required for the maintenance of undifferentiated epithe-
lial cells, including stem cells. As expected, KGF increased stem/
progenitor cell marker expression (Fig. 2). Although K15 and K12
expressions were slightly increased by Y-27632 in EGF groups,
both KGF and K�Y sheets showed similar strong expression pat-
terns (Fig. 2B), indicating that KGF, and not Y-27632, mainly con-
tributed to the increased expression of these markers. Despite
p63-positive cells being observed in EGF groups (Fig. 2D), the CFE
of EGF group sheets was low (Fig. 3), suggesting that p63 alone
may not be indicative of the stemness of the cell. KGF does not
completely suppress differentiation, since differentiated cells
were observed in KGF cultured limbal epithelial cell sheets (Figs.
2, 4). Similarly, KGF does not inhibit the induction of differentia-
tionmarkers in epidermal keratinocytes [36] or corneal epithelial
cells [37]. Overexpression of KGF in adult murine corneal stroma
increases proliferation of corneal epithelial cells, but K12 expres-
sion was observed in corneal epithelium [47]. These results indi-
cate that KGF is not a strong repressor of epithelial cell differen-
tiation; in other words, KGF does not perturb the normal
differentiation of epithelial cells. Epithelial stem cells may re-
quire KGF tomaintain undifferentiated states but can respond to
signals that induce differentiation or migration.

Cultivated epithelial cell sheets are also useful for treating
LSCD patients, because they supply stem cells along with differ-
entiated cells that form barriers of the ocular surface [10, 14–
23]. Maintenance of progenitor cell markers, differentiation
markers, and colony-forming cells for 3months suggests that the
quality of the K�Y sheet is stable for the long term in vitro, which
may help scheduling of transplantation in clinical cases. In addi-
tion, we found that our limbal epithelial model was robust and
easy to separate from the culture inserts, whereas cell sheets
cultured with EGF was more fragile and adhered to inserts (sup-
plemental online Fig. 5). Strong expression of E-cadherin/CDH1
in the cell-cell border may explain this robustness. For these rea-
sons, our limbal epithelial model may be a better option for
transplantation in LSCD patients. Although we used human
feeder cells which were separated from the epithelial cells, tra-
ditional sheet culture used murine 3T3 feeder cells, which were
in direct contact with the epithelial cells. We confirmed that ep-
ithelial cell sheets directly in contact with 3T3 feeder cells also
increased the expressions of p63, K12, and K3 by KGF and
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Y-27632 (supplemental online Fig. 3), suggesting the usefulness
of KGF and Y-27632 for other sheet culture methods.

CONCLUSION
We cultured primary human limbal epithelial cell sheets with feeder
cells intransitionalserumandhormonecontainingmedium,withmod-
ificationsusingKGFandY-27632insteadofEGF.Ourcellsheetsshowed
limbal epithelium-like features, stratification, expression of stem/pro-
genitor cell markers and corneal epithelium-linage differentiation
markers, and the existence of colony-forming cells. These features
weremaintained long-term in vitro, suggesting thehomeostasis of cell
sheets.Weconcludethatourcell sheetsareusefulasa limbalepithelial
modelinvitroforthebasicstudyofstem/progenitorcellsandforclinical
application to treat LSCDpatients.
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