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Rho-associated coiled-coil kinase (ROCK) inhibitor Y-27632 has been shown to increase proliferative capacity
and even immortalize primary keratinocytes. Here, we demonstrate that rabbit primary limbal epithelial cells
(LECs) treated with Y-27632 also exhibited improved colony-forming efficiency by enhancing the expansion of
the stem/progenitor cells. Moreover, Y-27632 treatment improved the rapid adherence of limbal stem/
progenitor cells in the initial inoculation of primary cells. In addition, Y-27632 treatment elevated the intracel-
lular glutathione level and decreased cellular reactive oxygen species (ROS) accumulation during the expansion
of LECs. Therefore, ROCK inhibitor Y-27632 increased the cloning efficiency of rabbit limbal stem/progenitor
cells by improving their adherence and ROS scavenging capacity.

Introduction

Autologous or allogeneic limbal tissue transplanta-
tion is the traditional therapy for limbal stem cell

deficiency (LSCD),1 a severe corneal surface disorder
characterized by the loss of corneal epithelial stem cells
that is caused by genetic diseases and chemical and thermal
burns. However, it may cause a risk of LSCD in the donor
eye used for autologous transplantation2 or require the
long-term use of immunosuppressive drugs for the possi-
ble immunological rejection after allograft transplantation.3

Recently, the transplantation of ex vivo expanded limbal
epithelial cells (LECs) or oral mucosal epithelial cells has
become an alternative therapy for the structural and
functional reconstruction of the corneal surface in LSCD.4–8

However, this therapy depends on the number and sur-
vival of the limbal stem cells with clonogenic capacity in
the transplanted LEC sheet.8 Therefore, obtaining a suffi-
cient number of limbal stem/progenitor cells in vitro is
critical for LSCD therapy using cultured limbal epithelial
transplantation.

In most current protocols, 3T3 feeder cells, cholera toxin,
exogenous growth factors, hormones, and fetal bovine serum
are necessary for the expansion of LECs in vitro.4,8 Although
the use of clinical-grade 3T3-J2 cells has no adverse effects
and has been approved in the United States, Japan, Italy, and
South Korea during the past 30 years,9,10 the development of
a xenofree defined limbal culture system is important for

clinical applications because of the possible xenocontamina-
tion by bovine serum, mouse cells, or recombinant growth
factors.11 Small molecules, particularly those with well-de-
fined structures and target genes, have been confirmed as
powerful tools for manipulating the fate, state, and function
of various stem cells.12 Recently, there has been a significant
progress in using small molecules to sustain pluripotency or
induce the differentiation of embryonic stem cells, to replace
transcription factors, and to enhance efficiency during so-
matic cell reprogramming.13,14 In a previous study, we found
that pluripotin significantly promoted proliferation and col-
ony-forming efficiency and prevented senescence in rabbit
primary LECs.15

Y-27632, a selective inhibitor of p160-Rho-associated
coiled-coil kinase, has recently been shown to increase
greatly the cloning efficiency of human embryonic stem cells,
keratinocytes, and corneal endothelial cells, to diminish
dissociation-induced apoptosis, and even to enable cells to
bypass senescence and become immortal in the presence of
feeder layers.16–26 In the current study, we demonstrate that
the treatment of primary LECs with Y-27632 significantly
increased their colony-forming efficiency by enhancing the
expansion of the limbal stem/progenitor cells. Moreover, Y-
27632 improved the rapid adherence of limbal stem/pro-
genitor cells in the initial inoculation. In addition, we found
an elevated intracellular glutathione (GSH) level and de-
creased intracellular reactive oxygen species (ROS) accumu-
lation during clonal expansion.
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Materials and Methods

Isolation and treatment of primary LECs

All of the animal experiments were conducted in accor-
dance with the Animal Care and Use Committee guidelines
of the Shandong Eye Institute and the Association for Re-
search in Vision and Ophthalmology (ARVO) Statement for
the Use of Animals in Ophthalmic and Vision Research. The
limbal tissues from New Zealand rabbits (n = 20) were trea-
ted with 2.4 U/mL Dispase (Roche, Indianapolis, IN) in the
Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen,
Carlsbad, CA) for 2 h at 37�C. The limbal epithelium was
removed under a dissecting microscope and treated with
0.25% trypsin/0.02% EDTA for 15 min at 37�C. The ac-
quired primary LECs were suspended in the DMEM/F-12
medium supplemented with 10% fetal bovine serum (Gibco,
Grand Island, NY), insulin-transferrin-selenium (Invitro-
gen), 1% nonessential amino acids (Invitrogen), 0.1 nM
cholera toxin (Sigma, St. Louis, MO), 2 nM 3,3¢5-triiodo-l-
thyronine sodium salt (Sigma), 0.4 ng/mL hydrocortisone
succinate (Wako, Osaka, Japan), 2 mM l-glutamine (In-
vitrogen), penicillin–streptomycin (Hyclone, Logan, UT),
and 10 ng/mL recombinant human EGF (R&D Systems,
Minneapolis, MN). The primary LECs were inoculated on
an uncoated plate surface, treated with or without 10 mM Y-
27632 (Sigma), and evaluated using a cell adherence assay,
the colony-forming efficiency, immunofluorescent staining,
the intracellular GSH level, and the ROS accumulation.
Normally cultured cells were used as the control.

Cell adherent evaluation

For the evaluation of cell adherence, freshly isolated LECs
were allowed to attach to the uncoated surface of cell culture
plates at 37�C for 2 h. The LECs attached after 2 h were
designated as rapid adherent cells, and the unattached cells
were collected as slow adherent cells. The two cell popula-
tions were subjected to immunofluorescence staining.

Colony-forming assay

NIH-3T3 cells were treated with 4 mg/mL mitomycin C
(Haizheng, Taizhou, China) for 2 h and reinoculated at a
density of 4 · 104 cells/cm2 as feeder layers. Primary LECs
were seeded at a density of 1000 cells per well and incubated
for 8 days. The colonies were fixed with ice-cold methanol
and stained with 2% Rhodamine B (Sigma), and the colony
number was counted and evaluated using ImageJ software.

Immunofluorescence staining

For the identification of the limbal stem/progenitor cells,
the rabbit cells were fixed with 4% paraformaldehyde,
blocked with 1% normal goat serum, and incubated over-
night at 4�C with the following primary antibodies: anti-
DNP63 (1:100; Invitrogen), anti-telomerase (1:100; Santa
Cruz), anti-b1-integrin (1:100; Biolegend, San Diego, CA) and
anti-involucrin (1:150; Sigma). After washing with PBS, the
cells were incubated for 1 h with rhodamine- or FITC-
conjugated goat immunoglobulin G secondary antibodies

FIG. 1. Y-27632 promoted
the colony-forming efficiency
of limbal epithelial cells.
Primary rabbit limbal
epithelial cells were
inoculated on mitomycin
C-inactivated 3T3 feeder cells
and incubated with or
without Y-27632 for 8 days.
The Y-27632-treated cells
grew into more dense and
larger colonies than the
control cells, as shown by
their morphology (A) and
Rhodamine B staining (B). A
quantitative analysis of the
colony density and colony
size showed that Y-27632
significantly increased the
clonal growth of limbal
stem/progenitor cells with
larger sizes compared with
the untreated cells (C). The
experiment (n = 5) was
repeated three times, and
representative photos are
shown. *p < 0.05. Scale bar:
500 mm.
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(1:100; Santa Cruz). The nucleus was counterstained with
DAPI, and the staining was viewed under an Eclipse TE2000-
U microscope (Nikon, Tokyo, Japan).

Detection of ROS

For the detection of intracellular ROS accumulation, the
3T3 feeder cells were removed by transient 0.05% trypsin–
EDTA treatment, followed by three washes with PBS.27,28

The colonies were then loaded with 10 mM peroxide-sensitive
fluorescence probe 2,7-dichlorodihydrofluorescein diacetate–
acetyl ester (H2-DCFDA; Molecular Probes, Eugene, OR) for
30 min at 37�C. The images were observed using Nikon
confocal microscopy at 488/520 nm.

Measurement of intracellular GSH levels

The total cellular GSH content was measured using the
GSH Assay Kit (Beyotime, Haimen, China) according to the
manufacturer’s instructions. Briefly, the cells in colonies were
collected after the removal of the feeder cells and treated
with three volumes of protein removal reagent. The sus-
pension was freeze-thawed three times using liquid nitrogen
and a 37�C water bath. The supernatant was collected and
mixed with the kit-provided working buffer and NADPH.
The content of total GSH was quantified by the comparison
with known GSH standards. In some experiments, the col-
onies were incubated in a serum-free medium containing
50 mM monochlorobimane (MCB; Sigma) for 30 min. The
staining of the intracellular GSH was observed using fluo-
rescence microscopy.

Statistical analysis

The data were presented as the means – SD. The differ-
ences between the control and experimental groups were
tested with Student’s t-test. A p-value of < 0.05 was consid-
ered to be statistically significant.

Results

Y-27632 promoted the cloning expansion
of limbal stem/progenitor cells

To examine the effects of Y-27632 on the cloning efficiency
of limbal stem/progenitor cells, the rabbit cells were inocu-
lated on mitomycin C-inactivated 3T3 feeder cells and incu-
bated with 10mM Y-27632 for 8 days. Although the primary
LECs formed typical cell colonies on the 3T3 feeder cells, the
Y-27632-treated cells grew into more dense and larger colo-
nies than those without Y-27632 treatment (Fig. 1A, B). The
colony-forming efficiencies ranged from 19.90% – 8.49% for
the control cells to 26.85% – 3.54% for the Y-27632-treated
cells, with significant differences between them (Fig. 1C).
From the quantitative analysis of the colony diameter, it was
found that the number of large-sized colonies (>1200mm)
and moderate-sized colonies (700–1200mm) increased signif-
icantly in the presence of Y-27632 (11.73% – 6.36% and
43.18% – 3.65%) compared with the untreated normal cells
(7.53% – 3.16% and 36.79% – 3.89%). In contrast, the num-
ber of small-sized colonies ( < 700mm) decreased from
55.68% – 6.79% for the control cells to 45.09% – 4.28% for the
Y-27632-treated cells (Fig. 1C). In addition, the immuno-
fluorescence staining revealed that more cells treated with Y-

27632 exhibited positive staining of a putative limbal stem/
progenitor cell marker DNP63 and telomerase compared with
the cells grown in the control medium (Fig. 2A). The quan-
titative analysis based on the counting of positive-staining
cells showed that the difference between the two groups was
significant (Fig. 2B).

Y-27632 promoted the adherence of LECs

The adherence of rabbit LECs was evaluated by incubat-
ing cells on an uncoated plate surface for different lengths of
time from 15, 30, 60, and 120 to 240 min. As shown in the
images captured, the presence of Y-27632 significantly in-
creased the number of adherent cells in comparison to the
control cells without Y-27632 at 120 min (Fig. 3A). According
to the counting and quantitative analysis, the number of
adherent cells increased from 95 – 12 to 171 – 13/view field
and from 142 – 11 to 179 – 34/view field for the control cells

FIG. 2. Y-27632 increased the number of cells expressing
putative limbal stem/progenitor cell markers. Compared with
the control limbal epithelial cells, more cells treated with Y-
27632 showed positive staining of the putative limbal stem/
progenitor cell markers DNP63 and telomerase (A). The dif-
ference was significant based on the count of positive-staining
cells (B). The experiment (n = 4) was repeated three times, and
representative photos are shown. *p < 0.05. Scale bar: 50mm.
Color images available online at www.liebertpub.com/tec
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and Y-27632-treated cells at 120 and 240 min, respectively,
whereas the cells maintained a stable level before 60-min or
after 240-min incubation (Fig. 3B).

Y-27632 promoted the rapid adherence
of limbal stem/progenitor cells

To evaluate the phenotype of rapid adherent cells in-
creased by the Y-27632 treatment, the cells were collected,
centrifuged on the slides using a cytospin, and prepared for
immunofluorescence staining with antibodies against puta-
tive limbal stem/progenitor cell markers, including b1-
integrin, DNP63, telomerase, and the differentiated corneal
epithelial cell marker involucrin. As shown in Figure 4, the
rapid adhered cell population treated with Y-27632 showed
more positively staining cells for the putative limbal stem cell
markers and fewer cells positive for the differentiated cor-
neal epithelial cell marker. Thus, the results showed that
Y-27632 promoted the rapid adherence of limbal stem/pro-
genitor cells.

Y-27632 scavenged accumulated ROS
and increased GSH level

To examine the accumulation of ROS and GSH, the 3T3
feeder cells were removed when the limbal stem cell colonies
formed, and the cloned cells were loaded with H2-DCFDA for
30 min at 37�C. A significant amount of ROS was generated in

the control cells that were cultured in the traditional medium,
whereas the addition of Y-27632 significantly decreased the
accumulation of ROS in the limbal stem/progenitor colonies.
Moreover, Y-27632 increased the intracellular GSH level
based on MCB staining (Fig. 5A and inset). According to the
biochemical analysis of the total cellular GSH content, Y-27632
increased the intracellular GSH level more than 2-fold com-
pared with the control cells (Fig. 5B).

Discussion

Rho-associated coiled-coil kinase (ROCK) inhibitor Y-
27632 has been shown to increase proliferative capacity and
even immortalize primary keratinocytes in the presence of
feeder cells.23,25,29 In the present study, we confirmed that
the treatment of primary LECs with Y-27632 significantly
increased their colony-forming efficiency by enhancing the
expansion of the limbal stem/progenitor cells. Moreover, Y-
27632 improved the rapid adherence of the limbal stem/
progenitor cells in the initial inoculation of primary cells and
elevated the intracellular GSH level and decreased the cel-
lular ROS accumulation during clonal expansion. Therefore,
ROCK inhibitor Y-27632 increased the cloning efficiency of
limbal stem/progenitor cells, at least in part, by improving
their rapid adherence and ROS-scavenging ability.

FIG. 3. Y-27632 promoted the adherence of limbal epithe-
lial cells. Rabbit limbal epithelial cells were inoculated on an
uncoated plate surface for different durations, and the
number of adhered cells per view field was counted and
analyzed. Y-27632 significantly increased the number of ad-
herent cells in comparison to the control cells at 120 min (A).
A quantitative analysis revealed that the number of adherent
cells significantly increased with the Y-27632 treatment after
120 and 240 min of incubation (B). The experiment (n = 4)
was repeated three times, and representative photos are
shown. *p < 0.05. Scale bar: 100 mm.

FIG. 4. Y-27632 promoted the rapid adherence of limbal
stem/progenitor cells. The rapid adhered cell populations
after 120 min of incubation were collected and analyzed. The
Y-27632 treatment resulted in more positively staining cells for
the putative limbal stem cell markers DNP63, telomerase, and
b1-integrin and less staining for the differentiated corneal
epithelial cell marker involucrin. The experiment (n = 3) was
repeated three times, and representative photos are shown.
Arrows show the positive-staining cells. Scale bar: 20mm.
Color images available online at www.liebertpub.com/tec
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Previous studies have demonstrated that Y-27632 greatly
increased the cloning efficiency of human embryonic or adult
stem cells, diminished dissociation-induced apoptosis, and
even enabled the cells to bypass senescence and become
immortal in the presence of feeder layers.16–25 In the present
study, we found that Y-27632 significantly increased the
colony-forming efficiency of limbal stem/progenitor cells,
particularly the cell population with the capacity of forming
colonies of large diameter. Moreover, the cloned cells main-
tained the expression of the putative limbal stem cell markers
DNP63 and telomerase, suggesting that Y-27632 could inhibit
spontaneous differentiation or even reverse the senescence of
limbal stem/progenitor cells in vitro, similar to that described
for human keratinocytes.23 In addition, we also found that Y-
27632 could promote the rapid adherence of LECs almost
two-fold and that the rapid adhered cell population dem-

onstrated upregulated expression of limbal stem/progenitor
cell markers. The results also provide an alternative
explanation for the Y-27632-mediated increasing in the
colony-forming capacity. Moreover, we also confirmed the
Y-27632-induced promotion of clonal expansion and selec-
tive adherence of human LECs and upregulated mRNA ex-
pression of putative limbal stem cell markers in vitro (data
not shown). Accordingly, Y-27632 may be a good candidate
molecule to enhance the in vitro expansion of limbal stem/
progenitor cells, which may be used to improve the success
of the clinical transplantation of cultured LEC sheets for
ocular surface reconstruction.30

It has become increasingly clear that low levels of intra-
cellular ROS may act as essential signaling molecules to
mediate multiple cellular functions, including proliferation,
apoptosis, migration, and stem cell maintenance and dif-
ferentiation.31–34 However, the exacerbated production of
ROS may directly cause cellular protein, lipid, and DNA
damage, ultimately resulting in tissue aging and the de-
velopment of various diseases.35–40 The detrimental effect
of intracellular ROS in hematopoietic stem cell function is
widely accepted, and it has been shown that antioxidant
agents prolong the life of hematopoietic stem cells.41,42

Taken together, the production of appropriate levels of ROS
is tightly controlled to promote the proliferation and sur-
vival of stem/progenitor cells.43 This is the first report that
Y-27632 can scavenge accumulated ROS and increase the
intracellular GSH content, a critical factor involved in the
maintenance of cellular redox homeostasis, in the clonal
expansion of limbal stem/progenitor cells. The results
suggest that the Y-27632-mediated promotion of the ex-
pansion and survival of embryonic or adult stem cells may
depend on the ROS-scavenging capacity.

Conclusions

We have demonstrated that Y-27632 significantly in-
creased the colony-forming efficiency by enhancing the
expansion of limbal stem/progenitor cells in vitro. The pro-
motion is partially dependent on an improvement of the
rapid adherence of limbal stem/progenitor cells in the initial
inoculation. Elevated intracellular GSH levels and decreased
cellular ROS accumulation were observed during clonal ex-
pansion.
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