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PURPOSE. To evaluate the effect of Roof plate-specific spondin 1 (R-spondin1) on the
proliferation of corneal endothelial cells (CECs) and to determine whether the Wnt/b-catenin
pathway is involved in the activities of R-spondin1.
METHODS. The proliferation of rabbit CECs (RCECs) and human CECs (HCECs) was measured
by 5-bromo-2 0 -deoxyuridine (BrdU) incorporation into DNA. The effect of R-spondin1 on CEC
density was evaluated in ex vivo organ-cultured rabbit and human corneal tissues. The cell
density of HCECs cultured with R-spondin1 was also evaluated in vitro. The subcellular
localization of function-associated markers of CECs (zona occludens 1 [ZO-1] and Naþ/KþATPase) was determined by immunohistocytochemistry. The expression of cell cycle proteins
and localization of b-catenin were determined by immunoblotting.
RESULTS. The in vitro proliferation of RCECs and HCECs increased by 1.2- to 1.3-fold in
response to R-spondin1. The CEC densities of rabbit and human corneal tissues were
increased significantly by R-spondin1 treatment. Naþ/Kþ-ATPase and ZO-1 were well
preserved on the plasma membranes. When HCECs were maintained in the presence of Rspondin1 for up to 90 days, the maximum cell density was observed at approximately 50 days,
and the cell density was maintained for up to 90 days. R-spondin1 facilitated the nuclear
import of b-catenin in RCECs within 30 minutes, which subsequently upregulated cyclin D
and downregulated p27, leading to G1/S progression by hyperphosphorylation of the
retinoblastoma protein.
CONCLUSIONS. The unique effects of R-spondin1 on the proliferation of CECs, regardless of
species, indicate that R-spondin1 may play a key role in maintaining corneal endothelium
homeostasis through the Wnt/b-catenin pathway.
Keywords: R-spondin, corneal endothelial cells, homeostasis

oof plate-specific spondin (R-spondin) proteins were
recently identified as consisting of four members, with
conserved cysteine-rich furin-like and thrombospondin domains.1–3 R-spondin1 was identified as a gene expressed in
the developing spinal cord. The proteins are also expressed in
mouse ovary during development, as well as in the developing
dermis and kidney.1–3 Injection of human R-spondin1 into mice
demonstrated a specific proliferative effect of R-spondin1 on
intestinal epithelial crypt cells.4 R-spondin1 has also been
reported to prevent chemotherapy- or radiotherapy-induced
oral mucositis in mouse models.4
In terms of downstream signaling, R-spondins activate the
canonical Wnt/b-catenin-dependent signaling pathway,1–3,5–8
which is one of the key signaling pathways involved in cell
proliferation, differentiation, and morphogenesis during embryogenesis and adulthood.9–12 The mechanism by which the
R-spondin family activates the Wnt/b-catenin signaling pathway
is not fully understood. R-spondins interact with membrane
receptors, such as lipoprotein receptor-related protein 5 (LRP5)
and LRP6,6 Frizzled,5 RNF43/ZNRF3,13,14 and Syndecan-4.15 Rspondins were also recently reported to bind to leucine-rich
repeat-containing G-protein-coupled receptors 4 to 6 (LGR4-6)

and to mediate R-spondin-induced b-catenin signaling pathways.16–20 Crystal structures showed that R-spondin1 binds to
LGR5 and forms 2:2 LGR5-R-spondin1 complexes.20 One
interesting observation relevant to the present study is that
LGR5 serves as a marker of resident stem cells in multiple adult
tissues, including stomach, small intestine, colon, and hair
follicles.21–23 In addition, we recently reported that LGR5 is
uniquely expressed in the peripheral region of human corneal
endothelial cells (HCECs) and that LGR5-positive cells have
some stem/progenitor cell-like characteristics.24 These recent
findings motivated us to study the effect of R-spondin1 on
corneal endothelial cells (CECs).
The corneal endothelium (CE) is critical in maintaining
homeostatic corneal transparency and clear vision. Restoration
of clear vision lost because of endothelial disorders requires
full-thickness corneal transplantation or endothelial keratoplasty. In addition to these surgical procedures, approaches
employing regenerative medicine25–30 and pharmaceutical
therapy31–34 have been extensively investigated as alternative
procedures for treating CE dysfunction. Ironically, regenerative
medicine and pharmaceutical therapy share a common
obstacle: the poor proliferative capacity of HCECs. We
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previously explored the usefulness of drug therapy for treating
early-stage CE dysfunction and reported that the Rho kinase
inhibitor increased the proliferative potency of the CE.31,32 In
addition, we recently demonstrated that corneal clarity and
thickness were recovered following the administration of Rhoassociated kinase inhibitor eye drops, especially in patients
with the focal edema type of Fuchs’ corneal dystrophy.33,34 Full
exploitation of the current developments in CE dysfunction
therapy, however, will first require a better understanding of
the mechanisms underlying the regulation of CE homeostasis
and tissue regeneration.
The recent finding that LGR5-positive cells are stem/
progenitor-like cells of CE24 led us to investigate the effect of
the LGR5 ligand, R-spondin1. In the present study, we
evaluated the effect of R-spondin1 on cell proliferation and
the functional phenotypes of CE. The effect of R-spondin1 on
Wnt/b-catenin pathway was also evaluated.

MATERIALS

AND

METHODS

Ethics Statement
The human tissue used in this study was handled in accordance
with the tenets set forth in the Declaration of Helsinki. Written
consent was acquired from the next of kin of all deceased
donors regarding the donation of eyes for this research. All
tissue was recovered under the Uniform Anatomical Gift Act
(UAGA) of the particular state where consent for the eye
donation was obtained and the eyes were recovered.

Cell Culture of Rabbit CECs
Rabbit eyes were purchased from the Funakoshi Corporation
(Tokyo, Japan). Twenty rabbit eyes were used to culture rabbit
CECs (RCECs). The RCECs were cultivated as described
previously.29,31 Briefly, Descemet’s membrane with CECs was
stripped and incubated in 0.6 U/mL Dispase II (Roche Applied
Science, Penzberg, Germany) to release the CECs. After
incubation for 60 minutes at 378C, the CECs obtained from
individual corneas were resuspended in culture medium and
plated in one well of a six-well plate coated with FNC Coating
Mix (Athena Environmental Sciences, Inc., Baltimore, MD,
USA). All primary cell cultures and serial passages of CECs were
performed in growth medium composed of Dulbecco’s
modified Eagle’s medium (Life Technologies Corp., Carlsbad,
CA, USA) supplemented with 10% fetal bovine serum, 50 U/mL
penicillin, 50 lg/mL streptomycin, and 2 ng/mL FGF-2 (Life
Technologies Corp.). The RCECs were cultured in a humidified
atmosphere at 378C in 5% CO2. The culture medium was
changed every 2 days. When the cells reached confluency in 10
to 14 days, they were rinsed in Ca2þ- and Mg2þ-free Dulbecco’s
phosphate-buffered saline (PBS), trypsinized with 0.05%
Trypsin-EDTA (Life Technologies Corp.) for 5 minutes at
378C, and then passaged at ratios of 1:2-4. Cultivated CECs at
passages 1 through 3 were used for all experiments. The
proliferation effects of R-spondin1 (1, 10, and 100 ng/mL)
(R&D Systems, Inc., Minneapolis, MN, USA), Wnt3a (10, 50,
and 100 ng/mL) (R&D Systems, Inc.), and LiCl (3 mM) (SigmaAldrich Corp., St. Louis, MO, USA) were tested.

TABLE. Numbers of Human Donor Corneas Used for the Study
Purpose of Experiments
Cell culture of HCECs
Organ culture

Number of Donor Corneas
6
4

the HCECs obtained from individual corneas were resuspended
in culture medium and plated in one well of a 12-well plate
coated with FNC Coating Mix (Athena Environmental Sciences,
Inc.). The culture medium was prepared according to
published protocols,35 but with some modifications. Briefly, a
basal medium was prepared containing OptiMEM-I (Life
Technologies Corp.), 8% fetal bovine serum (FBS), 5 ng/mL
epidermal growth factor (Sigma-Aldrich Corp.), 20 lg/mL
ascorbic acid (Sigma-Aldrich Corp.), 200 mg/L calcium chloride
(Sigma-Aldrich Corp.), 0.08% chondroitin sulfate (Wako Pure
Chemical Industries, Ltd., Osaka, Japan), and 50 lg/mL
gentamicin. The basal medium was conditioned by the
cultivation of inactivated 3T3 fibroblasts, and then recovered
as the culture medium for HCECs. Inactivation of the 3T3
fibroblasts was performed as described previously.36,37 Briefly,
confluent 3T3 fibroblasts were incubated with 4 lg/mL
mitomycin C (Kyowa Hakko Kirin Co., Ltd., Tokyo, Japan) for
2 hours at 378C under 5% CO2, and then trypsinized and plated
onto plastic dishes at a density of 2 3 104 cells/cm2. The HCECs
were cultured in a humidified atmosphere at 378C in 5% CO2,
and the culture medium was changed every 2 days. When the
HCECs reached confluency in 14 to 28 days, they were rinsed
in Ca2þ- and Mg2þ-free PBS, trypsinized with 0.05% TrypsinEDTA for 5 minutes at 378C, and then passaged at a 1:2 ratio.
Cultivated HCECs at passages 2 through 5 were used for all
experiments. The proliferative effect of R-spondin1 was tested
by supplementing the HCEC culture medium with R-spondin1
(1, 10, and 100 ng/mL) and then culturing the HCECs. The cell
density was evaluated using KSS-400EB software (Konan
Medical, Inc., Hyogo, Japan).

BrdU ELISA
The RCECs or HCECs were cultured at a density of 5000 cells/
well in a 96-well plate for 24 hours, and then incubated in the
absence of serum for an additional 24 hours in the presence or
absence of R-spondin1. DNA synthesis was detected as the
incorporation of 5-bromo-2 0 -deoxyuridine (BrdU) into the Cell
Proliferation Biotrak ELISA system, version 2 (GE Healthcare
Life Sciences, Buckinghamshire, England), according to the
manufacturer’s instructions. Briefly, the RCECs or HCECs were
incubated with 10 lM BrdU for 24 hours at 378C and 5% CO2 in
a humidified atmosphere. The cultured cells were incubated
with 10 lM BrdU labeling solution (Amersham Biosciences,
Freiburg, Germany) for 2 hours and then incubated with 100
lL monoclonal antibody against BrdU for 30 minutes. The BrdU
absorbance was measured directly using a spectrophotometric
microplate reader at a test wavelength of 450 nm with a Veritas
microplate luminometer (Promega Corporation, Madison, WI,
USA).

Organ Culture
Cell Culture of HCECs
Six human donor corneas were obtained from SightLife (http://
www.sightlife.org/, Seattle, WA, USA) for HCEC cultivation
(Table). The HCECs were cultivated in a modified version of
the protocol used for the RCECs, as described previously.30
Briefly, the Descemet’s membrane, including the CECs, was
stripped and digested at 378C for 2 hours with 1 mg/mL
collagenase A (Roche Applied Science). After digestion at 378C,
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For rabbit organ culture experiments, 16 rabbit eyes were
purchased from the Funakoshi Corporation. Cornea tissues
were divided into four pieces and cultured with Dulbecco’s
modified Eagle’s medium supplemented with R-spondin1 (1,
10, and 100 ng/mL) at 378C. For human organ culture
experiments, four independent human donor corneas were
obtained from SightLife (Table). Cornea tissues were divided
into two pieces and cultured with Minimum Essential Medium,
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GlutaMAX Supplement (Life Technologies Corp.) supplemented with 100 ng/mL R-spondin1 at 378C. The cell densities were
quantified using KSS-400EB software following phalloidin
staining.

Histological Examination
Rabbit or human CECs cultured on Lab-Tek chamber slides
(NUNC A/S, Roskilde, Denmark) or whole corneal specimens
were fixed in 4% formaldehyde for 10 minutes at room
temperature and incubated for 30 minutes with 1% bovine
serum albumin (BSA). The proliferation of the CECs was
investigated by conducting immunohistochemical analyses of
Ki67 staining when the cells reached 60% to 80% confluency,
using a 1:400 dilution of anti-mouse Ki67 antibody (SigmaAldrich Corp.). The function-related proteins of the CECs were
investigated using antibodies for Naþ/Kþ-ATPase (Upstate
Biotechnology, Inc., Lake Placid, NY, USA), the protein
associated with pump function and zona occludens 1 (ZO-1)
(Zymed Laboratories, Inc., South San Francisco, CA, USA), and
tight junction-associated protein. The secondary antibody
consisted of a 1:2000 dilution of Alexa Fluor 488-conjugated
goat anti-mouse IgG (Life Technologies Corp.). The cellular
morphology was evaluated by actin staining with a 1:400
dilution of Alexa Fluor 488-conjugated phalloidin (Life Technologies Corp.). Cell nuclei were stained with 4 0 ,6-diamidino-2phenylindole (DAPI; Vector Laboratories, Inc., Burlingame, CA,
USA).The slides were then inspected by fluorescence microscopy (TCS SP2 AOBS; Leica Microsystems, Wetzlar, Germany).

Cytoplasmic and Nuclear Protein Extractions
Rabbit CECs cultured in each culture condition on 60-mm
culture dishes were washed twice with PBS, and cells were
detached by scraping. Cells were transferred to a 1.5-mL tube
and pelleted by centrifugation at 500g for 3 minutes.
Cytoplasmic and nuclear proteins were extracted using a NEPER Nuclear and Cytoplasmic Extraction Kit (Thermo Fisher
Scientific, Waltham, MA, USA), according to the manufacturer’s
instructions. Briefly, supernatant was removed, 100 lL
Cytoplasmic Extraction Reagent I (Thermo Fisher Scientific)
was added, and the sample was incubated for 10 minutes on
ice. Then, 5.5 lL Cytoplasmic Extraction Reagent I was added,
and the sample was centrifuged at 16,000g for 5 minutes. The
supernatant containing the cytosolic portion was transferred to
a fresh tube and stored at 808C until further use. The
remaining pellet containing the nuclear portion was suspended Nuclear Extraction Reagent (Thermo Fisher Scientific). The
samples were placed on ice and vortexed for 15 seconds every
10 minutes, for a total of 40 minutes, followed by centrifugation at 16,000g for 10 minutes. The supernatant containing the
nuclear portion was transferred to a fresh tube and stored at
808C until further use. The purity of the fractions was verified
by immunoblotting the cytoplasmic or nuclear proteins with atubulin and lamin B antibodies. The cytoplasmic and nuclear
proteins were used for further immunoblotting studies.

Protein Preparation and Immunoblotting
The RCECs were washed with ice-cold PBS and lysed with an
ice-cold RIPA buffer (Bio-Rad Laboratories, Hercules, CA, USA)
containing Phosphatase Inhibitor Cocktail 2 (Sigma-Aldrich
Corp.) and Protease Inhibitor Cocktail (Nacalai Tesque, Kyoto,
Japan). The lysates were centrifuged at 15,000g for 10 minutes
at 48C to sediment the cell debris. The supernatant representing the total proteins was collected, and the protein
concentration of the sample was determined with a BCA
Protein Assay Kit (Takara Bio, Otsu, Japan). An equal amount of
protein was fractionated by SDS-PAGE, and the proteins were
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transferred to polyvinylidene fluoride membranes. The membranes were then blocked by 3% nonfat dry milk (Cell Signaling
Technology, Inc., Danvers, MA, USA) in TBS-T buffer (50 mM
Tris, pH 7.5, 150 mM NaCl2, and 0.1% Tween 20) for 1 hour at
room temperature, followed by overnight incubation at 48C
with the following primary antibodies: b-catenin (1:3000; BD,
Franklin Lakes, NJ, USA), a-tubulin (1:3000; MBL, Nagoya,
Japan), lamin B (1:1000; Cell Signaling Technology), cyclin D1
(1:1000; Cell Signaling Technology), p27 (1:1000; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), phosphorylated p27 at
threonine 187 (1:1000; Life Technologies Corp.), phosphorylated Rb protein at serine 807/811 (1:1000; Cell Signaling
Technology), and Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH, 1:3000; Abcam, Cambridge, UK). The blots were
washed and then incubated with horseradish peroxidase–
conjugated secondary antibodies (1:5000: anti-rabbit IgG, antimouse IgG; Cell Signaling Technology). The blots were
developed with luminal-enhanced chemiluminescence (ECL)
using the ECL Advance Western Blotting Detection Kit (GE
Healthcare, Piscataway, NJ, USA), documented by LAS4000S
(Fuji Film, Tokyo, Japan), and analyzed with ImageJ (National
Institutes of Health, Bethesda, MD, USA) software.

Statistical Analysis
Student’s t-test was used to determine the statistical significance (P value) of the mean values of the two-sample
comparison. The statistical significance determined by the
comparison of multiple sample sets was analyzed using
Dunnett’s multiple-comparisons test. The values shown on
the graphs represent the mean 6 SEM.

RESULTS
Effects of R-spondin1 on Cell Proliferation of CECs
The percentages of Ki67-positive cells were increased in a
dose-dependent manner when the RCECs were treated with Rspondin1 (Fig. 1A). When the RCECs were treated with 100
ng/mL R-spondin1 for 24 hours, BrdU incorporation into DNA
increased 1.3-fold (Fig. 1B). Human CECs treated with 100 ng/
mL R-spondin1 also significantly increased BrdU incorporation
by 1.2-fold (Fig. 1C). We then evaluated the effect of Rspondin1 on CEC proliferation in rabbit corneal tissue. After
treating the cornea with R-spondin1 for 1 week, the tissue was
stained with anti-Ki67 antibody. Because the peripheral area of
the CE retains higher replication ability,38 the proliferative
response of peripheral CECs to R-spondin1 was compared to
that of central CECs. A negligible increase was noted in the
Ki67þ cells in the central cornea, but a 4-fold increase in these
cells occurred in the peripheral area of the CE (Fig. 2A). The
cell densities of the central (0–2 mm from the center of the
cornea) and peripheral (4–6 mm from the center of the cornea)
areas of the CE were 2900 and 3600 cells/mm2, respectively,
when maintained in R-spondin1-free medium for 1 week. On
the other hand, the cell densities of the central and peripheral
areas after organ culture in the presence of 100 ng/mL Rspondin1 for 1 week were 3800 and 4300 cells/mm2,
respectively (Fig. 2B).When the corneas were cultured for 2
weeks, the cell densities of the central and peripheral areas
increased to 4200 and 4600 cells/mm2, respectively (Fig. 2C).
The effect of R-spondin1 on the morphology of the CECs
was also determined using ZO-1 and observing the organization of F-actin at the cortex. The subcellular localization of
actin fibers and monolayer sheet morphology were maintained
in both the central and peripheral regions after treatment with
R-spondin1 (Fig. 2D). Zona occludens 1 was expressed at the
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FIGURE 1. Effect of R-spondin1 on proliferation of cultured CECs. (A) Effect of R-spondin1 on the proliferation of cultured RCECs. The percentages
of Ki67þ cells cultured with 1, 10, or 100 ng/mL R-spondin1 for 24 hours were evaluated by fluorescence microscopy, and the data were then
averaged and plotted (n ¼ 6). (B) RCECs were cultured at a density of 5000 cells/well in a 96-well plate in the presence of 1, 10, or 100 ng/mL Rspondin1. The effect of R-spondin1 on the proliferation of the RCECs was evaluated by a 5-bromo-2 0 -deoxyuridine (BrdU) incorporation assay after
24 hours. (C) HCECs were cultured at a density of 5000 cells/well in a 96-well plate in the presence of 1, 10, or 100 ng/mL R-spondin1. The effect of
R-spondin1 on the proliferation of the HCECs was evaluated by a BrdU incorporation assay after 24 hours. *P < 0.01, **P < 0.05. All experiments
were performed in triplicate.

intercellular junction and maintained a hexagonal cell morphology after treatment with R-spondin1 (Fig. 2E).

Effect of R-spondin1 on Cell Proliferation and
Phenotype of Human Corneal Endothelium
Because the replicative capacity of rabbit cornea differs from
that of human CE, we also tested the effect of R-spondin1 on
the proliferative capacity in HCECs. When we recovered
HCECs from the donor corneas and cultured them in the
presence of R-spondin1, we observed that the cell sizes were
smaller than those of the control HCECs cultured without Rspondin1. The phase-contrast micrograph showed that HCECs
maintained a monolayer cell sheet regardless of the presence
or absence of R-spondin1 (Fig. 3A). The two functional marker
proteins (Naþ/Kþ-ATPase and ZO-1) were localized in the
intercellular junctions of the monolayer of the hexagonal cells
(Fig. 3B). We further determined the effect of R-spondin1 by
maintaining serially passaged HCECs (passages 5–8) in the
presence of R-spondin1. Interestingly, the cell density of
HCECs was increased up to 49 days, after which the cell
density was maintained in all conditions tested (Fig. 3C). We
also evaluated the effect of R-spondin1 on cell proliferation in
human corneal tissue. Similar to observations in rabbit cornea,
the cell density of human CE was increased by R-spondin1: The
cell density increased significantly from 2500 to 2700 cells/
mm2 in the central area and from 2800 to 3100 cells/mm2 in
the peripheral area after 2 weeks (Fig. 3D). The two functional
proteins of the CE, Naþ/Kþ-ATPase and ZO-1, were expressed
and localized in the intracellular junctions of the HCECs, in
both the central and peripheral regions (Figs. 3E, 3F). Rspondin1 stimulation had no effect on their subcellular
localization. Similar to the findings observed in rabbit CE, the
characteristic monolayer mosaic pattern of the cells was well
preserved in the cells treated with R-spondin1. These findings
indicate that HCECs and nonhuman CECs respond similarly to
R-spondin1.

R-spondin1 Facilitates G1/S Progression via
Wnt3a/b-Catenin Signaling
R-spondins are known to activate the canonical Wnt/b-catenindependent signaling pathway.1–3,5–8 We determined whether
R-spondin1 stimulated cell proliferation of CECs through the
Wnt/b-catenin-dependent pathway and whether a synergism
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existed between R-spondin1 and Wnt3a. The characteristic
monolayer hexagonal pattern of RCECs was well preserved in
all culture conditions: Wnt3a (10, 50, or 100 ng/mL), Rspondin1 (100 ng/mL), or a combination of Wnt3a (100 ng/
mL) and R-spondin1 (100 ng/mL) (Fig. 4A). The results of the
BrdU assay showed that an increase in the incorporation of
BrdU into the DNA of the cells was stimulated with Wnt3a in a
dose-dependent manner. The RCECs treated with 100 ng/mL
Wnt3a demonstrated a 40% increase in BrdU incorporation,
and the RCECs treated with 100 ng/mL R-spondin1 showed a
50% increase (Fig. 4B). Interestingly, simultaneous treatment of
the RCECs with R-spondin1 and Wnt3a resulted in a 50%
increase in BrdU incorporation into DNA, suggesting that Rspondin1 may exert its activity through the Wnt signaling
pathway.
We then conducted tests to determine whether the action
of R-spondin1 depended on the canonical Wnt/b-catenin
pathway. In the absence of Wnt3a, b-catenin is present in the
cytoplasm. Wnt activation inhibits glycogen synthase kinase 3b
(GSK-3b) activity, preventing b-catenin degradation and facilitating its translocation from the cytoplasm to the nucleus.When
the cells were treated with R-spondin1 for 30 or 60 minutes, Rspondin1 facilitated the nuclear import of b-catenin within 30
minutes (Fig. 4C). On the other hand, the cytoplasmic fraction
of b-catenin was not altered with or without treatment with Rspondin1. Rabbit CECs treated with LiCl (an inhibitor of GSK3b) served as a positive control, showing a degree of nuclear
import of b-catenin similar to that observed in the R-spondin1treated cells.

R-spondin1 Facilitates G1/S Progression via
Downregulation of p27 and Upregulation of Cyclin D
Phosphorylation, ubiquitination, and the subsequent degradation of p27 are the major mechanism of G1/S progression in
CECs.39,40 A gradual, time-dependent decrease in p27 was seen
in response to R-spondin1 stimulation (Fig. 4D). Phosphorylation of p27 at the Thr187 site was increased in the RCECs
treated with R-spondin1 for 24 hours (Fig. 4D). This finding is
similar to that of a previous report,40 which clearly showed
that the phosphorylation of p27 at Thr187 is a late G1 event in
the cell cycle. The hyperphosphorylation of Rb protein was
observed in the RCECs treated with R-spondin1 for 24 hours.
Note that the phosphorylation of Rb protein in the control
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FIGURE 2. Effect of R-spondin1 on proliferation and cell density of rabbit CE. (A) A rabbit cornea was divided into four pieces and organ-cultured with
DMEM supplemented with 1, 10, or 100 ng/mL R-spondin1. The percentages of Ki67þ cells were evaluated after 1 week in culture, and the data were
averaged and plotted (n ¼ 4). (B, C) The cell density of the central (0–2 mm from the center of the cornea) and peripheral (4–6 mm from the center of
the cornea) areas after organ culture with R-spondin1 for 1 week (B) and 2 weeks (C) was quantified by KSS-400EB software following phalloidin
staining (n ¼ 4). The cell densities were evaluated in an area > 1 mm away from the cut edges of the cornea. (D, E) The effect of R-spondin1 on the
morphology of the CECs was determined by F-actin (D) and ZO-1 (E). All experiments were performed in triplicate. Scale bars: 25 lm.

cells was mediated by the growth medium, even in the absence
of R-spondin1. In addition, the expression of cyclin D was
enhanced for up to 24 hours in the presence of R-spondin1.

DISCUSSION
Human CE is a physiologically important monolayer of the
cornea. The simple but crucial role of the endothelium is to
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maintain cornea clarity.41 The retention of the unique, contactinhibited monolayer of the CE, through which the active pump
and barrier functions of the tissue operate, is essential for
maintaining the transparency of the entire cornea. The human
CE has a limited wound healing capacity, in which residual
CECs migrate and expand to cover the wound area. This
unique wound repair process is explained in part by the fact
that HCECs remain arrested at the G1 phase of the cell cycle.42
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FIGURE 3. Effect of R-spondin1 on cell proliferation and phenotype of human CE. (A) HCECs were recovered from donor cornea and cultivated
with culture medium supplemented with or without R-spondin1 (100 ng/mL). Representative phase-contrast images of the experiments performed
in three independent donor corneas are shown. Scale bar: 200 lm. (B) The two functional proteins of the CE, Naþ/Kþ-ATPase and ZO-1, were
immunostained in primary cultured HCECs treated with or without R-spondin1. Scale bar: 50 lm. (C) Serial passaged HCECs (passages 5–8) were
maintained in the presence of R-spondin1 at 1, 10, or 100 ng/mL for up to 91 days. The cell density was evaluated by KSS-400EB software (n ¼ 6).
The experiments were performed in three independent lots. (D) Four human donor corneas were each divided into two pieces and cultured with or
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without R-spondin1 (100 ng/mL), respectively. The cell density was evaluated by KSS-400EB software after 2 weeks following phalloidin staining (n
¼ 4); *P < 0.01, **P < 0.05. (E, F) The expression and localization of Naþ/Kþ-ATPase, ZO-1, and F-actin were examined in ex vivo human corneal
tissues ([E] center, [F] peripheral). Scale bar: 50 lm.

FIGURE 4. Involvement of Wnt3a/b-catenin signaling in the facilitation of G1/S progression, mediated by R-spondin1. (A) Phase-contrast images of
RCECs treated with Wnt3a (10, 50, or 100 ng/mL), R-spondin1 (100 ng/mL), or a combination of Wnt3a (100 ng/mL) and R-spondin1 (100 ng/mL)
for 48 hours. Scale bar: 200 lm. (B) The effect of R-spondin1 on the proliferation of the RCECs was evaluated by a BrdU incorporation assay after 48
hours. *P < 0.01. The experiments were performed in triplicate. (C) After activation of the cells with R-spondin1, the nuclear fraction and the
cytosolic fraction were prepared, and the nuclear translocation of b-catenin was evaluated by Western blotting. Lamin B was used as a marker for the
nuclear fraction, and a-tubulin was used as a marker for the cytosolic fraction. (D) Serum-starved RCECs were treated with or without R-spondin1
(100 ng/mL) for 1, 3, 6, 12, or 24 hours. Then p27, phosphorylation of p27, phosphorylation of Rb, and cyclin D were evaluated by Western
blotting. The relative density of immunoblotted bands was determined using ImageJ software. The averages of relative fold differences from
independent duplicate experiments were then compared with the values from the control.
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R-spondin1 Regulates CEC Proliferation
Although the existence of CE stem cells is still controversial, a
recent study suggested that CE at the extreme periphery43 or
in the transition zone between the endothelial edge and the
trabecular meshwork might include stem cells and thereby
have proliferative potency.44,45 We recently reported that
LGR5-positive cells of the human CE exhibit stem/progenitorlike cell characteristics24; LGR 5 has recently been demonstrated to function as a high-affinity receptor of R-spondins to
activate Wnt/b-catenin signaling.16,17,46 R-spondins are known
agonists of Wnt signaling and are involved in stem cell
regulation, such as survival and differentiation.3,7,19 These
findings indicate that HCECs in the peripheral region may
retain proliferative potential and that a continuous supply of
new cells may be available to maintain the CE Therefore, our
aim was to determine whether R-spondin1 plays a key role in
tissue homeostasis and tissue regeneration.
We demonstrated that R-spondin1 stimulated proliferation
of both RCECs and HCECs in vitro and ex vivo. When the
proliferative potential was compared following R-spondin1
stimulation, RCECs showed greater cell proliferative activity in
the peripheral CE than in the central CE. Our results showed
that approximately 8% of the Ki67-positive cells were observed
in peripheral rabbit cornea, and these mitotic cells may
increase peripheral cell density. However, despite the fact that
limited numbers of Ki67-positive cells were observed in the
central area, R-spondin1 increased the cell density in the
center as well as in the peripheral area. One possible
explanation may be that R-spondin1 predominantly enhances
cell proliferation in the peripheral area, and the peripheral
cells then proliferate and migrate toward the center where
cells are not proliferating, resulting in a cell density increase in
the central area. This cell migration from the periphery to the
center is proposed as a CE homeostasis model in which cell
clusters form niches in the extreme peripheral area and the
peripheral CECs divide slowly and migrate toward the center.45
Higher replication competence of the peripheral area during
the wound healing process was also previously reported in an
ex vivo system.40 Further investigation is needed to clarify
whether the response to R-spondin1 differs between LGR5positive and -negative CECs,24 but the greater potency of the
proliferative activity of the peripheral CECs suggests that the
response to R-spondin1 may be higher in peripheral LGR5positive CECs.
We next evaluated the effect of R-spondin1 using human
corneas, as the limitation of rabbit tissue for experiments on CE
is that rabbit CE possesses an active proliferative ability that is
not found in human corneas. For instance, rabbit CEC density
was regenerated to its original level after cryoinjury in vivo.47
Our findings that R-spondin1 promotes HCEC proliferation in
human corneas agree with previous reports indicating that
mechanical wounding or a combination of growth factors and
release from contact inhibition promoted cell proliferation
using ex vivo human cornea tissues.48,49 However, the
underlying mechanisms that explain how R-spondin1 enhances
cell proliferation without mechanical wounding or contact
inhibition release should be further studied.
We further demonstrated that R-spondin1 facilitated the
nuclear import of b-catenin, which was subsequently involved
in the transcription of cyclin D, one of the target genes of the bcatenin-involved LEF/TCF family of transcription factors.9
Stimulation of the cells with R-spondin1 sequestered p27 from
the cyclin D/Cdk4/Cdk6 complex to the cyclin E/Cdk2
complex, which subsequently phosphorylated p27, leading
to the ubiquitination and degradation of p27. In this study, the
phosphorylation of p27 by R-spondin1 aligns with previous
reports showing that p27 plays a major role in G1 /S
progression in the CE.39,50,51 The present study suggested that
R-spondin1 facilitates G1/S progression through two G1
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regulators—cyclin D (a positive regulator) and p27 (a negative
regulator)—via the canonical Wnt/b-catenin pathway.
Our findings are the first to provide evidence that the Wnt/
b-catenin pathway is involved in cell proliferation and
maintenance of the functional phenotype in CE cells. The
progenitor cells of CECs (LGR5þ) in the peripheral region of
the cornea may possibly proliferate in response to microenvironmental cues (in this case, R-spondin1). The unique tissue
regenerative capacity of R-spondin1 may therefore be useful in
the treatment of endothelial dysfunction.
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