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Abstract
It is clear that the microenvironment or niche plays an important role in determining the fate of
stem cells: being stem cells or differentiated. However, the intrinsic pathways controlling the fate
of adult stem cells in different niches are largely unknown. This study was to explore the role of β-
catenin/Tcf4/survivin signaling in determining the fate of human corneal epithelial stem cells in
different media. We observed that the low calcium serum-free media, especially CnT-20,
promoted proliferative capacity, colony forming efficiency and stem cell-like phenotype of human
corneal epithelial cells (HCECs) when compared with the cells cultured in a high calcium serum-
containing medium SHEM. Three key factors in Wnt signaling, β-catenin, Tcf4 and survivin, were
found to be expressed higher by HCECs grown in CnT-20 than those cultured in SHEM, as
evaluated by real-time PCR, Western blotting and immunostaining. Transfection of siRNA-Tcf4 at
10-50 nM knocked down Tcf4, and also significantly suppressed its down stream molecule
survivin at both mRNA and protein levels in HCECs. Furthermore, Tcf4 silencing significantly
suppressed the proliferative capacity of HCECs, measured by WST-1 assay, compared with the
control groups, untreated or transfected with non-coding sequence siRNA-fluorescein. These
findings demonstrate that low calcium serum free media promote ex vivo expansion of corneal
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epithelial progenitor cells that retain a less differentiated phenotype and high proliferative capacity
via β-catenin/Tcf4/survivin signaling, a novel intrinsic pathway. This study may have high impact
and clinic implication on the expansion of corneal epithelial stem cells in regenerative medicine,
especially for ocular surface reconstruction.
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INTRODUCTION
The ocular surface is an ideal region to study epithelial stem cell biology because of the
unique spatial arrangement of stem cells and transient amplifying cells [1-4]. The corneal
epithelial stem cells have been identified to reside in the basal layer of limbal epithelium
over last two decades. Limbal epithelial stem cells exhibit unique characteristics that satisfy
the widely accepted criteria for defining adult stem cells, including (1) slow cycling or long
cell cycle time during homeostasis in vivo; (2) small size and poor differentiation with
primitive cytoplasm; (3) high proliferative potential after wounding or placement in culture;
(4) ability for self-renewal and functional tissue regeneration (see review articles by[5-8]).
Both intrinsic and extrinsic signals regulate stem cell fate including adult stem cells.
Through interaction with intrinsic signals, the extrinsic niche or the stem cell
microenvironment is believed to be important in maintaining the “stemness” of the stem
cells, including corneal epithelial stem cells [9-12]. For example, it is well known that low
calcium, serum-free culture media can provide an ideal niche in vitro to maintain or promote
progenitor cell properties, such as proliferative capacity and undifferentiation status [13-16],
while high calcium and serum-containing media promote cell differentiation [17-19].
However, the underlining molecular mechanisms by which the niche determines the stem
cell fate are far from being completely elucidated.

Wnt signaling pathway has been recognized to control a variety of functions and properties
in various types of stem cells. Wnt signaling can be activated by niche factors to maintain
stem cells in a self-renewing state [20-22]. During tissue development and regeneration,
Wnt signals ensure the proper balance between proliferation and differentiation [23-25].
Wnt proteins are active in a variety of stem cells, including embryonic, hematopoietic,
neural and mammary stem cells, as well as corneal epithelial stem cells [20,26,27]. The
hallmark of the Wnt signaling pathway is the accumulation of the junctional protein β-
catenin in the cytoplasm, which then translocates to the nucleus to trigger the β-catenin/Tcf
enhancer factor transcriptional machinery, and upregulate target genes, such as survivin and
c-myc [28-30]. A classic example of the importance of this pathway is in the digestive tract,
where in the crypt of the colon the loss of transcription factor T cell factor 4 (Tcf4), a key
factor of canonical Wnt signaling pathway, leads to depletion of stem cells [30,31]. After
activation by β-catenin/Tcf4 complex, survivin enhances cell proliferation while protecting
cells from apoptosis [32,33]. Recently, Tcf4 and Tcf3 have been found to play a vital role in
long-term maintenance and wound repair of both epidermis and hair follicles [34]. However,
the role of the Wnt pathway, particularly, β-catenin/Tcf4/survivin signaling in maintaining
the properties of adult stem cells has not been elucidated. The purpose of present study was
to explore the important role of Tcf4 signaling in determining the fate of corneal epithelial
stem cells, using an in vitro culture model with different media providing niche factors: low
calcium and serum free versus high calcium and serum containing.
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MATERIALS AND METHODS
Materials and reagents

Cell culture dishes, plates, centrifuge tubes, and other plastic ware were purchased from
Becton Dickinson and Company (Franklin Lakes, NJ). Nunc Lab-Tec II eight-chamber
slides were from Nalge Nunc International Corp (Naperville, IL). Fetal bovine serum (FBS)
was from Hyclone (Logan, UT). CnT-20 and CnT-50 progenitor media were from
Chemicon International (Temecula, CA). Dulbecco modified Eagle's medium (DMEM),
Ham F-12, Keratinocyte-SFM (KSFM) and Defined KSFM (D-KSFM), amphotericin B,
gentamicin, 0.25% trypsin/EDTA solution, mouse monoclonal antibody (mAb) against
connexin 43 (Cx43), and fluorescein Alexa-Fluor 488 conjugated secondary antibodies
(Donkey anti-Goat IgG, Goat anti-rabbit or Goat anti-mouse IgG) were from Invitrogen
Corp (Carlsbad, CA). Human AE5/keratin (K) 3 mAb and goat antibodies against human
Tcf4 and survivin were from Santa Cruz Biotechnology, Inc (Santa Cruz, CA). Rabbit
antibodies against β-catenin and β-actin were from Cell Signaling Technology (Beverly,
MA). Human p63 (4A4), integrin β1 and EGFR mAbs were from Lab Vision (Fremont,
CA). HRP conjugated secondary antibodies (goat anti-mouse, goat anti-rabbit and rabbit
anti-goat for western blot were from Thermo Scientific (Fremont, CA). Ready gels,
Precision Plus Protein Unstained Standards and Precision Protein Streptactin-AP Conjugate
came from Bio-Rad (Hercules, CA). The BCA protein assay kit was from Pierce Chemical
(Rockford, IL). RNeasy® Mini kit, siRNA-F and HiperFect transfection reagent were from
Qiagen (Valencia, CA). Ready-To-Go You-Prime First-Strand Beads were from GE
Healthcare (Piscataway, NJ). TaqMan® Gene Expression Assay, real-time PCR Master Mix,
and Silencer Select® pre-designed small interfering RNA (siRNA) were from Applied
Biosystems (Foster City, CA). WST-1 proliferative assay kit was from Roche Molecular
Biochemicals (Mannheim, Germany). Human insulin, transferrin, sodium selenite,
hydrocortisone, epidermal growth factor (EGF), cholera toxin A subunit, propidium iodide
(PI) and all other reagents came from Sigma-Aldrich (St. Louis, MO).

Human corneal epithelial cell (HCEC) cultures in different media
Primary HCECs were cultured from donors' limbal tissue explants using a previously
described protocol [35,36]. In brief, the limbal ring is cut into 12-16 pieces with similar size
of approximately 2×2mm each. Two pieces with the epithelium side up were directly put
into a well of 6-well plate or one piece per chamber in 8-chamber slides. Low calcium and
serum free progenitor cell culture media, CnT-20, CnT-50, KSFM and D-KSFM, and high
calcium serum-containing supplemental hormonal epithelial medium (SHEM) were used for
cultures at 37°C under 5% CO2 and 95% humidity. The media were changed every 2-3
days.

Corneal epithelial cell growth was carefully observed and photographed through a Nikon
TE200 inverted phase microscope with a Nikon DXM1200 digital camera. Only the
epithelial cultures without visible fibroblast contamination were used for this study. When
grown to 90% confluence, the cultures were photographed and trypsinized with
0.25%trypsin/0.03%EDTA; and the cells were seeded into a new plate at a density of 2×104

cells/cm2 for serial passages.

Colony forming efficiency (CFE) and growth capacity
To evaluate proliferative capacity of corneal epithelial cells in different culture media, the
CFE was assessed in cultures in CnT-20 or SHEM using a previous method [37-39] with
modification. Primary human corneal epithelial cells were seeded in triplicate at 500 cells/
cm2 into six-well culture plates without 3T3 fibroblasts or any other cells as a feeder layer.
Colonies with more than eight viable cells were counted manually under an inverted phase
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microscopy at days 6 and 8. Experiment was repeated at least three times. The CFE in
SHEM or CnT-20 was calculated as a percentage of the number of colonies generated by the
number of epithelial cells plated in a well. The growth capacity was evaluated on day 14
when cultured cells were stained with 1% rhodamine.

RNA interference
To explore the functional role of Tcf4 signaling, RNA interference experiments were
performed using our previous method [40,41] with modification. In brief, primary HCECs at
a density of 5×104 cells/cm2 were transfected with annealed double-stranded siRNA specific
for Tcf4 (siRNA-Tcf4, ID. s13863 containing a pool of 3 target-specific 20-25 nt siRNAs) at
different concentrations (10nM, 25nM, 50nM), with a non-coding sequence siRNA-
fluorescein (siRNA-F, UUCUCCGAACGUGUCACGU) as a negative control (also serve as
visible monitor for transfection efficiency) using fast-forward transfection method with
HiperFect reagent according to a manufacturer's protocol. The transfection efficiency in
HCECs with different concentrations of siRNA-F (10, 25 and 50 nM) after 24 hours were
81.4±3.5%, 83.5±4.1% and 87.2±4.3%, respectively, as analyzed by flow cytometry. After
incubation for additional 24-72 hours, the cells were collected for RNA extraction or protein
lysate preparation for further evaluation. The cell viability after transfection for 4 days was
more than 90%, as assessed by a 0.2% trypan blue exclusion test and morphological
observation.

WST-1 cell proliferation assay for Tcf4 knock-down HCECs
Primary HCECs were transfected by siRNA-Tcf4 at final concentrations at 10nM, 25nM and
50nM, with a non-coding sequence siRNA-fluorescein (siRNA-F) as a negative control,
using HiperFect reagent according to a manufacturer's protocol. In brief, siRNA-Tcf4 mixed
with HiPerFect transfection reagent was spotted in the wells of 96-well plate, and incubated
for 5-10 min at room temperature. Primary HCECs in CnT-20 were seeded at density of
6,000/well on the top of the siRNA–Hiperfect reagent complex and cultured for 48 hours.
WST-1 proliferative assay [42,43] was assessed according to the manufacturer's protocol.
Briefly, 10μl of cell proliferation agent WST-1 was added to each well containing 100 μl
cell culture. The cells were incubated for additional 2 hours at 37°C in a 5% CO2

atmosphere. The plate was measured at 450nm with a reference wavelength 690 nm in an
Infinite M200 multimode microplate reader (Tecan US, Durham NC). The experiment for
cell proliferation assays were repeated 5 times.

Immunofluorescent staining and laser scanning confocal microscopy (LSCM)
Immunofluorescent staining was performed following a previously reported method [44]. In
brief, cells were fixed with methanol at 4°C for 10 minutes and permeabilized with 0.2%
Triton-X in PBS for 10 minutes. After blocked with 20% of animal serum in PBS for 30
minutes, a primary antibody was applied and incubated for two hours at room temperature.
Alexa Fluor 488 conjugated secondary antibody was then applied for one hour in dark,
followed by counterstaining with a DNA binding dye propidium iodide (PI, 1μg/mL in PBS)
for 5 minutes. A cover slip was applied with Antifade Gel/Mount (Fisher, Atlanta, GA).
Slides were examined and photographed with the LSCM (LSM 510, Zeiss, Thornwood,
NY).

Total RNA Extraction, Reverse transcription (RT), and Quantitative Real-Time PCR
Total RNA was extracted from HCECs using a Qiagen RNeasy® Mini kit according to
manufacturer's protocol, quantified by NanoDrop® ND-1000 Spectrophotometer, and stored
at −80 °C. The first strand cDNA was synthesized by RT from 1μg of total RNA using
Ready-To-Go You-Prime First-Strand Beads, and the real-time PCR was performed in the
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Mx3005PTM system (Stratagene) [45,46]. TaqMan® Gene Expression Assays include β-
catenin (Assay ID Hs99999168_m1), Tcf4 (Hs00162613_m1), survivin (Hs00153353_m1),
p63 (Hs00186613_m1), EGFR (Hs00193306_m1), integrin β1 (Hs00236976_m1), Cx43
(Hs00748445_s1), K3 (Hs00365080_m1) and GAPDH (Hs99999905_m1). The
thermocycler parameters were 50 °C for 2min, 95 °C for 10 min, followed by 40 cycles of
95 °C for 15 s and 60 °C for 1min. A non-template control was included to evaluate DNA
contamination. The results were analyzed by the comparative threshold cycle (CT) method
and normalized by a housekeeping gene GAPDH [47,48].

Western Blotting Assay
Western blot analysis was performed by a previous method [49,50]. In brief, HCECs
cultured in CnT-20 or SHEM were lysed with RIPA buffer. Equal amount (30μg/well) of
cell extract protein, measured by a BCA protein assay kit, was mixed with 6×SDS reducing
sample buffer and boiled for 5 minutes before loading. The proteins were separated on an
SDS polyacrylamide gel and transferred electronically to PVDF membranes. The
membranes were blocked with 5% nonfat milk in TTBS (50 mM Tris [pH 7.5], 0.9% NaCl,
and 0.1% Tween-20) for 1 hour at room temperature and incubated with primary antibodies
to β-cantenin (1:1000), Tcf4 (1:100), survivin (1:100) and β-actin (1:2000) at 4°C overnight.
After three times washes with TTBS, the membranes were incubated with HRP conjugated
rabbit anti-goat, goat anti-mouse or goat anti-rabbit IgG (1:2000) for 1h at room
temperature. The signal bands were detected with an ECL Plus chemiluminescence reagent
(GE Healthcare), and the images were acquired by a Kodak Imaging Station 2000R
(Eastman Kodak, New Haven CT).

Statistical analysis
The Student's t-test or analysis of variance (ANOVA) with Tukey's post-hoc testing was
used for statistical comparisons. p≤ 0.05 was considered statistically significant. All of these
tests were performed using the GraphPad Prism 5.0 software (Graph-Pad Prism, Inc., San
Diego, CA, http://www.graphpad.com).

RESULTS
Proliferative capacity of human corneal epithelial cells promoted by low calcium serum
free media

Primary HCECs were established from limbal explants using five different culture media,
four low calcium and serum free progenitor cell culture media (CnT-20, CnT-50, KSFM and
D-KSFM) and a high calcium serum-containing SHEM. All media were capable of
supporting primary epithelial cell growth. When cells grew to subconfluent (80-90%
confluence), serial passages were performed. As shown in Fig. 1. HCECs grown in SHEM, a
high calcium and serum containing medium, could not be passaged more than once or twice
although SHEM supported rapid and abundant cell growth in the primary culture. In
contrast, higher proliferative capacity was observed in HCECs cultured in all low calcium
and serum free media. For examples, cells cultured in fully defined CnT-20 were capable of
being passaged six or more times, and cells grown in CnT-50 that contains bovine pituitary
extracts (BPE) could be serially passaged at least 5 passages. HCECs in defined D-KSFM or
BPE-containing KSFM were able to be passaged 3-4 times. CnT-20 was chosen for further
studies to represent a low calcium and serum free in vitro niche known to promote epithelial
progenitor cells.

The growth pattern and proliferative capacity of HCECs cultured in CnT-20 or SHEM were
further compared. HCECs cultured in CnT-20 spread out from explants as single cells. The
cells showed typical epithelial cell morphology with a small round or oval appearance. In
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comparison, the cells from limbal explants cultured in SHEM expanded like a sheet and
stratified after reaching confluence. All cells were tightly packed and highly elongated (Fig.
2A). To evaluate their clonal growth capacity, HCECs were seeded at a density of 500 cells/
cm2 in CnT-20 or SHEM without a feeder layer to assess colony forming efficiency (CFE).
SHEM could support HCECs to form a few colonies that failed to grow continually without
3T3, a feeder layer (data not shown). In contrast, HCECs in CnT-20 generated a significant
number of colonies without use of a feeder layer (Fig. 2B). As shown in Fig. 2C, the CFE of
HCECs in CnT-20 reached 2.5±1.3 % at day 6 and 5.4±1.2 % at day 8. Even without any
feeders, the colonies in CnT20 expanded rapidly to almost confluence on day 14 (Fig. 2D).
The CFE numbers and clonal growth capacity of HCECs in CnT20 was similar to that
observed with isolated corneal epithelial progenitor cells grown on a 3T3 feeder layer in
previously reported studies by our group [36,38,39,51]. These results indicate that the single
small round cells grown in low calcium and serum free defined CnT-20 media primarily
consisted of the expanded human corneal progenitor cells, although the cell morphology in
CnT-20 medium was also changing with the number of large cells increased in every
passage, indicating a gradual differentiation with every passage (Fig. 1).

Progenitor phenotype of human corneal epithelial cells cultured in low calcium serum free
media

Phenotypic characterization of the primary HCECs cultured in CnT-20 and SHEM was
assessed using immunofluorescent staining with stem cell associated markers, p63, integrin
β1 and EGFR, as well as with differentiation markers, connexin 43 and K3. As shown in
Fig. 3 A and B, HCECs in CnT-20 possessed a significantly higher percentage of p63-
positive (p<0.05, n=3), integrin β1-positive (p<0.01, n=3) or EGFR-positive cells (p<0.05,
n=3) than the cells cultured in SHEM. In contrast, the percentages of positively
immunoreactive cells for connexin 43 and corneal epithelial specific marker K3 were
significantly lower in HCECs cultured in CnT-20 than in SHEM (both p<0.01, n=3).

The expression of these markers was further confirmed at the transcriptional level by reverse
transcription and quantitative real-time PCR, as shown in Fig. 3C. With GAPDH as an
internal control, the mRNA expression of stem cell associated markers, p63, integrin β1 and
EGFR, were significantly higher by the cells cultured in CnT-20 than in SHEM. In
particular, levels of p63 mRNA were 10 fold higher (p<0.001, n=3) in HCECs cultured in
CnT20 than those in SHEM. Interestingly, levels of mRNA transcripts for the differentiation
markers, connexin 43 and K3, were detected at much lower levels (both p<0.01, n=3) in the
cells cultured in CnT-20, compared to cells in SHEM. These data confirmed the progenitor
cell phenotype of HCECs cultured in CnT20, as revealed by immunofluorescent staining.
Taken together, results of cell growth, passage capacity, colony forming efficiency and
phenotypic markers, as shown in Figs 1-3, indicate that this low calcium serum free media
can function as an in vitro niche that maintains the progenitor properties of limbal stem cell-
derived corneal epithelial cells.

Expression of β-catenin, Tcf4 and survivin in human corneal epithelial progenitor cells
In order to uncover what intrinsic signaling is activated by the extrinsic factors in the niche
media, we compared the expression and function of β-catenin, Tcf4 and survivin, the key
factors of canonical Wnt signaling [30,31], in HCECs cultured in CnT-20 with those grown
in SHEM. As shown in Fig. 4A, the mRNA of β-catenin was highly expressed by the cells
cultured in CnT-20, 4.57±0.75 (p<0.05, n=6) fold to that in SHEM. Tcf4 mRNA was
elevated 3.34±0.3 fold (p<0.05, n=6) in the cells cultured in CnT-20. Interestingly, the
mRNA expression of survivin, a downstream molecule of Tcf4, was also significantly
higher by 5.52±1.97 fold (p<.01, n=6) in HCECs cultured in CnT-20 than in SHEM.
Western blot analysis confirmed the expression pattern of β-catenin, Tcf4 and survivin by
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HCECs cultured in CnT-20 and SHEM, at protein levels. Fig. 4B shows representative
immunoblotting results of two pairs of HCEC cell extract samples in the different media.
The protein bands of β-catenin (92 kDa), Tcf4 (58 kDa) and survivin (16 kDa) were
markedly higher in cells cultured in CnT-20 compared to those in SHEM, while the 45 kDa
bands of β-actin protein, an internal control, were not significantly different between the
cells in two conditions. Furthermore, fluorescent staining visibly displayed the higher
immunoreactivities of β-catenin, Tcf4 and survivin antibodies in HCECs cultured with
CnT-20 (Fig. 4C). These results indicate β-catenin/Tcf4/survivin signaling may play a role
in maintaining the properties of human corneal epithelial stem cells.

Functional role of Tcf4 signaling in maintaining the proliferative property of human corneal
epithelial progenitor cells

To evaluate functional role of Tcf4 signaling in human corneal epithelial stem cells, Tcf4
gene silencing experiments were performed using HCECs cultured in the corneal epithelial
progenitor medium CnT-20 and transfected with a specific siRNA-Tcf4 at different
concentrations. A non-coding sequence siRNA conjugated with fluorescein (siRNA-F) was
transfected to HCECs in CnT20 as a negative control, as well as a visible monitor for siRNA
transfection efficiency. As shown in Fig. 5A, siRNA-F transfection did not significantly
alter the mRNA expression of β-catenin, Tcf4 and survivin. In HCECs transfected with
siRNA-Tcf4 at 10, 25 or 50 nM, Tcf4 mRNA expression was suppressed dramatically and
dose-dependently (P<0.001) by 70-85%, compared with untreated control. Interestingly,
levels of survivin transcripts, a downstream molecule of Tcf4, were also suppressed dose-
dependently to 53±8, 49±7 and 45±17% (all p<0.05, n=3) at 10, 25 or 50 nM of siRNA-
Tcf4, respectively. However, the expression of β-catenin, a Tcf4 molecular partner, was not
significantly changed in HCECs transfected with siRNA-Tcf4. The knock down of Tcf4-
survivin signaling was confirmed at the protein level by Western blot analysis. As shown in
Fig. 5B, the Tcf4 and survivin protein bands were dramatically reduced by Tcf4 silencing at
all doses (10-50nM) of siRNA-Tcf4 tested, compared with that in HCECs transfected with
non-silencing siRNA-F. In contrast, the bands of β-catenin and housekeeping β-actin were
not altered by Tcf4 silencing. Notably, the proliferative capacity of HCECs was impaired by
Tcf4 silencing. As measured by WST-1 assay shown in Fig. 5C, the cell proliferative index
was significantly suppressed by siRNA-Tcf4 but not by the non-coding sequence siRNA-F
in three concentrations (10nM, 25nM and 50nM) of siRNAs tested (all p<0.001, n=5). These
results indicate that Tcf4/survivin signaling may determine the proliferative capacity of
human corneal epithelial progenitor cells.

DISCUSSION
The maintenance of corneal epithelial health and corneal tissue repair following trauma both
depend on the regenerative capacity of corneal epithelial stem cells, which are located in the
basal layer of the limbal epithelium. It is now clear that the niche plays an important role in
maintenance of stem cell properties, and the different fate of stem cells, being stem cells or
differentiated, can be determined by different niche [1,6,12,52,53]. It is well known that low
calcium, serum free media could provide an ideal niche in vitro to maintain or promote
progenitor cell properties by delaying the onset of terminal differentiation of cultured
epithelial cells [13,16,17,54]. However, it is not clear how niche extrinsic factors activate
intrinsic factors or the signaling pathways that maintain progenitor cells properties. Wnt
signaling has been implicated in stem cell and their niche, and it is likely of great importance
in the interactions between stem cells and their niche micro-environment [27,55-57]. In our
present study, we explored the potential roles of β-catenin/Tcf4/survivin signaling of the
canonical Wnt pathway in maintaining the properties of human corneal epithelial stem cells,
which may serve as a representative model of tissue-specific adult stem cells.
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As shown in Figs 1 and 2, all four low calcium, serum free media tested in this study were
capable of supporting better growth, more serial passages and higher CFE of HCECs in
culture, compare to high calcium, serum-containing medium SHEM, indicating that low
calcium, serum free culture niche maintains the proliferative capacity of HCECs. The colony
forming efficiency assay is usually used to monitor the proliferative capacity of epithelial
progenitor cells, and it requires 3T3 mouse fibroblasts as a feeder layer to support clonal
growth of corneal epithelial cells [14,36,51,58]. However, we noted that the low calcium,
serum free medium CnT-20 could support clonal growth of HCECs without a feeder layer.
The CFE of HCECs cultured in CnT-20 without feeder layer was 5.4±1.2% at day 8, which
reached the ranges of CFE rates (3.8-8.7%) of HCECs in SHEM with a feeder layer of 3T3
fibroblasts, as previously reported [35,36,38,39]. This suggests that CnT-20 maintains the
proliferative potential of human corneal epithelial cells in culture. Given the clinical use of
limbal stem cells in stem cell therapy and corneal regeneration, the identification of culture
conditions for HCECs that is serum free and does not require feeder cells is highly
significant to the therapeutic ophthalmological field [59].

We have characterized a unique phenotype of stem cell enriched basal cells at human limbal
epithelium and proposed that limbal stem cells are small primitive cells expressing three
patterns of molecular markers: (1) exclusively positive for p63, ABCG2 and integrin α9 by a
subset of basal cells; (2) relatively higher expression of integrin β1, EGFR, K19 and α-
enolase by most basal cells, and (3) lack of expression of nestin, E-cadherin, connexin 43,
involucrin, K3 and K12 [35,39,44,51]. In this study, HCECs grown in CnT-20 expressed
significantly higher signals of stem cell associated markers, p63, integrin β1 and EGFR,
while lower levels of differentiation markers connexin 43 and K3, at both mRNA and
protein levels, than the cells in SHEM. Taken together, our results demonstrated that low
calcium serum free media maintain the stem cell-like phenotype and high proliferative
capacity of human corneal epithelial progenitor cells in vitro.

Recent progress in cellular and molecular biology has uncovered the crucial role of Wnt
signaling in proliferation, differentiation and self-renewal of stem cells. The best known
Wnt signaling pathways include the Wnt/β-catenin, Wnt/planar cell polarity (PCP), and
Wnt/calcium pathways [60]. The Wnt/β-catenin pathway is often called the “canonical” Wnt
pathway, of which β-catenin and Tcf are key regulatory molecules. The hallmark of the Wnt
signaling pathway is that the members of the Tcf family bind β-catenin and trigger Wnt
target genes, such as survivin, to regulate cell functions [33,61-63]. Survivin is the smallest
member of the inhibitor of apoptosis (IAP) gene family in mammalian cells, an essential
mitotic gene, localized to multiple aspects of the mitotic apparatus, and indispensable for
several steps in cell division. Although it has been considered as a “cancer gene” since its
discovery in 1997, survivin expression has been associated with “stemness” gene signatures
of hematopoietic, mesenchymal, neuronal and skin progenitor cells. Recently, survivin has
been identified as a direct transcriptional target of Wnt/β-catenin, which involves the
recognition of discrete TCF-4-binding elements in the survivin promoter (see review article
by [64]). β-catenin/Tcf4/survivin signaling has been found to be important in determining
cell development and differentiation [33,65,66].

Using microarray analysis, we have recently observed that Tcf4 was one of the most highly
up-regulated genes in human corneal epithelial progenitor cells that were isolated by rapid
adhesion to collagen IV. Furthermore, β-catenin/Tcf4 signaling was found to be important in
maintaining human corneal epithelial stem cell properties [48]. In our current study, the
expression and function of β-catenin, Tcf4 and survivin were evaluated to investigate the
underlying mechanism by which the low calcium, serum free medium CnT-20 maintains
progenitor cell properties. As shown in Figs 4 and 5, human corneal epithelial progenitor
cells cultured in CnT-20 expressed higher levels of these three factors at both gene transcript
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and protein levels. Silencing Tcf4 by siRNA transfection not only knocked down Tcf4 gene,
but also blocked its downstream target molecule survivin at the transcriptional and
translational levels, and furthermore significantly suppressed the proliferative capacity of
HCECs cultured in CnT-20, confirmed with the WST-1 cell proliferation assay. These
results strongly suggest that β-catenin/Tcf4/survivin signaling plays a vital role in
maintaining corneal epithelial progenitor cell properties. However, the effect of Tcf4
silencing on the cell differentiation state is not clear and needs to be further studied. It is also
important to explore how this signaling pathway is activated and which extrinsic factors
contribute to stem cell maintenance.

In conclusion, these findings demonstrate that low calcium serum free media can provide a
microenvironment niche for ex vivo expansion of corneal epithelium progenitor cells that
retain a less differentiated phenotype and high proliferative capacity. The ability of this
media to maintain the properties of human corneal epithelial progenitor cells is mediated by
the β-catenin/Tcf4/survivin signaling pathway. This study may have high impact and clinic
implication on the expansion of corneal epithelial stem cells in regenerative medicine,
especially for ocular surface reconstruction.
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Fig. 1.
Serial passaging capacity of HCECs in different media. A. Representative phase images
showing primary HCECs (P0) from limbal explants and their serial passages (P1, P2… or
P6) in five different media at confluence; B. Each column indicates the mean number of
possible passages made by HCECs in each medium from 4 separate experiments (n=4).
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Fig. 2.
Growth pattern and capacity of HCECs in CnT-20 or SHEM medium. A. Representative
phase images showing primary HCECs (P0) growing from limbal explants in CnT-20 or
SHEM at Days 6 and 10 (with low and high magnification); B. Clonal growth of HCECs at
day 6 in CnT-20 without feeder layer; C. Percentage colony-forming efficiency (CFE) of
HCECs at days 6 and 8 in CnT-20 without feeder layer. Shown as mean ± standard
deviation, n=3; D. Representative cultures stained with 1% rhodamine showing growth
capacity of HCECs at day 14 in CnT-20 without feeder layer.
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Fig. 3.
Cell phenotype of HCECs grown in CnT-20 or SHEM medium. A. Representative images of
Immunofluorescent staining of stem cell associated markers, p63, Integrin β1 (Itg β1) and
EGFR, as well as differentiation markers, Connexin (Cx) 43 and K3 in primary HCECs
cultured in CnT-20 or SHEM; Color code: Red is PI; Green is p63, Itg β1, EGFR, Cx43 or
K3; and Yellow is green p63 + red PI. B. Percentages of positive cells stained for each
marker in primary cultures grown in CnT-20 and SHEM; C. Quantitative real-time PCR
data showing the expression levels (relative fold of mRNA) of these markers by HCECs in
CnT-20 or SHEM. Data shown as mean ± standard deviation, n=3; *p <0.05, **p < 0.01,
***p < 0.001.
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Fig.4.
Expression of β-catenin, Tcf4 and survivin by HCECs in CnT-20 or SHEM medium. A.
Real-time PCR data showing the mRNA expression of β-catenin, Tcf4 and survivin; B.
Western blot results showing the protein levels of β-catenin, Tcf4 and survivin; C.
Representative images showing immunofluorescent staining of β-catenin, Tcf4 and survivin
(green) with Propidium Iodide (PI) (red) counterstaining.
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Fig.5.
Effects of Tcf4 silencing by siRNA interference in HCECs cultured in CnT-20. A. Real-time
PCR analysis showing the effects of siRNA-Tcf4 (10-50nM) transfection on mRNA
expression of β-catenin, Tcf4 and survivin with untreated cells and transfected with non-
coding sequence siRNA-F as controls, n=5; B. Western blot results showing the protein
levels of β-catenin, Tcf4 and survivin after transfection with siRNA-Tcf4 or –F; C. WST-1
assay showing the cell proliferation indexes after siRNA-Tcf4 transfection. Data are shown
the mean and standard deviation of results, ns: no significance, *p <0.05, **p <0.01, ***p
<0.001, n=3, compared with siRNA-F transfection.
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