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Abstract. Long-term preservation of corneal limbal epithelium 
may decrease its quality and change the molecular signature of 
the limbal epithelial stem cells. In this study we have investi
gated the molecular profile of isolated corneal epithelial 
cells that have been in storage for an extended time. Isolated 
cells were characterised by the expression profile of different 
cytokeratins and markers of squamous metaplasia (vimentin 
and α‑actin). Furthermore, we examined global markers of 
adult stem cells including p63α and ABCG2 but also LGR5 
as a novel stem cell marker. Immunocytochemical staining 
and PCR analysis of p63α, ABCG2 and LGR5 revealed the 
existence of side-population cells with a stem-cell phenotype 
and maintenance of corneal limbal stem cell properties. LGR5 
expression can be related to cellular stemness and can be 
considered as a new phenotypic marker of residual human 
corneal limbal stem cells. However, the existence of CK10 
together with co-expressed α-actin and vimentin suggests 
that the corneas investigated were under oxidative stress and 
showed evidence of squamous metaplasia.

Introduction

A healthy ocular surface (both conjunctiva and cornea) is 
essential for clear and comfortable vision. Corneal epithelial 
maintenance has been attributed to a healthy population of 
putative limbal stem cells (LSC). Deficiency of limbal stem 
cells results in ocular surface disorders which lead to eye 
conjunctivitis, opacification and blindness, and provides 
challenging clinical problems. In order to treat severe ocular 

disorders, it was hoped that therapy based on the limbal stem 
cell concept, such as ex vivo expanded limbal stem cells, would 
lead to transplantation strategies resulting in restoration of 
the ocular surface with stratified squamous epithelium and 
a clinically normal cornea. The current treatments involve 
replenishing the depleted LSC from a donor source such as 
limbal stem cells from the healthy eye of the patient (autograft) 
or from a donor (allograft). Currently, the idea of utilising 
ex vivo expanded limbal stem cells has gained popularity. 
However, there are limitations and concerns regarding the 
ex vivo culture of limbal stem cell approach that include the 
potential for infections, limited supply of donor tissue and the 
absence of a well-defined specific limbal stem cell marker. In 
addition, long-term preservation of the corneal rims decreases 
the viability of limbal stem cells thereby reducing the quality 
of the available biological material for transplant.

Several groups have reported the gene expression profile 
of fresh limbal and corneal epithelial cells which has signifi-
cantly contributed to the understanding of cellular pathways 
and phenotype (1,2). Surprisingly, the molecular profiling of 
long-term organ culture media-stored corneal epithelium has 
not been reported in the literature. In this study we evaluated 
the gene expression profile of cells isolated from corneal rims 
preserved for an extended time in the Corneal Transplant 
Service Eye Bank, Manchester. We were not able to include 
in our study a group any short-term or even non-organ culture 
media-stored epithelium due to Eye Bank standards and 
regulations. In order to evaluate our hypothesis that long-term 
preservation of the native tissue may decrease epithelial quality 
and health, we investigated the expression profile of different 
cytokeratin (CK) species, which can provide characteristic 
features of limbal deficiency and epithelial keratinisation. We 
also examined the expression of genes which are global markers 
of adult stem cells including p63α (a marker of epithelial stem 
cells, which supports stem cell proliferation and regulation in 
epithelial cells) and ABCG2 (a marker of basal limbal epithelial 
stem cells) but also LGR5, which has recently been identified 
as a novel stem cell marker (3). Strong p63 expression qualifies 
tissue for transplantation and predicts successful engraftment 
as it contains stem cells with remarkable p63-dependent 
proliferative capacity. Proliferating cells multiply and migrate 
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to repair a corneal wound. However, this process can be irre-
versible and also lead to terminal differentiation of limbal stem 
cells (4). Profiling of different cytokeratin (CK3, CK12, CK10 
and CK19) species in the cornea is therefore very important. 
Moreover, there is some disagreement among specialists 
that the colony-forming percentage is not the best marker for 
successful transplantation and that p63 expression should be 
considered as the most important marker. We propose that 
LGR5 deserves attention as a limbal stem cell molecular 
marker. The LGR5 gene encodes an orphan G protein-coupled 
receptor characterized by a large leucine-rich extracellular 
domain and seven transmembrane domains. Initially it was 
identified as a Wnt target gene expressed in colon cancer (5) but 
recently it has been identified as a novel stem cell marker of the 
intestinal epithelium and the hair follicle (3). However, in adult 
mice, it was reported that LGR5 expression is restricted to rare, 
scattered cells in intestine, eye, brain, stomach and reproductive 
organs (6). These findings might support the hypothesis that 
LGR5-positive cells may be associated with cellular stemness. 
Thus, LGR5 may represent a general marker for adult stem cells 
but its molecular function is still unknown. This study provides 
a molecular profile of organ-culture-stored corneal epithelium 
and provides evidence that LGR5 is a molecular marker for 
rare limbal stem cells.

Materials and methods

Source of tissue. Surplus corneal buttons that were available 
through ethical permission for research purposes were used 
in these experiments. Human donor corneas from 5 donors, 
between 50 and 88  years of age, were obtained from the 
Manchester Eye Bank. All corneas were received from donors 
with specific consent for research purposes. All eyes were 
retrieved within 36 h of cadaver time and were stored for an 
extended time using the long-term organ culture technique 
according to standard CTS Eye Bank operating procedures 
(7). The obtained corneas had a mean time from death to 
enucleation of 29 h (range 12-23 h), a mean time from death to 
culture of 24 h (range 18-26 h) and a mean time in storage of 
1 month (range 4-7 weeks).

Isolation and establishment of epithelial cells from whole 
corneas. The corneal rings were washed with CnT-20 medium, 
specifically formulated for human corneal epithelium and 
supplements included antibiotic/antimycotics (Cell N Tec, 
advanced cell systems). Tissue was cut diagonally into 4 
identical pieces, which were incubated overnight in 5 ml of 
10 mg/ml dispase in CnT-20 medium at 4˚C. Next day each 
tissue section was carefully transferred into a small drop of 
CnT-20 (1-2 ml) and oriented with the epithelial cells upwards. 
Epithelium from whole corneas was scraped off gently and 
epithelial sheets were transferred on a small drop of TrypLe 
(Invitrogen) into a petri dish and incubated for 15 min at room 
temperature and dissociated into single cells by pipetting. 
After addition of a small amount of CnT-20 medium (1-2 ml) 
the mixture of cells in TrypLE and CnT-20 was centrifuged at 
1000 rpm for 5 min. The freshly isolated limbal epithelial cells 
(LEC) were taken for further investigations. All isolated cells 
were sampled from the same surface area to retain significant 
similarities in the phenotype of the cells.

Immunocytochemistry. The expression of selected epithelial 
stem cell-related markers was confirmed by immunocytochem-
istry using p63α, ABCG2 and LGR5. Immunocytochemical 
analysis was performed as previously described (8) using 
an avidin-biotin complex (ABC) method. The peroxidase 
was then developed using DAB to produce end-products. 
Briefly, cells were fixed in cold acetone for 10 min and then 
incubated overnight at 4˚C with primary antibodies, which 
were a mouse monoclonal antibody for human p63α (1:100; 
Santa Cruz Biotechnology, Inc.), a rabbit polyclonal antibody 
for human ABCG2 (1:50; Santa Cruz Biotechnology, Inc.), a 
rabbit polyclonal antibody for human LGR5 (1:50; Abcam). 
Secondary antibody was applied for 1 h at room temperature. 
The cells were finally counterstained with haematoxylin and 
then visualized and images captured using a Leica DM IRB 
microscope. Negative controls were employed to test the 
specificity of each antibody.

Total RNA isolation. Total RNA was extracted from each 
sample (n=5 for isolated limbal epithelial cells) using an 
RNeasy kit (Qiagen) according to the manufacturer's protocol. 
RNA was quantified by NanoDrop ND-1000 (Labtech 
International) and the integrity was established by Bioanalyzer 
(Agilent Technologies) analysis.

Reverse transcription-polymerase chain reaction and quanti-
tative real-time polymerase chain reaction. In order to analyse 
the gene expression profile, several genes were selected for 
reverse transcription-polymerase chain reaction (RT-PCR) 
analysis, using total RNA derived from freshly isolated epithe-
lial cell samples. The quantitative validation of the expression 
of selected genes was performed by QRT-PCR on Custom 
TaqMan array plates (Applied Biosystems). Firstly, 1 µg of 
RNA was reverse transcribed to cDNA using random hexamer 
primers, 25 mM MgCl2, 10X RT buffer, 10 mM dNTPs, AMV 
(HC), RNAsin (all reagents from Promega, Madison, WI; http://
www.promega.com). The resulting mixture was incubated at 
42˚C for 60 min and 95˚C for 5 min. RT-PCR reactions (n=5 for 
isolated limbal epithelial cells) were performed with master mix 
[Taq buffer, 25 mM MgCl2, 10 mM dNTPs, Taq-polymerase 
(1:5), 10 µM primers, dH2O, cDNA (20 ng/µl)] (all reagents 
from Promega). RT-PCR reactions were performed using the 
Veriti 96‑well Thermal cycler (Applied Biosystems), at 94˚C 
for 5 min, followed by 35 cycles at 94˚C for 1 min, 56˚C for 
1 min, 72˚C for 1 min. The PCR products were resolved and 
visually analysed on a 2% agarose gel in 1X TAE (triacetate 
EDTA) running buffer. PCR amplicon size was estimated 
using a 1000‑bp DNA ladder (Promega). Primer sequences are 
provided in Table I.

Quantitative validation of gene expression levels was 
assessed by quantitative real-time polymerase chain reac-
tion (Q-PCR) (Applied Biosystems StepOne Real-Time PCR 
Systems) for isolated limbal epithelial cells n=3, using custom 
TaqMan arrays plates, applying the Universal TaqMan PCR 
master mix (Applied Biosystems, Foster City, CA, USA), 
following the manufacturer's protocol. Amplification was 
performed for each cDNA (20 ng/μl) sample in triplicate and 
gene expression level was normalized to GAPDH. The data 
were quantified and normalized using the ΔCt method. Primers 
for TaqMan arrays were designed by Applied Biosystems.
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Statistical analysis. Statistical significance of the results was 
assessed by the analysis of variance (ANOVA) and is reported 
in Table II. Analysis of variance in Table II showed differ-
ences in mRNA levels between three investigated samples for 
all molecular markers. This variation between samples could 
be explained by many factors including donor age, death-to-
preservation time and length of time in tissue storage.

Results

We used freshly isolated human corneal epithelial cells in 
order to reduce potential differentiation of isolated cells and 
the risk of contamination or disease transmission during 
culture. Immunocytochemical staining of freshly-isolated 
corneal limbal epithelial cells (Fig. 1) for the expression of 
the putative stem cells markers ABCG2, p63α and LGR5 
revealed positive staining for ABCG2 and p63α, indicating 
the existence of side-population cells with a stem cell pheno-
type. There was also very strong staining for LGR5, which 
has been suggested to be a marker for limbal stem cells in 
adult tissues (3). ABCG2 is expressed actively on the cellular 
surface, however cytoplasmic localisation is also possible (9). 
In order to confirm these observations gene expression was 
further investigated by PCR.

RNA prepared from isolated corneal epithelial cells, from 
the limbal area of the cornea, was of very high quality (260/280, 
260/230 in the range of 1.89-2.0; RIN 8.0-9.0. RT-PCR (Fig. 2) 
demonstrated mRNA expression of ABCG2, p63α and LGR5, 

cytokeratin (CK), family members, vimentin and α-actin, with 
GAPDH as an internal control. Analysis of the the mRNA 
encoding corneal differentiation markers showed expression of 
CK12 and CK3 (Figs. 2B and 3). In addition, quantitative vali-
dation of the expression level of selected genes was analysed 
using custom TaqMan array plates (Fig. 3). The expression 

Table I. Human primer sequences used for reverse transcription-polymerase chain reaction (RT-PCR).

Gene name	 Forward primer	 Reverse primer	 Product size (bp)

GAPDH	 TGCACCACCAACTGCTTAGC	 GGCATGGACTGTGGTCATGAG	 50
Pax6	 AACAGACACAGCCCTCACAAACA	 CGGGAACTTGAACTGGAACTGAC	 275
p63	 ATGCAGTACCTTCCTCAGCACACA	 TTCCTGAAGCAGGCTGAAAGGAGA	 104
ABCG2	 GTGCACATGCTTGGTGGTCTTGTT	 AGCTCGGTCTTAACCAAAGGCTCA	 159
LGR5	 CTCTTCCTCAAACCGTCTGC	 GATCGGAGGCTAAGCAACTG	 181
CK3	 AAGAACATGGAGGACCTGGTGGAA	 AGGCACTGTCCACATCCTTCTTCA	 115
CK12	 AGGCCATGGATCTCTCCAACAACA	 TTCCAACACTGGAAGCAGACATGC	 123
CK10	 TTGGTGGAGGTAGCTTTCGTGGAA	 AGAAGGCCACCATCTCCTCCAAAT	 130
CK18	 GCATCCAGAACGAGAAGGAG	 ACTTTGCCATCCACTATCCG	 1027
CK19	 TTGTCCTGCAGATCGACAAC	 TCTTCCAAGGCAGCTTTCAT	 514
α-actin	 GCAATTTGACGACCTCTTCC	 TGTGCTCAACCACGAATGA	 70
VIM	 GAGAACTTTGCCGTTGAAGC	 CGTGATGCTGAGAAGTTTCG	 343

Table II. The mean ± standard deviation (SD) averaged from three different donors of results with mRNA levels [p<0.001 for all 
investigated markers by analysis of variance (ANOVA)].

n=3	 Pax6	 p63	 CK3	 CK12	 CK4	 CK18	 CK19	 VIM

ΔCt Mean	 2.55	 7.26	 2.78	 2.53	 2.53	 3.75	 1.34	 2.75
ΔCt SE	 0.80	 3.06	 1.93	 1.94	 2.69	 0.39	 0.26	 1.31
F test	 5.12x1029	 1.22x1020	 2.69x1026	 7.03x1018	 3.05x1024	 4.1x1026	 1.34x1024	 4.81x1027

(p-value)	 <0.001	 <0.001	 <0.001	 <0.001	 <0.001	 <0.001	 <0.001	 <0.001

Figure 1. Immunocytochemistry images of adult stem cells markers in 
isolated limbal epithelial cells stained with LGR5, ABCG2 and p63. (A) 
Negative control, expression of LGR5 (B), ABCG2 (C) and p63 (D).
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level of p63α, Pax6, CK3, CK12, CK4, CK18, CK19 and 
vimentin mRNA were quantified with GAPDH as an internal 
control. The results of Q-PCR for nuclear transcription factor 
p63α confirmed the findings of conventional RT-PCR and 
p63α was expressed and quantified as being expressed at a low 
level. In addition, there was abundant expression of Pax6, the 
molecular marker responsible for eye morphogenesis, which 
regulates cell proliferation and determines differentiation. 

Thus, weak expression of p63α (Fig. 3) and a positive mRNA 
signal for ABCG2 and LGR5 (Fig. 2A) suggest that a small 
fraction of freshly isolated cells are derived from the limbal 
basal epithelium. However, strong complex expression patterns 
of other cytokeratins together with CK3 and CK12 indicate the 
existence of the very specific corneal epithelial cell phenotype. 
Expression of both groups of markers suggests that there are 
cell cultures which are heterogeneous and contain both stem 

Figure 2. Reverse transcription polymerase chain reaction (RT-PCR) analysis 
of isolated limbal epithelial cells for selected molecular markers. (A) ABCG2, 
LGR5, p63, Pax6 expression in isolated epithelial cells (5  tissues). (B) 
Cytokeratins expression in isolated epithelial cells (3-5 tissues). (C) α-actin 
and vimentin expression in isolated epithelial cells (4 tissues).

Figure 3. Quantitative real-time reverse transcriptase polymerase chain reaction (Q-PCR) analysis for expression of selected corneal epithelial markers. Data 
are an average of triplicates for three different donors. The gene expression level was normalized to GAPDH, a housekeeping gene used as an internal control 
with no difference in the mRNA level. Presented data were quantified and normalized using the ΔCt method.
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cells and differentiated epithelial cells. We have also detected 
signals from CK4 and CK18, both components of stratified 
squamous epithelium. There was also mRNA expression for 
CK10 and α-actin (Fig. 2B) accompanied by significantly 
increased expression of CK19 and vimentin (Figs. 2B and 3), 
which may indicate that isolated cells represent a pathological 
phenotype and that the corneas investigated present features 
consistent with limbal stem cell deficiency.

Discussion

In this study we have evaluated the molecular state of the 
corneal limbal epithelial/stem cells isolated from whole corneas 
that have been in extended storage. All isolated cells have been 
sampled from the same surface area to retain significant simi-
larities in cell phenotype.

Enucleated corneas were stored in organ culture medium 
(MEM 2% FBS). The time interval from death of the donor 
to storage of the cornea is generally kept relatively short, 
within 12 h or less. In the case of our cadaveric donors this 
time exceeded 24 h. Using the organ culture method, the 
storage period can be extended up to 4-5 weeks. Regarding 
our investigated material, the storage period was extended 
in some samples up to 7 weeks. We were not able to include 
in our study a group of short-term or even non-organ culture 
media-stored epithelium due to the Eye Bank standards and 
regulations. However, in order to detect tissue which does 
not tolerate storage, according to European Eye Bank Rules, 
inspection of the endothelium after storage is always manda-
tory. Nevertheless, the main aim of organ culture of corneal 
rims is to preserve a healthy corneal endothelium rather than 
maintaining epithelial health. Thus the aim of this study was 
to investigate the molecular profile of isolated corneal epithe-
lial cells that have been in storage for an extended time. Our 
results show a shift in the molecular signature of the corneal 
epithelial/stem cells with storage.

In this study we analysed three groups of molecular 
markers: stem cell-related markers (LGR5, ABCG2 and p63), 
cytokeratins, (CK3, CK12, CK4, CK18 and CK10, CK19) and 
two biomarkers of transdifferentiation (α-actin and vimentin). 
The appearance of α-actin and vimentin in epithelial cells 
marks a pathological state of metaplasia. Our immunocyto-
chemistry study on limbal epithelial cells showed staining for 
ABCG2, p63 and LGR5, which confirms previously published 
data (10,11) and confirms that they can be used as identifying 
markers for adult limbal stem cells. Our results show that a 
proportion of isolated human corneal epithelial cells possess 
limbal stem cell markers, indicating that these cells were 
still able to maintain the corneal limbal stem cell phenotype 
following cell isolation.

Limbal stem cell markers were also detected by analysis 
using RT-PCR and, additionally, some markers by Q-PCR. 
However, expression of ABCG2, LGR5 or p63α in some of the 
analysed samples appeared to be weaker by Q-PCR analysis 
(Fig. 3). Moreover, quantitative validation of p63α showed 
weak expression of this molecular marker. This disparity 
between samples may be explained by deleterious effects 
during eye bank tissue preservation and by the influence of 
many other uncontrolled factors including donor age, death-
to-preservation time and length of time in tissue storage. 

These factors can influence the expression of mRNA for the 
progenitor cell markers of interest while the actual proteins 
themselves may be relatively better retained. In addition, 
the numbers of expected progenitor cells will be lower with 
decreasing quality of the stored material and one study (9), for 
example, found that ABCG2 positive cells are only 0.20% of 
the total limbal epithelial cells.

Nevertheless, analysis of p63 expression by standard 
RT-PCR analysis showed that isolated cells expressed three 
different p63 isoforms (α, β and γ) indicating that among 
isolated cells there were also stem cells with proliferative poten-
tial and self-renewal properties. Expression of the p63 marker 
is the best indicator of the existence of holoclones, which is the 
best prediction for successful engraftment. However, RT-PCR 
analysis of one isoform of p63 (p63α) showed expression at a 
very low level indicating that isolated cells were predominantly 
transit amplifying cells from the central cornea, which could be 
differentiated into terminally differentiated corneal epithelial 
cells. This was also confirmed by strong co-expression of CK3 
and CK12 and also CK10, CK19.

The existence of a stem cell niche in isolated cornea was 
additionally confirmed by LGR5 expression. This study, for 
the first time, shows that human corneal epithelial cells express 
LGR5 at both the mRNA and protein level suggesting that this 
molecule can be considered as a new molecular marker of 
corneal epithelial cells. In the stem cell niche of the murine 
hair follicle, LGR5 was identified in actively cycling cells and 
it has been shown that LGR5-positive cells maintain all cell 
lineages throughout long periods of time and build new hair 
follicles (12). LGR5 is a potential candidate for a definitive 
marker of human corneal epithelial limbal stem cells and 
provides great promise for future cornea regenerative medi-
cine. However, more studies are needed to fully define and 
characterize LGR5 expression in different corneal regions as 
well as to validate its function.

Additionally, we also profiled cytokeratin expression 
in corneal cells. One study (13) has described a correlation 
between stem cell-related markers (ABCG2 and p63) and 
differentiation markers (cytokeratins CK3 and CK12) in 
progenitor cells. Our results show that extended organ-
cultured tissue retains a heterogeneous population of cells 
that include putative stem cells, normal differentiated cells 
and a proportion of epithelial cells expressing abnormal 
differentiation markers. The other cytokeratins that are major 
components of the corneal epithelium are CK4 and CK18. 
CK4 is a widespread component of stratified squamous 
epithelium, however, the existence of CK18 in adult human 
corneal epithelium is still a matter of controversy (14). Our 
results indicate that the isolated cells had high expression of 
both cytokeratins CK4 and CK18. This distribution pattern 
of cytokeratins, which belong to the intermediate-filament 
proteins, is very specific for corneal epithelium, is not 
encountered elsewhere and is characteristic of the terminal 
differentiation pathway of corneal epithelial cells. In this 
study, abundant expression of CK19 and vimentin was also 
detected (Fig. 3). Vimentin is an intermediate filament that is 
largely expressed in stromal cells and less differentiated cells. 
CK19 is predominantly a cytokeratin of conjunctival cells. 
Other researchers (15), have found vimentin positivity in LEC 
within the basal and suprabasal cells. Vimentin and CK19 
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have been reported (16,17) as being expressed by the same 
groups of cells. Thus the LEC represent a niche containing a 
heterogeneous population of predominantly epithelial cells. 
Moreover, it has been suggested that the loss of limbal stem 
cells through pathological processes may result in migration 
of conjunctiva-derived cells to the corneal surface. Therefore, 
the presence of conjunctiva-derived cells (cytokeratin 19 
positive cells) is interpreted as a feature of limbal stem cell 
deficiency and is confirmed by downregulation of progenitor 
stem cells markers (LGR5, ABCG2 and p63). Another study 
(18), also reported vimentin in a variety of limbal dysplastic 
lesions. However, vimentin expression has also been reported 
as a feature of corneal regeneration and been found in the 
epithelium of keratokonus specimens (19).

Our analysis of cornea-specific markers has also demon-
strated abundant expression of Pax6 (Fig. 3). Pax6 is a key 
factor in controlling the phenotype of ocular surface epithelia 
(20) and Pax6 expression is downregulated in squamous meta-
plasia. Biochemically, squamous metaplasia is characterised 
by the loss of cornea-specific keratins, CK3 and CK12, and 
by upregulation of CK1 and CK10. In our study there was a 
very strong co-expression of Pax6 and CK12. However, PCR 
profiling of corneal molecular markers also showed expression 
of CK10 (Fig. 2B), which suggests that there is an indication of 
abnormal differentiation. The concept of abnormal differenti
ation is strengthened by the observation of α-actin and vimentin 
in epithelial cells, which mark the pathological state of meta-
plasia (21). Gene expression of CK10, α-actin and vimentin 
suggest that the epithelial cells in storage are undergoing some 
form of stress potentially induced by environmental factors 
during the period of corneal preservation. These findings 
support our hypothesis that long-term preservation may 
decrease epithelial quality and health. Nevertheless, abundant 
expression of Pax6, CK3 and CK12 suggest that isolated cells 
retain phenotypic integrity.

In this study we have shown that long-term organ culture-
preserved corneal epithelial tissues have a heterogeneous 
population of cells that express genes consistent with stem 
cells (mRNA encoding p63, ABCG2 and LGR5 and immu-
nostaining for these markers) and cells with a differentiated 
phenotype (abundant expression of cytokeratins 12 and 
CK3). A proportion of cells expressed genes (CK10, α-actin 
and vimentin) that are not normally expressed by corneal 
or limbal epithelial cells. The expression of CK10, α-actin 
and vimentin may mark the abnormal cell differentiation 
associated with metaplasia. This finding may be important 
in further development of stem cell culture techniques. 
Storage- and culture-induced cell changes may affect the 
clinical outcome and usefulness of donor tissues and these 
factors should be taken into consideration in future clinical 
translational studies.
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