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This study aimed to investigate whether a representative adult stem cell/precursor cell isolation method (the
sphere-forming assay) could isolate cells with differences of telomere length, telomerase activity, and charac-
teristics reflecting senescence. The sphere-forming assay was performed to obtain precursors from cultured sixth
passage (P6) human corneal endothelial cells (CECs). P6 and P7 cultured CECs were used as the controls.
Telomere length, telomerase activity, and senescence-associated factors were evaluated in precursors and con-
trols. Precursors obtained from the spheres had longer telomeres and higher telomerase activity than cultured P6
cells. Strong positive staining for senescence-associated B-galactosidase activity was detected in P6 and P7
cultured CECs, whereas little or no staining was detected in the precursors within spheres obtained from
Pé-cultured CECs or their progeny. The progeny of spheres derived from cultured CECs were small regular cells
that grew at a higher density and contained more 5-bromo-2'-deoxyuridine-incorporating cells compared with
the parental cultured cells. These findings indicate that the sphere-forming assay enriches precursors with longer
telomeres, higher telomerase activity, and younger progeny than the original cells. Thus, the sphere-forming
assay may contribute to obtaining the young cells needed for regenerative medicine.

Introduction Corneal endothelial cells (CECs) are derived from the
neural crest'*'"® and form the corneal endothelial lining as a
TELOMERES ARE REPETITIVE GENE SEQUENCES that protect single layer of hexagonal cells that are considered not to
the ends of chromosomes. Each time a cell divides, the proliferate throughout a person’s lifetime.'® Although hu-
telomeres become shorter. Telomeres are synthesized and man CECs are arrested in the G1 phase of the cell cycle
preserved by telomerase, which is a ribonucleoprotein that in wvivo,'”'® these cells retain the ability to proliferate
maintains telomere length by adding G-rich repeats to the in vitro."* > We have previously isolated spheres from hu-
ends of eukaryotic chromosomes.'” Telomerase is found at man ex vivo CECs and cultured CECs, and have shown that
high concentrations in embryonic stem cells, but the amount  these spheres contain precursor cells.'®'" Novel techniques
of telomerase declines with age.>* Telomere length and tel-  that use cultured CECs or precursors obtained by the sphere-
omerase activity may affect the ability of adult stem cells to  forming assay as a cell source may be promising strategies
regenerate various tissues.” for the development of CEC transplantation in place of
The sphere-forming assay is a representative technique for  conventional corneal transplantation that requires a supply
the isolation of potential stem cells or precursor cells."™  of donor corneas in all cases. >
With this technique, isolated single cells are allowed to Our aim was to investigate whether the sphere-forming
proliferate in floating culture and form cell clusters (ie, assay, that is, multipotential stem cell/precursors isolation
sphere colonies) under cloriogenic conditions. This technique  method, can be a tool for selective isolation of young cells in
was initially devised to enrich neural stem cells'” and has  cultured cells. In this study, we compared telomere length
since been applied to isolation of multipotential stem cells or  and telomerase activity among cultured CECs, precursors
precursors from mouse and human skin,” mouse inner ear,”  derived from the cultured CECs, and their progeny. We also
and human corneal stroma.'® However, the telomere length  evaluated cellular characteristics reflecting senescence when
and/or telomerase activity in spheres isolated by this assay ~ cultured human CECs were grown as a cell sheet for po-
have not been investigated. tential use in regenerative medicine.

'Department of Ophthalmology, University of Tokyo Graduate School of Medicine, Tokyo, Japan.
fDepartment of Ophthalmology, Tokyo Women’s Medical University Medical Center East, Tokyo, Japan.
“Corneal Regeneration Research Team Foundation for Biomedical Research and Innovation, Hyogo, Japan.
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Materials and Methods
Isolation of sphere colonies from cultured human CEC

Human donor corneas were handled according to the
tenets of the Declaration of Helsinki of 1975 and its 1983 re-
vision. All of the donor corneas were obtained from Rocky
Mountain Lion’s Eye Bank. All corneas were considered to be
unsuitable for transplantation. Exclusion criteria for donor
cornea were low endothelial cell density (<2000 cells/mm?);
longer than 24 h between time of death and time of preser-
vation; and history of diabetes or glaucoma, sepsis, or ocular
infection. Donor ages were 39, 41, 43, and 47 years. All ex-
periments were performed using the same cell line. Primary
culture of human CECs was done using a modified version of
the protocol described elsewhere.® Briefly, CEC was re-
moved from the entire cornea including both the central and
peripheral areas. Small explants from the endothelial layer,
including Descemet’s membrane, were removed with sterile
surgical forceps. The explants were placed endothelial cell
side down onto four 35-mm tissue culture dishes coated with
bovine extracellular matrix, and the dishes were carefully
placed in an incubator. This coating dish was prepared by
primary bovine CEC culture and CEC removal with trypsin-
ethylenediaminetetraacetic acid (EDTA). All the primary
cultures and serial passages of CECs were in growth medium
consisting of low-glucose Dulbecco’s modified Eagle’s me-
dium (Invitrogen, Camarillo, CA) supplemented with 15%
fetal bovine serum, 2.5mg/L amphotericin B (Invitrogen),
2.5mg/L doxycycline, and 2ng/mL basic fibroblast growth
factor (bEGF; Sigma-Aldrich, St. Louis, MO). Cells from the
fifth to seventh passages were used for these studies. CECs
were incubated in 0.05% trypsin/EDTA (Invitrogen) at 37°C
for 5min, and then were dissociated into single cells by trit-
uration with a fire-polished Pasteur pipette. Isolated CECs
had a viability >90% as determined by staining with trypan
blue (Wako Pure Chemical Industries, Osaka, Japan). The
number of cells was determined with a Coulter counter
(Beckman-Coulter, Hialeah, FL). The sphere-forming assay
was performed for isolation of CEC precursors.”™"* Basal
medium was Dulbecco’s modified Eagle’s medium/F12
(Invitrogen) supplemented with B27 (Invitrogen), 20ng/mL
epidermal growth factor (Sigma-Aldrich), and 40ng/mL
bFGF. Basal medium containing methylcellulose gel matrix
(1.5%; Wako Pure Chemical Industries) was used to prevent
the re-aggregation of cells, as described elsewhere.'®"' Cul-
tured passage 5 (P5) or P6 CECs were cultured at a density of
10 viable cells/pL (40,000 cells per well or 1415 cells /em?) in
nontissue 60-mm culture dishes (BD Labware, Bedford, MA)
to obtain spheres. To distinguish growing spheres from dying
cell clusters, only clusters with a diameter of more than 50 pm
were used. For passaging, primary spheres (day 7) were
treated with 0.05% trypsin/0.02% EDTA and dissociated
into single cells that were added to 24-well culture plates
at a density of 10 cell/uL. To obtain their progenies, individ-
ual free-floating primary spheres (day 7) were collected
and subcultured separately by plating in 24-well culture
dishes.

P6 CECs obtained from cultured P5 CECs or precursors
obtained from the same P5 CECs were used to construct the
cell sheets. Late-passage CECs (P6 and P7) or precursors de-
rived from P6 CECs were used for in vitro investigation of
senescence-associated p-galactosidase (SA-B-Gal) activity, the
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length of telomere repeats, and telomerase activity to examine
differences between cultured CECs and precursors, because
these studies required an extremely large number of cells.

Evaluation of SA-$-Gal activity

Detection of SA-B-Gal activity was performed with a
commercial Senescence Detection Kit (BioVision Research
Products, Mountain View, CA) according to the manufac-
turer’s instructions. We used cultured cells or spheres from
four donor corneas (39, 41, 43, and 47 years of age). Late-
passage cells (P6 and P7) were prepared for the measurement
of SA-B-Gal activity and telomere length. Confluent day 7 P6
or P7 CECs, day 7 spheres derived from P6 CECs, or day 7
progeny derived from spheres were stained with SA-B-Gal, as
described elsewhere.”® Briefly, confluent cells in 24-well plates
or spheres were washed with Ca>*- and Mg”*-free Dulbecco’s
phosphate-buffered saline (PBS; Sigma-Aldrich), fixed for
15 min at room temperature, and then incubated overnight at
37°Cin a staining solution that contained 5-bromo-4-chloro-3-
indoyl-galactopyranoside at pH 6.0 according to the manu-
facturer’s protocol. On the next day, the cells were washed
with PBS for 15min. A blue color indicated the presence of
SA-B-Gal activity. Staining was observed at a 20-fold magni-
fication, and bright-field photomicrographs of the central area
of each dish were obtained with a microscope (BX50; Olym-
pus, Tokyo, Japan). Images were evaluated on a computer
(Photoshop version 6.0; Adobe Systems, San Jose, CA). The
intensity of SA-B-Gal activity was graded in each cell as fol-
lows: 0, no staining; 1, focal weak staining; 2, multifocal
moderate staining; and 3, multifocal intense staining (see
Fig. 2E). Graded cells were counted with Image-] software
(http: //rsb.info.nih.gov/ij/) developed by Wayne Rasband
and provided in the public domain by National Institutes of
Health, Bethesda, MD). Individual cells were identified for
counting through observation of their borders by bright-field
microscopy. The number of cells that showed staining for
SA-B-Gal and the grade of SA-B-Gal activity in four photo-
graphs from four dishes (800%600 um) were averaged. Cells
with unclear images were eliminated from assessment. The
average total number of cells counted was 714.3 cells. The
percentage of cells stained for SA-f-Gal was calculated
with the following formula: 100x (number of cells stained
by SA-B-Gal/total number of cells).

As for the preparation of spheres, the collected free-float-
ing spheres were placed in 24-well plates, stained with SA-B-
Gal under the same conditions as used for the cells on the
tissue culture dishes, and observed under the microscope.
The total number of spheres counted was 45. SA-B-Gal-
stained cultures were evaluated in a masked fashion by two
observers and there was no difference between the results of
the two observers.

Southern blot analyses of telomere repeat length

The cells from the cornea of a 41-year-old donor were used
in this study. P6 or P7 CECs cultured for 7 days (almost
confluent), day 7 spheres derived from P6 CECs, and day 7
progenies from Pé CECs derived from spheres (almost con-
fluent) were stored at —70°C until DNA was isolated. DNA
was isolated with a Gentra DNA Purification Kit (Gentra
Systems, Minneapolis, MN) according to the manufacturer’s
protocol. Briefly, cells were minced in TNE (10mM, Tris
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hydrochloride [pH 7.5], 100 mM NaCl, and 10mM EDTA),
sodium dodecyl sulfate (SDS, 0.5%) and proteinase K
(100 pg/mL) were added, and DNA was incubated at 55°C for
at least 1h. Then, DNA was isolated by phenol-chloroform
extraction and precipitation with isopropanol. Incubation
with proteinase K and extraction were repeated once, and
DNA thus obtained was dissolved in TE (10 mM Tris hydro-
chloride [pH 7.5} and 0.1 mM EDTA) at 200 to 500 jig/mL and
stored at4°C. Extracted DNA (10 pg) was completely digested
with Hinfl (Takara Shuzo, Otsu, Japan) to measure the length
of the telomere repeats. Digested DNA was precipitated in
ethanol, resuspended in TE (pH 8.0), and subjected to spec-
trophotometry to assess purity and quantity. Digested DNA
(10 pug/lane) was loaded onto 0.8% agarose gels (SeaKem
GTG; Cambrex Bio Science Rockland Inc., Rockland, ME) for
clectrophoresis. DNA was denatured by soaking the gels in
0.5M NaOH with 1.5 M NaCl twice for 30 min each, and then
in 0.5M Tris hydrochloride (pH 7.5) with 3M NaCl twice for
30min. Then, DNA was transferred to a nylon membrane
(Hybond N; GE Healthcare Bio-Sciences, Piscataway, NJ).
Probes were labeled with [y-**P}-ATP (GE Healthcare Bio-
Sciences) by using a 5 end-labeling kit (Megalabel; Takara
Bio, Shiga, Japan). The DNA target was prehybridized over-
night at 65°C with denatured salmon sperm DNA (Wako Pure
Chemical Industries), and then was hybridized overnight at
50°C with a 5'-end [y-**P}-labeled repeat (TTAGGG), (Grei-
ner, Frickenhausen, Germany) in 10x modified Denhart's
solution with 1M NaCl, 50mM Tris-HCl (pH 7.4), 10mM
EDTA, 0.1% SDS, and 50 ug/mL denatured salmon sperm
DNA. Membranes were washed twice with 2x standard sa-
line citrate (pH 7.0) containing 2% SDS at 50°C for 30 min, as
well as once with 0.1 x standard saline citrate containing 0.1%
SDS at 50°C for 30 min. Then, autoradiography was done with
a BAS-5000 (Fujifilm, Tokyo, Japan). The signal intensity was
measured using ImageGauge software (Fujifilm Medical
System, Stamford, CT), and the signal peaks were used to
estimate the lengths of telomere repeats. Circularized % xHind
HIDNA fragments were used as molecular markers (from top
to bottom: 23.1, 94, 6.6, 4.3, 2.3, and 2.0kb). Southern blot
analyses of telomere repeat length require a large number of
cells (i.e., 1,000,000 cells) and we used spheres from 20 non-
tissue 60-mm culture dishes with one experiment. The cul-
tured cells from donors other than a 41-year-old donor could
not be used for this experiment because of the insufficient
number of cells.

Telomerase aclivity

We performed four experiments per each cell line from
four donor comeas (39, 41, 43, and 47 years old). Our pre-
liminary observations showed little or no telomerase activity
in P6 confluent CECs. Therefore, we used subconfluent P6 or
P7 CECs cultured for 6 days, day 6 spheres derived from P6
CECs, and subconfluent day 6 progeny derived from the
spheres to compare the telomerase activity of proliferating
spheres with that of cultured cells. All samples were stored
at —70°C. For analysis of telomerase activity, the Telo
TAGGG Telomerase PCR Elisaplus kit (Roche Diagnostics,
Mannheim, Germany) was employed according to the man-
ufacturer’s instructions. This assay is based on the internal
activity of telomerase, with the product being amplified
by polymerase chain reaction (PCR) and detected with an
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enzyme-linked immunosorbent assay that was an extension
of the telomeric repeat amplification protocol originally
described by Kim et al.** Cell lysates obtained from 2x10°
cells were analyzed by PCR to detect telomerase activity.
This was a two-step process in which telomerase-mediated
elongation products were subsequently amplified by PCR to
allow highly sensitive detection of telomerase activity. A 216
bp homologous standard (internal standard) provided with
the kit allowed clear detection of Taq DNA polymerase in-
hibitors. Each sample (5 pL) was inactivated by incubation at
95°C for 10 min before performing the telomeric repeat am-
plification protocol assay to inactivate telomerase protein
and produce negative controls. PCR was done in a thermal
cycler (I-Cycler; Bio-Rad Laboratories, Hercules, CA) with
primer elongation for 1 cycle at 25°C for 30 min, telomerase
inactivation for 1 cycle at 94°C for 5min, amplification (de-
naturation) for 1 to 30 cycles at 94°C for 30s, annealing at
50°C for 30s, polymerization at 72°C for 90s, and final ex-
tension at 72°C for 10 min. An aliquot of the PCR products
was denatured and hybridized to a digoxigenin-labeled,
telomeric-repeat-specific detection probe. This hybrid was
then immobilized to a streptavidin-coated microtiter plate by
the biotin-labeled primer. Finally, the digoxigenin label was
detected with anti-digoxigenin peroxidase. The probe was
observed by peroxidase metabolizing tetramethyl benzidine
to form a colored reaction product, and the intensity of the
color was measured at 450 nm with a microtiter plate reader
(ARVO™ MX 1420 multilabel counter; Perkin Elmer Japan,
Yokohama, Japan). Four different experiments were ana-
lyzed for quantification. Mean values calculated from the
four experiments were averaged in each cell line.

Human amniotic membranes

This study was approved by the Human Studies Review
Board of the University of Tokyo Graduate School of Medi-
cine and was performed in accordance with the 1975 De-
claration of Helsinki and its 1983 revision. After informed
consent was obtained from each subject, human placentas
were harvested under sterile conditions at elective cesarean
section. The amniotic membrane was dissected from the cho-
rion with forceps and washed several times with sterile saline
to remove any adherent blood clots. Under sterile conditions,
the amniotic membrane was then rinsed three times in PBS
containing 0.1 mg/mL streptomycin (Sigma-Aldrich) and
0.25 pg /ml amphotericin B (Sigma-Aldrich), and was cut into
pieces measuring approximately 3.0x3.0cm. These tissue
pieces were frozen and stored at —80°C in a cell bank (Wako
Pure Chemical Industries). Amniotic tissues were thawed
by warming to room temperatures for 10min, rinsed three
times in saline, and incubated in PBS with 0.02% EDTA at
37°C for 180 min to loosen the amniotic epithelial cells. Then,
the epithelial cells and residual chorion were removed by
gentle scraping with a cell scraper (Becton Dickinson, Lincoln
Park, NJ), and the membrane pieces were washed three times
with PBS.

Migration and proliferation of CE spheres
on human Descemet’s membrane ex vivo

Day 7 spheres derived from P6 CECs were labeled with a
fluorescent cell tracker (CM-Dil; C-7000; Molecular Probes,
Eugene, OR). Dil-labeled spheres were seeded onto the
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denuded Descemet’s membrane in culture, after which the
corneas were placed in 24-well plates. The plated corneas
were maintained in culture medium for 7 days. Fluorescence
of spheres that migrated was viewed under a fluorescence
microscope, and the area occupied with cells that had mi-
grated from the spheres was measured by the National
Institutes of Health Image program (n =10).

Construction of a human CEC sheet using precursors

Pieces of acellular amniotic membrane (2.0x2.0 cm) were
spread, basement membrane side up, on the bottom of
24-well culture plates. Primary spheres (day 7) derived from
cultured PS5 CECs were treated with 0.5% EDTA and disso-
ciated into single cells, which were plated at a density of 530
viable cells/uL (5.3x10° cells/well or 3000 cells/mm?) on the
denuded amniotic membranes and maintained in low glu-
cose Dulbecco’s modified Eagle’s medium (Invitrogen) sup-
plemented with 15% fetal bovine serums and 2 ng/mL bFGF
for another 2 days. As a control, cells from P5 CECs were
cultured under the same conditions.

After growth of the cell sheet, cell morphology and density
were evaluated under an inverted phase-contrast microscope.
The number of cells in a 0.1x0.1 mm square was counted at
four different sites on each of four sheets constructed from
CECs and CEC precursors. Then, the cell sheets were bisected
for immunohistochemical analysis.

Histological examination

Cell sheets were fixed in PBS with 4% paraformaldehyde
(Wako Pure Chemical Industries) for 10min. After being
washed in PBS, the cell sheets were incubated for 30min
with 3% bovine serum albumin (BSA; Sigma-Aldrich) in PBS
containing 0.3% Triton X-100 (Rohm & Haas, Philadelphia,
PA) (BSA/PBST) to block nonspecific binding. Then, the
sheets were incubated for 2h at room temperature with the
following specific primary antibodies diluted in BSA/PBST:
mouse anti-cytokeratin 3 monoclonal antibody (mAb, AE-5;
Progen Biotechnik, Heidelberg, Germany), rabbit anti-ZO-1
Ab (1:400; Invitrogen), mouse anti-nestin mAb (1:400; Becton
Dickinson), or mouse anti-bromodeoxywridine (BrdU)/
fluorescence mAb (1:100; Roche Diagnostics, Basel, Switzer-
land). As for staining of ZO-1, nuclei were counterstained
with Hoechst 33342 (1:2000; Molecular Probes). Mouse im-
munoglobulin (IgG; 1:1000; Sigma-Aldrich) was used as the
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control in place of the primary antibody. After being washed
in PBS, the cell sheets were reacted for 1h at room temper-
ature with fluorescence-labeled goat anti-mouse IgG (Alexa
Fluor 488, 1:2000; Molecular Probes) and fluorescence-
labeled goat anti-rabbit IgG (Alexa Fluor 594, 1:400; Mole-
cular Probes) as the secondary antibody. Fluorescence was
observed under a fluorescence microscope (model BH2-RFL-
T3 and BX50; Olympus).

Statistics

One-way analysis of variance and Scheffe’s multiple com-
parison test were used to compare mean values. The level of
significance was set at p < 0.05. All analyses were performed
with the Stat View statistical software package (Version 5;
Abacus Concepts, Berkeley, CA).

Results
Sphere formation from P6-cultured human CECs

Pé-cultured human CECs (Fig. 1A) were disaggregated
into single cells that were cultured under floating conditions
for 7 days. As a result, spheres developed and grew larger,
while nonproliferating cells were eliminated. Representative
images of growing spheres are shown in Figure 1. Only
single cells were observed in culture medium containing
methylcellulose gel matrix that prevented re-aggregation
(Fig. 1B). Spheres developed from the single cell suspension
on day 3 (Fig. 1C) and grew larger by day 7 (Fig. 1D). Many
cells migrated from the sphere colonies (Fig. 1D), and the
progenies from sphere colonies could be passaged twice. The
number of sphere colonies obtained from the P6 CECs after
7 days of culture was 42.3+7.9 per 10,000 cells (mean
standard deviation). When the primary sphere colonies from
P5 CECs were dissociated into single cells and were cultured
in the presence of methylcellulose gel matrix, secondary and
tertiary sphere colonies were generated. To estimate the
number of spheres needed to cover the inner surface of the
cornea (Descemet’s membrane), Dil-labeled spheres were
prepared and seeded onto the denuded Descemet’s mem-
brane in culture. The mean area covered per Dil-labeled
sphere was 1.2+ 0.2mm* on day 7. Therefore, the number
of spheres needed per cornea was calculated to be 75. Ap-
proximately 150 spheres may be enough to use for clinical
cases to allow for loss of spheres that failed to adhere.™

P6 CEC

Sphere Day 0

FIG. 1.

Sphere Day 3

Sphere Day 7 Progenies

Representative sphere formation from passage 6 (P6)-cultured human comeal endothelial cells (CECs). Pé-cultured

CECs are derived from a 43-year-old donor (A). Single cells were grown under serum-free floating culture conditions for 7
days. Dissociated single cells are observed in medium containing methylcellulose gel matrix (B). A sphere colony has grown
from a single cell on day 3 (C) and has become large on day 7 (D). Adherent progenies migrate from the sphere colonies (E).

Scale bars = 100 pm.
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SA-f3-Gal activity of cultured human CECs
or CEC precursors

Cells were stained for SA-B-Gal to determine the propor-
tion of senescent cells in each population. Positive staining for
SA-B-Gal activity was detected in P6-cultured human CECs
(Fig. 2A) and prominent-positive staining was observed in
P7-cultured human CECs (Fig. 2B), whereas little staining was
detected in the precursors within spheres derived from
P6-cultured CECs (Fig. 2C, D) or their progeny (Fig. 2E). SA-B-
Gal staining was graded to measure the relative staining
intensity. Micrographs in Figure 2F illustrate the different
grades of SA-B-Gal staining observed in the cultured CECs.
The graph in Figure 2G shows that the percentage of CECs

5

positive for SA-B-Gal was higher in P7 than P6 cultures
(96.8% +11.4% vs. 68.5+4.2%). No SA-B-Gal staining was
observed in the precursors within spheres. Among the prog-
eny derived from spheres, the percentage of cells showing
SA-B-Gal staining was 80.9% 1-3.4% at an intensity of 0,
147%+£42% at 1, 3.3%£12% at 2, and 0.0% 4 0.0% at 3.
SA-B-Gal staining in the progeny was less than that in P6- and
P7-cultured CECs.

Length of telomere repeats

The average telomere length was calculated based on the
results of Southern blotting. P7-cultured human CECs had
shorter telomeres (9.5kb) than P6 human CECs (10.4kb),

Percentage of B-Gal Positive Cells

Grade

0o
1
H2
|3

P6 P7
CEC CEC

Progenies

Spheres

FIG. 2. Histochemical analysis (A=E) and scoring (F, G) of senescence-associated fB-galactosidase (SA-B-Gal) activity in P6-
and P7-cultured human CECs, spheres derived from P6-cultured CECs, and the progeny of the spheres. Cells are derived from
four donor corneas and photographs show representative cell images from cornea of a 47-year-old donor. Cells were cultured
for 7 days. There is a low level of positive SA-B-Gal staining in P6 CECs (A), and increased staining in P7 CECs (B). There is no
SA-B-Gal staining of the precursors within a sphere (C, D) and little positive SA-B-Gal staining of the progeny derived from a
sphere (E). SA-B-Gal intensity was graded as 0 (no staining), 1 (focal weak staining), 2 (multifocal moderate staining), or 3
(multifocal intense staining) as shown in (F). (G) Average percentage of SA-B-Gal-positive cells in each grade. Experiments were
repeated four times with substantially similar results and the data were averaged. Scale bars: (A-F) 100 pm.
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confirming that passaging of cells shortens telomere repeat
length in vitro (Fig. 3). The average telomere length of pre-
cursor cells within spheres (11.4kb) and their progeny
(10.6 kb) was longer than that of P7-cultured human CECs
(9.5kb).

Telomerase activity

Absorbance by the internal standards at 450nm ranged
between 0.691 and 0.717, and negative controls ranged be-
tween 0.052 and 0.063. No significant differences were de-
tected with respect to the mean levels for internal standards
and negative controls among the four groups (Fig. 4). Little
or no telomerase activity was detected in P6 and P7 conflu-
ent CECs (data not shown). One-way analysis of variance
showed significant differences in the telomerase activity
among four groups (F=10.685, p = 0.00105). The telomerase
activity of subconfluent P6 human CECs was significantly
higher than that of subconfluent P7 CECs (p=0.01725,
Scheffe’s multiple comparison test, Fig. 4). Cells in the
spheres derived from P6 human CECs showed a significantly
higher level of telomerase activity than Pé-cultured human
CECs (p = 0.02665, Scheffe’s multiple comparison test, Fig. 4),
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FIG. 3. Southern blot analysis of the length of telomeric
repeats (A) and diagram showing the average length of
telomeres (B) in each cell type. Cells are derived from a
41-year-old donor. DNA was digested with the restriction en-
zyme Hinfl and hybridized with the 32p_Jabeled (TTAGGG)4
probe. The average length of telomeres in the precursors
from spheres (11.4kb) and their progeny (10.6 kb) was longer
than that of P7-cultured human CECs (9.5kb). Markers were
% DNA/Hind I fragments (from top to bottom: 23.1, 9.4, 6.6,
43, 2.3, and 2.0kb). Lane M, molecular marker; lane 1, P6
CEC; lane 2, P7 CEC; lane 3, precursors from a sphere de-
rived from P6 CEC; lane 4, progeny derived from a sphere.
Average telomere length is shown as bars (B).
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[} Negative Control {n=4)

1.2~ B sample (n=4)
[] Internal Standard (n=4)
1h P=0.10928
P=0.32279
P=0.02665 |
osl |[P=001725 P=000019 | P=0

Absorption 450 nm

il

Progenies

!

P6 P7
HCEC HCEC

FIG. 4. Telomerase activity in P6- and P7-cultured human
CEC, spheres derived from Pé-cultured human CEC, and
progeny of the spheres. Cells were cultured for 6 days and
then analyzed using a Telo TAGGG Telomerase PCR ELISA
PLUS kit. Heat-treated samples were employed as the neg-
ative control, and internal standards provided in the kit were
the positive control. Error bars show the standard deviation
(n=4 each). Telomerase activity is significantly lower in
P7-cultured CECs than in Pé-cultured CECs. The cells of
spheres derived from P6 CECs show significantly higher
telomerase activity than Pé-cultured CECs. One-way analy-
sis of variance and Scheffe’s multiple comparison tests were
used to compare mean values.

|

Spheres

suggesting that these cells had the capacity to proliferate
actively. Progeny from spheres showed lower telomerase
activity than spheres (p=0.00112, Scheffe’s multiple com-
parison), but no significant difference was detected between
progeny and P6 human CECs or between progeny and P7
human CECs (Fig. 4).

Morphology of cells in human CEC sheels
constituied from human P5 CEC-derived
precursors or Pé-cultured CECs

We used a thin transparent denuded amniotic membrane,
which consisted entirely of amniotic stroma and was devoid
of epithelial cells and chorion. We could observe clearly
CECs through the transparent amniotic membrane using an
inverted phase-contrast microscope. The cells obtained from
P5 CEC-derived spheres showed a typical CEC morphology
as they grew on the amniotic membrane 48 h after seeding
(Fig. 5). Histological examination revealed a hexagonal
monolayer of CEC precursors anchored to the membrane.
The cell density was 35.5% higher in the CEC precursor
sheets created from P5 CEC-derived spheres (n=4) than in
Pé-cultured CEC sheets (n=4), and there was a significant
difference between the two groups (p=0.00051, unpaired
i-test). Figure 5C and G shows expression of the tight junc-
tion protein ZO-1 by CECs. Cells in the precursor sheets
cultured on amniotic membranes had a CEC-like regular
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FIG. 5. Construction of cell sheets using human CEC precursors (A-D, I-K) or cultured human CECs (E-H, L-N). Cells are
derived from a 39-year-old donor. Precursor cells from P5-cultured CEC-derived spheres dissociated with ethylenediami-
netetraacetic acid or P6-cultured human CECs were seeded on amniotic membrane pieces and maintained in serum-free
culture medium. After 48h, the adherent and proliferating precursor cells achieved a higher density on the amniotic
membrane compared with P6-cultured CECs (A, E). P5 CEC-derived precursor cells (B-D) have a more regular hexagonal
shape than P6 cultured CECs (F-H), as shown by staining for ZO-1 (D, H). Nuclei counterstained with Hoechst 33342 (B, F).
P5 CEC-derived precursors demonstrate considerably more positive staining for bromodeoxyuridine (BrdU) (I, L) and nestin
(J, M) compared with P6-cultured CEC. No staining for corneal-epithelium-specific cytokeratin 3 is detected in either type

of cell (K, N). Scale bars represent 100 pm.

hexagonal shape (Fig. 5C), unlike the variable shape and size
of cells in the sheets derived from cultured CECs (Fig. 5G).

A larger number of BrdU- and nestin-positive cells were
detected in P5 CEC-derived precursor sheets compared with
P6-cultured CEC sheets (Fig. 5I, J, L, M). Cytokeratin
3-positive cells were not observed in either type of cell sheet,
indicating no contamination by corneal epithelial cells

(Fig. 5K, N).

Discussion

Cellular senescence is characterized by enlargement of
cells, inability to regenerate, and an increase of SA-B-gal
activity, and is induced by critical telomere shortening.® Our
findings clearly demonstrated that cells isolated from cul-
tured CECs by the sphere-forming assay had longer telo-
meres and higher telomerase activity than the original cells.
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The progeny of the spheres showed little staining level for
the cell senescence marker SA-B-Gal and high expression
of the immature cell marker nestin. They also had a regular
morphology and grew at a higher density with greater BrdU
incorporation than passaged cells derived from the same
parental cells. These findings indicate that the sphere-
forming assay is an easy and useful method of isolating
young (precursor) cells from various other cells.

The corneal endothelium is derived from the neural crest
and our previous study demonstrated that spheres derived
from donor corneal CEC express an immature cell marker
(nestin), an immature neuronal marker (B-III tubulin), and a
mature glial cell marker, whereas their progenies express
B-III tubulin and nestin.' In contrast, the progenies of pre-
cursors derived from cultured human CECs show decreased
expression of immature cell markers {nestin).1! Additionally,
nestin is localized in the precursor cells in the posterior lim-
bus of human cornea.®® A larger number of nestin-positive
cells were detected in P5 CEC-derived precursor sheets
compared with P6-cultured CEC sheets (Fig. 5], M). These
findings suggest that the nestin-positive precursors on am-
niotic membrane were closer in nature to the original tissue.

Telomerase activity is high in germ cells and decreases
in the sperm and ova.* In almost all somatic cells, telomerase
activity is undetectable or very low. In human CECs, the
telomerase was localized in the peripheral CECs,®® but the
central CECs show no telomerase activity>® Adult stem cells
also show undetectable or low telomerase activity regardless
of their proliferative capacity, whereas committed precursors
with high proliferative activity have comparatively high
levels of telomerase activity."> However, their telomerase
activity is still not adequate for maintenance of telomere
length.* In this study, spheres derived from cultured CECs
(e, CEC precursors with limited self-renewal capacity)”
showed higher telomerase activity that was consistent with
the characteristics of lineage-committed precursors rather
than adult stem cells with lower telomerase activity.

The level of telomerase activity is associated with the pro-
liferative capacity of cells® and in vitro mitogenic stimulation
upregulates telomerase activity in human lymphocytes de-
spite the very low telomerase activity of unstimulated lym-
phocytes® In our present study, little or no telomerase
activity was detected in confluent cultured cells (data not
shown). Therefore, we used subconfluent cultured cells as the
control for comparison with the telomerase activity of pro-
liferating spheres in floating culture. The moderate telomerase
activity of cultured CECs and high telomerase activity of
proliferating spheres are consistent with previous find-
ings, %% 50 our experimental design seemed to be appro-
priate for evaluation of telomerase activity in these cells. The
telomerase activity of the subconfluent progeny was inter-
mediate between that of the P6 and P7 CECs and much lower
than the spheres from which they were derived. These results
suggest that the progeny possesses a higher-proliferative
potential than the passaged P7 CECs. Additionally, progeny
from sphere colonies could be passaged twice and showed
almost same doubling times. Secondary and tertiary sphere
colonies were generated from the primary sphere colonies
from P5 CECs, but quaternary colonies were not generated.
These results indicate that the capacity for self-renewal of
sphere colonies derived from cultured CECs is limited.
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The telomere length of human CEC in vivo has been re-
ported to be 11-12.5 kb,?® and there was no significant dif-
ference in telomere length between the central and peripheral
areas of human donor corneas.*” Normally, a small amount
of telomeric DNA (~50-100bp) is lost with each human
somatic cell division.* The average telomere length of pre-
cursor cells within spheres (11.4kb) was longer than that of
P7-cultured human CECs (9.5 kb), suggesting that precursor
cells within sphere possess stronger replicative capacity of
approximately 19-38 divisions in culture compared with
P7-cultured human CECs. Cells isolated from spheres had
longer telomeres than the original cells, but the mechanism by
which telomeres were elongated in the sphere-derived cells is
unknown. It was reported that overexpression of telomerase
leads to elongation of telomeres in human bone marrow
stromal cells,** whereas telomerase overexpression does not
prevent proliferation-associated telomere shortening in
human hematopoietic cells ** Because only 0.5% of cultured
human CECs are sphere-forming cells, it may be that cells
with long telomeres are selectively isolated by this assay and
senescent cells with shorter telomere are eliminated. How-
ever, we should also note the possibility that temporary
upregulation of telomerase elongates the telomeres to some
extent during culture.

With respect to the clinical application of CEC sheet
transplantation in place of full thickness corneal grafts, the
feasibility of harvesting cultured CECs has been reported.”™°
Cultured CECs are an attractive source for regenerative
medicine because there are not enough donor corneas any-
where in the world, while cultured CECs could create a
number of corneal sheets for transplantation. Passaging of
cultured CECs, however, leads to senescence, and the cul-
tured cells become larger and more senescent with older do-
nor age and increasing passage number**** Our data
suggest that the sphere-forming assay could be a useful tool to
maximize the number of CECs from a donor cornea and it
may even become a standard technique to obtain cells for
regenerative medicine.

Insummary, the sphere-forming assay can isolate cells with
longer telomeres from cultured CECs. The spheres contain
precursors with a high telomerase activity. The progeny de-
rived from spheres show little staining for the senescence
marker SA-B-Gal, have a regular morphology, and grow at a
higher density compared with passaged CECs from the same
source. These findings indicate that the sphere-forming assay
enriches precursors with longer telomeres, higher telomerase
activity, and younger progeny than the original cells, and
it may contribute to obtaining the young cells needed for
regenerative medicine.
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