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Purpose: The evidence is increasing that cancer stem cells (CSCs) expressing embryonic and neuronal stem cell
markers are present in human retinoblastoma (Rb). This study was conducted to determine whether stem-like cancer
cells (SLCCs) in Rb express retinal stem cell–related genes and whether SLCCs can directly differentiate into retinal
neurons.
Methods: The cancer stem cell characteristics in WERI-Rb1 cells were determined with Hoechst 33,342 staining,
clone formation assay, and CD133 flow cytometry. The expression of embryonic stem cell and retinal stem cell–related
genes was analyzed with real-time PCR and immunofluorescence. The SLCCs were induced to differentiate into retinal
neurons by the addition of Dickkopf-related protein 1 and Lefty-A.
Results: A small but persistent population of cells excluding Hoechst dye in a verapamil-sensitive manner exhibited a
cancer stem cell–like phenotype. The SLCCs displayed highly clonogenic abilities and increased CD133 expression
with isolation and expansion in culture in serum-free medium. By comparing the expression of stem cell markers, we
found Oct3/4 was more highly expressed in the SLCCs than in human embryonic stem cells. Together with the
properties of intrinsic retinal stem cell–related gene expression, we found SLCCs can be induced into neuron-like cells
that express glial fibrillary acidic protein and rhodopsin (a photoreceptor cell marker).
Conclusions: These findings provide new insight into cancer stem cells and used a strategy of an artificial change of
cancer stem cell fate with transcription factors.

Stem cells are defined as cells that can perpetuate
themselves through self-renewal and generate mature cells
of a particular tissue through differentiation. There are two
broad types of stem cells: embryonic and adult stem cells
[1]. Recently, focus has been increasing on a specific type
of stem cell—cancer stem cells (CSCs). CSCs are cells
found within tumors or hematological cancers and share
characteristics of normal stem cells, such as extensive
proliferation, self-renewal, and multipotency [1]. CSCs were
first found in acute myeloid leukemia [1,2] and were later
found in several cancers, including breast cancer [3], human
brain tumors [4], and ovarian cancer [5].

Side population (SP) cells are a particular cell
population enriched in primitive and undifferentiated cells
[6-8]. Analysis of the hematopoietic system has shown that
bone marrow stem cells contain a subpopulation that
effluxes the DNA binding dye, Hoechst 33,342, out of the
cell membrane. These cells are called SP cells and are
shown to have stem cell characteristics and enrich the stem
cell population [9]. SP cells isolated from tumors have
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proved to be an attractive alternative for studying CSCs
[10].

Retinoblastoma (Rb), the most common childhood
tumor of the eye, is caused by the inactivation of both
alleles of the retinoblastoma 1 (Rb1) gene [11]. Previous
reports have demonstrated that stem cells expressing
embryonic and neuronal stem cell markers are present in
human Rb [12-14]. In 2007, our research group successfully
designed culture methods for selecting and expanding stem-
like cancer cells (SLCCs) in Rb [15]. Interestingly, the
cultured cells also expressed retinal development–related
genes.

Based on these characteristics of SLCCs in Rb, we
asked whether SLCCs in WERI-Rb1 express embryonic and
retinal stem cell–related genes and whether the cells can
differentiate directly into retinal neurons, as human
embryonic stem cells (hESCs) [16-18] and induced
pluripotent stem cells (iPSCs) [19] can.

METHODS
Cell culture: The human retinoblastoma cell line, WERI-
Rb1, obtained from the American Type Culture Collection
(ATCC, Manassas, VA), was maintained in RPMI-1640
Medium (Hyclone, Logan, UT) with 10% fetal bovine
serum (FBS; Gibco, Carlsbad, CA) [20]. We used a serum-
free medium (SFM) to isolate and maintain the SLCCs from
WERI-Rb1 according to described procedures [15,21,22].
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Briefly, WERI-Rb1 cells were seeded in SFM for SLCCs
selection. Ten to 14 days later, large neurosphere-like tumor
spheres were harvested and passaged by 1 to 2 or 1 to 3 in
SFM. The SFM contained 20 ng/ml basic fibroblast growth
factor (bFGF; PeproTech, Rocky Hill, NJ), 20 ng/ml
epidermal growth factor (EGF; PeproTech), and 20 ng/ml
leukemia inhibitory factor (LIF; Millipore, Temecula, CA)
at a density of 100,000 cells/ml [15,21,23]. Neurosphere-
like tumor spheres were passaged with mechanical
dissociation to single cells using a Pasteur pipette every 3–4
days and reseeded in the medium described above at
100,000 cells/ml. All of the cells used in this study were
placed in a 37 °C humidified incubator with 5% CO2 and
observed under inverted microscopy every other day.

The hESCs line BG01V was obtained from the ATCC
and propagated on mitomycin-C-inactivated mouse
embryonic fibroblasts (MEFs; Millipore) in hESC medium:
Dulbecco's Modified Eagle Medium/F12 (DMEM/F12 ;
Gibco; 1:1) with 20% knockout serum replacement, 0.1 mM
nonessential amino acids, 2 mM L-glutamine, 50 units/ml
penicillin G, 50 μg/ml streptomycin sulfate (all from
Gibco), 0.1 mM beta-mercaptoethanol (Millipore), and 4
ng/ml bFGF (PeproTech). The hESCs were passaged
enzymatically every 7 days. Briefly, cells were washed with
DMEM/F12 (1:1) and then incubated with collagenase IV
(1 mg/ml in DMEM/F12, Gibco) for 40 min at 37 °C and
5% CO2. Any semiadhered hESC colonies were pushed off
the plate with a plastic pipette, and colonies were
sedimented via centrifugation. Cell colonies were broken up
into smaller cell aggregates by trituration of the harvested
colonies in hESC medium. Triturated cells were then plated
on new mitomycin-C-inactivated MEFs and incubated at
37 °C with 5% CO2 for 48 h, and media were changed daily.

Hoechst staining for side population detection: The Hoechst
33,342 labeling and flow cytometry analysis of the SP cells
were performed following the Geng et al. [24,] procedure
with minor modifications. Single suspension WERI-Rb1
cells were stained with Hoechst 33,342 dye for 90 min.

Because Hoechst 33,342 extrudes from cells treated with
verapamil, a subset of the cells were incubated with
verapamil to determine whether this would block the
fluorescent efflux of SP cells. The cells were analyzed with
fluorescence-activated cell sorting when they had reached a
logarithmic growth phase (24 h after replating). The cells
were resuspended at 106/ml in RPMI-1640 supplemented
with 2% FBS and preincubated in a 1.5-ml Eppendorf tube
at 37 °C for 10 min. The cells were then labeled in the same
medium at 37 °C for 90 min with 5 μg/ml Hoechst 33,342
(Sigma-Aldrich, St. Louis, MO), a DNA-binding dye, either
alone or combined with 50 μM verapamil (Sigma-Aldrich),
an inhibitor of some adenosine-5′-triphosphate-binding
cassette transporters. The cells were washed twice with cold
PBS buffer (containing 137 mM sodium chloride, 2.7 mM
potassium chloride, 4.3 mM disodium hydrogen phosphate
and 1.4 mM potassium dihydrogen phosphate, PH 7.4;
Gibco) containing 2% FBS, and flow cytometry analysis
was performed using a MoFlo XDP cell sorter (Beckman
Coulter, Fullerton, CA). The Hoechst 33,342 dye was
excited with a ultraviolet laser at 350 nm, and the
fluorescence emission was detected through 450/40-nm
band-pass (Hoechst blue) and 695/40-nm long filters
(Hoechst red), respectively. The SP, non-SP, and
unfractionated or total population cells were gated as shown
in Figure 1.
Clone formation assay: The cells in suspension were
carefully counted and prepared at 105/ml in culture medium
using a cytometer. The cells were then serially diluted to 10
cells/ml with a limiting dilution assay. The diluted cell
suspension was distributed at 100 μl per well in a 96-well
plate (Corning Life Sciences, Acton, MA). Wells containing
no cells or more than a single cell were excluded from our
study. The wells with a single cell were marked and
inspected every day using an inverted microscope to count
the number of cell clones. Fresh medium (25 μl) was added
to each well every two days. After two weeks, the number
of spheres in each marked well was evaluated [25].

Figure 1. Existence of stem-like side
population cells in the human
retinoblastoma WERI-Rb1 cell line.
The cells were stained with Hoechst
33,342 and sorted with flow
cytometry. A: A small population of
cells (0.075±0.017%) was identified.
B: Addition of 50 μM verapamil
markedly reduced the staining of the
SP cells. (n=3; x-axis, Hoechst red
fluorescence intensity; y-axis, Hoechst
blue fluorescence intensity).
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CD133 staining for flow cytometry: A sample of 1×107 cells
in suspension was collected, and the cells were resuspended
in PBS with 0.5% BSA (BSA; Sigma-Aldrich) and 2 mM
EDTA (Sigma-Aldrich). The cells were then incubated at
4 °C in the dark with cluster of differentiation 133/2
(CD133/2)- phycoerythrin antibodies (Miltenyi Biotec,
Bergisch Gladbach, Germany) for 10 min. Mouse IgG2b
antibodies (Miltenyi Biotec) were used for the isotype
control group. The cells were washed with PBS, and the
percentage of CD133+ cells was evaluated with flow
cytometry (Beckman Coulter).
Cytospin slide preparation and immunofluorescence: The
cells were washed and resuspended in PBS at 5×105/ml. A
100-μl aliquot of the cell suspension was centrifuged onto
glass slides at 500 × g for 2 min by cytospin preparation.
The cells were fixed in 4% paraformaldehyde (Sigma-
Aldrich)/PBS for 10 min, rinsed with PBS, and
permeabilized with 0.4% Triton X-100 (Sigma-
Aldrich)/PBS for 30 min. After being blocked in 10% goat
serum (Boster Biologic Technology, Wuhan, China) for 30
min, the cells were incubated with primary antibodies
diluted in 10% goat serum overnight at 4 °C. The following
primary antibodies were used: goat anti-Nanog (1:100
dilution; R&D Systems, Minneapolis, MN); goat anti-
Oct3/4 (1:100 dilution; R&D Systems); mouse anti-Pax6
(1:100 dilution; Millipore); rabbit anti-Nestin (1:50 dilution;
Boster Biologic Technology); goat antiglial fibrillary acidic
protein (anti-GFAP; 1:50 dilution; Millipore); rabbit anti-
Brn3b (1:100 dilution; Santa Cruz, Santa Cruz, CA); rabbit
anti-Islet-1 (1:100 dilution; Santa Cruz), and goat anti-
Rhodopsin (1:100 dilution; Millipore). The cells were
subsequently incubated with fluorescein isothiocyanate– or
Cy3-labeled secondary antibodies (R&D; Boster Biologic
Technology) for 1 h at room temperature in the dark. After
being washed three times with PBS for 5 min each, the
samples were counterstained with 4',6-diamidino-2-
phenylindole (Boster Biologic Technology). The negative
controls were stained without the primary antibodies. The
confocal fluorescence images were acquired using a laser-
scanning microscope (LSM, Carl Zeiss, Thornwood, NY).
Real-time polymerase chain reaction analysis of gene
expression: The total RNA was extracted using TRI reagent
(Ambion, Austin, TX), and the RNA was then treated with
DNase I (Sigma-Aldrich) to remove any genomic DNA
contamination. First-strand cDNA was synthesized with
TaqMan reverse transcription reagents (Applied
Biosystems, Darmstadt, Germany). The primers used for the
real-time PCR are listed in Table 1. The quantitative PCR
was performed with SYBR Green Master Mix Real-Time
Core Reagents (Applied Biosystems) using an ABI 7500
(Applied Biosystems) according to the manufacturer's
instructions. Human glyceraldehyde 3-phosphate
dehydrogenase (GAPD) was used as the housekeeping gene
for the amplifications, and the mRNA expression level of

each gene relative to the housekeeping gene was calculated
by the comparative threshold cycle method as previously
described [26].
Dickkopf-related protein 1 and Lefty-A induced
differentiation in retinal neurons: To differentiate the
SLCCs into retinal neurons, embryonic stem cell (ES)
[16-18] and iPSC [19] differentiation protocols were
followed with some modifications. The SLCC colonies were
dissociated into single cells by treatment with 0.15% trypsin
(Sigma-Aldrich) and 0.02% EDTA for 5 min, followed by
gentle trituration. The single-cell suspension was then
replated in poly D-lysine (PDL)/laminin (Sigma-Aldrich)-
coated six-well plates at a density of 1×105 cells/ml. The
differentiation medium contained DMEM/F12 (Gibco),
B-27 Supplement (Gibco), N-2 Supplement (Gibco), 15%
FBS, 0.1 mM nonessential amino acids (Gibco), 0.1 mM 2-
mercaptoethanol (Gibco), 10 ng/ml bFGF, supplemented
with 100 ng/ml Dickkopf-related protein 1 (Dkk-1; R&D
Systems) and 500 ng/ml Lefty-A (R&D Systems), and
applied for 10 days. The differentiation medium was then
replaced with neuronal medium containing Neurobasal
(Gibco), B-27 Supplement, N-2 Supplement, 5% FBS,
0.1 mM nonessential amino acids, and 2 mM L-glutamine
(Gibco) for 10 days. The recombinant proteins were
supplemented to continue the differentiation.
Statistical analysis: At least three replicates were performed
for each experiment. The data are presented as the mean
±standard deviation (SD). Significance was evaluated using
an appropriate Student t test for the comparison between
two variables using Statistical Package for Social Sciences
(SPSS) 13.0 (IBM, Armonk, NY), with a p value less than
0.05 taken as a statistically significant difference.

RESULTS
Side population cells detected in the WERI-Rb1 cell line:
Several tumors and tumor cell lines maintain a population of
cells with characteristics of stem-like SP cells [27,28]. To
determine whether SP cells exist in the human WERI-Rb1
line, we stained the cells with the fluorescent dye, Hoechst
33,342, and analyzed the cells with flow cytometry. After
the dead cells and cellular debris were excluded based on
the scatter signals, the WERI-Rb1 cells showed a small
population of cells (0.075±0.017%) with SP cell
characteristics (n=3). As seen in Figure 1A, a small but
persistent number of cells displayed Hoechst exclusion. The
addition of 50 μM verapamil (a multidrug resistance
transporter 1 [MDR1] inhibitor) converted these Hoechst-
negative cells into Hoechst-positive cells (Figure 1B),
confirming that these cells were indeed SP cells.
Stem-like cancer cells are highly clonogenic in vitro: The
formation of spherical colonies has been reported to be a
property characteristic of stem/progenitor cells and verifies
a high developmental and proliferative potency [29]. While
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maintained in a suspension of RPMI-1640 medium with
10% FBS, the WERI-Rb1 cells characteristically grew in
loose grape-like clusters (Figure 2A). Serum-free medium
was used to isolate and maintain the stem-like cancer cells.
We found the SFM maintained an undifferentiated stem cell
state and adding bFGF and EGF induced the proliferation of
multipotent, self-renewing retinoblastoma stem cells. After
14 days of single-cell suspension culture in 96-well plates,

the SLCCs displayed expanded clones (Figure 2B). As
shown in Figure 2C, the rate of clone formation in the
SLCCs was 31.70±1.89%, and the rate in the WERI-Rb1
cells was 15.26±0.93% (p<0.01, n=3).
Increased number of CD133-positive cells in stem-like
cancer cells: CD133 has been found to be expressed on
cancer stem cells [30,31], circulating endothelial progenitor
cells [32,33], fetal neural stem cells [34,35], and other

TABLE 1. PRIMER SEQUENCES USED IN REAL-TIME PCR.

Gene name Primer sequences
CD133-F GCACTCTATACCAAAGCGTCA
CD133-R CCATACTTCTTAGTTTCCTCA
Oct3/4-F CTTGAATCCCGAATGGAAAGGG
Oct3/4-R CCTTCCCAAATAGAACCCCCA
Nanog-F CCCTCCTCCCATCCCTCATA
Nanog-R CAACCATACTCCACCCTCCA

Musashi-1-F AGAGTGAGGACATCGTGGAGA
Musashi-1-R GGCGTAGGTTGTGGCTTGGA

Nestin-F GAGCAGCACTCTTAACTTACGA
Nestin-R TTCCTACAGCCTCCATTCTTG

Rx-F AGCATCAACTGGCTACTGTCTG
Rx-R CTTATTCCATCTTTCCCACCT

Lhx2-F CCTCACAAACGACTCTTACCAA
Lhx2-R TGTTTCCAGGCGAGATCCTA
Chx10-F CTCGTGATATGCTGCTTGTG
Chx10-R GCCTGTGGCTTCGTAGATG
Pax6-F TTCAGCACCAGTGTCTACCA
Pax6-R TCATAACTCCGCCCATTCA

GAPDH-F AGAAAAACCTGCCAAATATGATGAC
GAPDH-R TGGGTGTCGCTGTTGAAGTC

Figure 2. In vitro comparison of the clonogenic potential of stem-like cancer cells and WERI-Rb1 cells. A: The WERI-Rb1 cells grew in
loose grape-like clusters when cultured in serum-RPMI-1640 medium. Scale bar=50 μm. B: Stem-like cancer cells (SLCCs) were plated as
single-cell suspensions in 96-well plates. The expanded clones are displayed after 14 days. Scale bar=50 μm. C: The clone formation
efficiency of WERI-Rb1 cells and SLCCs after 14 days was 15.26±0.93% and 31.70±1.89%, respectively (**p<0.01). The graph shows the
mean±SD (n=3).
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tissue-specific stem cells [36-38]. When stained with
phycoerythrin-conjugated CD133 antibodies, the SLCCs
contained more CD133+ cells than the WERI-Rb1 cells
(99.03±0.15% versus 69.77±1.39%, p<0.001, n=3; Figure
3A,B). To quantify and compare the gene expression, real-
time PCR was performed. A higher level of CD133 gene
expression was found in the SLCCs (Figure 3C).
Expression of embryonic stem and retinal stem cell markers
in stem-like cancer cells: Human octamer-binding
transcription factor 3/4 (Oct 3/4) and Nanog are markers for
pluripotency and self-renewal in embryonic stem cells [39],
and Nestin and paired box gene 6 (Pax6) are
undifferentiated retinal stem cell markers [22]. To determine
whether the SLCCs expressed these markers, the cells were
stained with antibodies against Oct3/4, Nanog, Nestin, or
Pax6. The immunofluorescence results showed that these
markers were detected in the SLCCs (Figure 4A-D).

In addition, a real-time PCR analysis was performed on
human embryonic stem cells (hESCs) and SLCCs to
compare ES marker genes, including Nanog and Oct3/4, the
neural stem cell gene Musashi-1, and the cancer stem cell
gene CD133. We found Oct3/4 and CD133 were expressed
4.74±0.37-fold and 25.12±3.65-fold higher in the SLCCs,
respectively, whereas Musashi-1 and Nanog were expressed
1.95±0.77-fold and 2.80±0.13-fold higher in the hESCs,
respectively (n=3; Figure 4E).

Retinal stem cell markers were also quantified in the
WERI-Rb1 cells and SLCCs. Nestin and Retina and anterior
neural fold homobox (Rx) were expressed 1.04±0.37-fold
and 1.00±0.08-fold higher in the SLCCs, respectively,
whereas LIM homebox gene 2 (Lhx2), CEH10
homodomain-containing homolog (Chx10), and Pax6 were
1.51±0.27-, 2.24±0.22- and 2.45±0.69-fold higher in the
WERI-Rb1 cells, respectively (n=3; Figure 4F).

Dickkopf-related protein 1 and Lefty-A induce stem-like
cancer cells into retinal neurons and upregulate retinal
stem cell marker expression: To differentiate the SLCCs,
previously described protocols were used with some
modification (Figure 5A) [16-19]. In brief, the SLCCs grew
adherently in N2 medium with Dkk-1 and Lefty-A for 10
days. Then the medium was changed into neuronal medium
for the retinal neuron-like cells maintaining. The cells were
replated on poly D-lysine/laminin-coated six-well plates
(Figure 5B), and recombinant Dkk-1 (Wnt antagonist) and
Lefty-A (Nodal antagonist) proteins were added to the N2
medium for differentiation. After two to three days of
induction, most of the cells displayed neuron-like
morphology (Figure 5C). The medium was then replaced
with neuronal medium without Dkk-1 and Lefty-A on day
10.

We further confirmed the neuron-like cells with an
immunofluorescence assay. The induced cells were positive
for glial fibrillary acidic protein (GFAP; a marker of glial
cells) and rhodopsin (a marker of photoreceptor cells;
Figure 5D). However, expression of retinal ganglion cell
markers, such as POU domain, class 4, transcription factor 2
(Brn3b) and ISL1 transcription factor (Islet-1), was not
detected in this study.

To explore the mechanism of the Dkk-1- and Lefty-A-
induced differentiation, real-time PCR was performed to
analyze the retinal stem cell–related gene expression. We
found significant upregulation of Pax6, Lhx2, and Rx after
induction. The expression level was 3.99±2.97, 2.67±1.31,
and 2.30±1.33 fold higher, respectively, whereas the
expression level of Chx10 and Nestin was 2.81±2.34 and
1.39±0.74 fold higher, respectively (n=3).

Figure 3. Higher expression levels of CD133 protein and genes in stem-like cancer cells. A-B: The percentage of CD133+ cells was
determined with flow cytometric analysis using a phycoerythrin-conjugated anti-CD133 antibody. CD133+ cells (in the Q4 area) comprised
69.77±1.39% of the total cell population in the WERI-Rb1 cell line (Figure A), whereas CD133+ cells comprised 99.03±0.15% in the stem-
like cancer cells (SLCCs; B:; p<0.001 with the Student t test). C: Real-time PCR quantification of the CD133 gene showed 2.25±0.19-fold
higher expression in the SLCCs (**p<0.01 with the Student t test). The graph shows the mean±SD (n=3).
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DISCUSSION

Cancer stem cell characteristics in WERI-Rb1 cells: The
WERI-Rb1 line, a retinoblastoma cell line, was established
in 1974 from a one-year-old female Caucasian with no
family history of retinoblastoma. The WERI-Rb1 line was
found to be weakly tumorigenic compared with other Rb
cell lines [20]. Since 2005, a small subpopulation of cells
has been found to exhibit some characteristics of a cancer

stem cell phenotype in retinoblastoma cell lines Y79,
WERI-Rb27 [13], and in freshly isolated tumor cells
[14,15]. The present study is the first that explores the
cancer stem cell properties of the WERI-Rb1 line.

The major obstacle in CSC research is the difficulty in
isolating them because of the lack of universally accepted
markers for these cells. Use of the SP, a cell population
enriched in stem cells, overcomes some of the barriers [10].

Figure 4. Embryonic stem and retinal stem cell marker expression in stem-like cancer cells. A: Immunofluorescence confirmed that the
stem-like cancer cells (SLCCs) and human embryonic stem cells (hESCs) expressed embryonic stem cell markers, such as Oct3/4 and
Nanog, and the SLCCs expressed retinal stem cell markers, such as Nestin and Pax6. The nuclei were counterstained with 4',6-
diamidino-2-phenylindole (blue). Scale bars=10 μm. B: Comparison of stem cell markers in hESCs and SLCCs with real-time PCR
analysis. Nanog was expressed at a higher level in the hESCs (black bars) than in the SLCCs (white bars; ***p<0.001 with the Student t
test), whereas Oct3/4 and CD133 were expressed at higher levels in the SLCCs (** p<0.01 with the Student t test). C: Real-time PCR
quantification of retinal stem cell markers in the WERI-Rb1 line and SLCCs. Nestin and Rx were expressed at higher levels in the SLCCs
(white bars; * p<0.05 with the Student t test), whereas Pax6 was expressed at a higher level in the WERI-Rb1 cells (black bars; *p<0.05
with the Student t test). The graphs show the mean±SD (n=3).
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The SP is a distinct, small cell population composed of
unstained cells in the left lower quadrant of a fluorescence-
activated cell sorting profile. Goodell et al. demonstrated
that the exclusion of Hoechst 33,342 by SP cells is an active
process involving MDR1, a member of the adenosine-5′-
triphosphate-binding cassette transporter family of
transmembrane proteins [40]. Seigel et al. previously
revealed that the ratio of the SP in the WERI-Rb27 line was

0.1% [13]. In the present study, we identified 0.075±0.017%
SP cells in the WERI-Rb1 line. As the proportion of the SP
in retinoblastoma is much smaller compared with other
cancers, cell sorting and expansion of the SP are difficult to
perform. Here, we used a serum-free medium to isolate and
maintain the stem-like cancer cells according to described
procedures [15,21,22]. Our data indicated the SLCCs had

Figure 5. Stem-like cancer cell differentiation induced with Dickkopf-related protein 1 and Lefty-A (DL). A: Schematic diagram of the
stem-like cancer cell (SLCCs) differentiation protocol. B: SLCCs plated on a poly-D-lysine/laminin-coated 6-well plate on day 0. C: Most
of the SLCCs displayed neuron-like morphology with synapse-like structures after two to three days of induction. Scale bars=10 μm. D: An
immunofluorescence assay showed that Dickkopf-related protein 1 (Dkk-1) and Lefty-A induced the neuron-like cell expression of glial
fibrillary acidic protein (GFAP) and Rhodopsin (a photoreceptor marker) whereas SLCCs before differentiation with negative staining for
GFAP and Rhodopsin. Scale bars=10 μm. E: Real-time PCR demonstrated that DL induction significantly upregulated the expression of
Pax6, Lhx2, and Rx. The graphs show the mean±SD (n=3). White bars: control group. Black bars: DL-induced group. (*p<0.05, **p<0.01,
***p<0.001, with the Student t test).
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the ability to form expanded clones in the SFM and had a
higher level of CD133 expression.
Comparison of the stem cell markers between human
embryonic stem cells and stem-like cancer cells: Oct3/4, a
member of the POU (Pit-oct-unc) family of transcriptional
factors, is well known as one of the four genes used to
generate iPSCs [41]. As a pluripotency marker, Oct3/4 is
thought to play a key role in maintaining pluripotency and
the self-renewal of embryonic stem cells [42]. Interestingly,
in this study, we provided the first evidence that human
retinoblastoma stem cells expressed higher levels of Oct3/4
than hESCs. This finding supplies the impetus for our
further study of cancer stem cell differentiation.

A more recently described gene, Nanog, is thought to
be a new “master gene” of ES cell pluripotency.
Functionally, Nanog blocks differentiation; thus, negative
regulation of Nanog is required to promote differentiation
during embryonic development [43]. Compared with
hESCs, the relatively reduced Nanog expression in
retinoblastoma stem cells may indicate their higher
differentiation properties.

Musashi-1 has been confirmed to be continuously
expressed in neural stem cell–like cells [44-46], and it has
been hypothesized that Musashi-1 plays a role in cell fate
determination and differentiation through the Notch
signaling pathway [47]. A previous study found Musashi-1
was expressed in retinoblastoma tumors and Y79 and
WERI-Rb27 cell lines [12]. Together with our finding that
Musashi-1 was expressed in the SLCCs of the WERI-Rb1
line, these results indicated neural stem characteristics in
retinoblastoma.
Stem-like cancer cells differentiation induced with
Dickkopf-related protein 1 and Lefty-A: We confirmed the
retinal stem cell genes Nestin and Rx were upregulated after
culture of the WERI-Rb1 cells in serum-free medium.
Therefore, we next asked whether the SLCCs maintain the
differentiation potential of retinal stem cells that can
differentiate into cell types of the mature retina under
specific differentiation conditions [22,48]. Wingless (Wnt)
and Nodal signals contribute to retinal neurogenesis during
development [49,50], and blockade of endogenous Wnt and
Nodal signals enhances and stabilizes the generation of
neural cells in ES cell aggregates [51]. Our previous study
also revealed that treating human iPS cells with Dkk-1 and
Lefty-A, Wnt and Nodal antagonists, respectively, induced
RPC marker expression and generated retinal neurons [19].
However, there is no report on the retinal neuron
differentiation induced by Dkk-1 and Lefty-A in the SLCCs
of Rb.

In this study, we found that the expression of retinal
stem cell–related genes, such as Nestin, Rx, Lhx2, Chx10,
and Pax6, was increased in Dkk-1- and Lefty-A-treated cell
cultures. Among these genes, Pax6, Lhx2, and Rx were

significantly upregulated. However, stimulated by Dkk-1
and Lefty-A, only Pax6 was upregulated in iPSCs. These
results suggested that the SLCCs in Rb were easier to
differentiate into retinal neurons under Dkk-1 and Lefty-A
induction conditions. We further confirmed that GFAP (a
glial cell marker) and rhodopsin (a photoreceptor cell
marker) were expressed in most of the cells after induction.
However, the Dkk-1- and Lefty-A-treated culture failed in
differentiating the SLCCs into Brn3b- and Islet-1-positive
retinal ganglion cells (RGCs), suggesting that the inhibition
of Wnt and Nodal signaling was insufficient for RGC
differentiation.

In conclusion, our study revealed that the SLCCs of the
WERI-Rb1 line expressed embryonic stem cell– and retinal
stem cell–related genes and that they could be further
induced into retinal neurons. This study used a strategy of a
artificial change in cancer stem cell fate by transcription
factors. Our findings may provide a new strategy for cell
replacement therapy of irreversible retinal
neurodegeneration diseases.

ACKNOWLEDGMENTS
This study was supported by National Basic Research
Program of China (Project 973) Grant 2007CB512207,
National Natural Science Foundation of China Grant
30,973,226,81170846 and Key Project of Sun Yat-sen
University Grant 10YKJC06.

REFERENCES
1. Bonnet D, Dick JE. Human acute myeloid leukemia is

organized as a hierarchy that originates from a primitive
hematopoietic cell. Nat Med 1997; 3:730-7. [PMID:
9212098]

2. Lapidot T, Sirard C, Vormoor J, Murdoch B, Hoang T,
Caceres-Cortes J, Minden M, Paterson B, Caligiuri MA,
Dick JE. A cell initiating human acute myeloid leukaemia
after transplantation into SCID mice. Nature 1994;
367:645-8. [PMID: 7509044]

3. Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ,
Clarke MF. Prospective identification of tumorigenic breast
cancer cells. Proc Natl Acad Sci USA 2003; 100:3983-8.
[PMID: 12629218]

4. Singh SK, Clarke ID, Terasaki M, Bonn VE, Hawkins C,
Squire J, Dirks PB. Identification of a cancer stem cell in
human brain tumors. Cancer Res 2003; 63:5821-8. [PMID:
14522905]

5. Szotek PP, Pieretti-Vanmarcke R, Masiakos PT, Dinulescu
DM, Connolly D, Foster R, Dombkowski D, Preffer F,
Maclaughlin DT, Donahoe PK. Ovarian cancer side
population defines cells with stem cell-like characteristics
and Mullerian Inhibiting Substance responsiveness. Proc
Natl Acad Sci USA 2006; 103:11154-9. [PMID: 16849428]

6. Larderet G, Fortunel NO, Vaigot P, Cegalerba M, Maltere P,
Zobiri O, Gidrol X, Waksman G, Martin MT. Human side
population keratinocytes exhibit long-term proliferative
potential and a specific gene expression profile and can

Molecular Vision 2012; 18:2388-2397 <http://www.molvis.org/molvis/v18/a252> © 2012 Molecular Vision

2395

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9212098
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9212098
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7509044
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12629218
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12629218
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=14522905
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=14522905
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16849428
http://www.molvis.org/molvis/v18/a252


form a pluristratified epidermis. Stem Cells 2006;
24:965-74. [PMID: 16282445]

7. Zhou S, Morris JJ, Barnes Y, Lan L, Schuetz JD, Sorrentino
BP. Bcrp1 gene expression is required for normal numbers
of side population stem cells in mice, and confers relative
protection to mitoxantrone in hematopoietic cells in vivo.
Proc Natl Acad Sci USA 2002; 99:12339-44. [PMID:
12218177]

8. Robinson SN, Seina SM, Gohr JC, Kuszynski CA, Sharp JG.
Evidence for a qualitative hierarchy within the
Hoechst-33342 'side population' (SP) of murine bone
marrow cells. Bone Marrow Transplant 2005; 35:807-18.
[PMID: 15750609]

9. Zhou S, Schuetz JD, Bunting KD, Colapietro AM, Sampath J,
Morris JJ, Lagutina I, Grosveld GC, Osawa M, Nakauchi H,
Sorrentino BP. The ABC transporter Bcrp1/ABCG2 is
expressed in a wide variety of stem cells and is a molecular
determinant of the side-population phenotype. Nat Med
2001; 7:1028-34. [PMID: 11533706]

10. Hadnagy A, Gaboury L, Beaulieu R, Balicki D. SP analysis
may be used to identify cancer stem cell populations. Exp
Cell Res 2006; 312:3701-10. [PMID: 17046749]

11. Knudson AG Jr. Mutation and cancer: statistical study of
retinoblastoma. Proc Natl Acad Sci USA 1971; 68:820-3.
[PMID: 5279523]

12. Seigel GM, Hackam AS, Ganguly A, Mandell LM, Gonzalez-
Fernandez F. Human embryonic and neuronal stem cell
markers in retinoblastoma. Mol Vis 2007; 13:823-32.
[PMID: 17615543]

13. Seigel GM, Campbell LM, Narayan M, Gonzalez-Fernandez
F. Cancer stem cell characteristics in retinoblastoma. Mol
Vis 2005; 11:729-37. [PMID: 16179903]

14. Balla MM, Vemuganti GK, Kannabiran C, Honavar SG,
Murthy R. Phenotypic characterization of retinoblastoma
for the presence of putative cancer stem-like cell markers by
flow cytometry. Invest Ophthalmol Vis Sci 2009;
50:1506-14. [PMID: 19029022]

15. Zhong X, Li Y, Peng F, Huang B, Lin J, Zhang W, Zheng J,
Jiang R, Song G, Ge J. Identification of tumorigenic retinal
stem-like cells in human solid retinoblastomas. Int J Cancer
2007; 121:2125-31. [PMID: 17565741]

16. Ikeda H, Osakada F, Watanabe K, Mizuseki K, Haraguchi T,
Miyoshi H, Kamiya D, Honda Y, Sasai N, Yoshimura N,
Takahashi M, Sasai Y. Generation of Rx+/Pax6+ neural
retinal precursors from embryonic stem cells. Proc Natl
Acad Sci USA 2005; 102:11331-6. [PMID: 16076961]

17. Lamba DA, Karl MO, Ware CB, Reh TA. Efficient
generation of retinal progenitor cells from human
embryonic stem cells. Proc Natl Acad Sci USA 2006;
103:12769-74. [PMID: 16908856]

18. Osakada F, Ikeda H, Mandai M, Wataya T, Watanabe K,
Yoshimura N, Akaike A, Sasai Y, Takahashi M. Toward the
generation of rod and cone photoreceptors from mouse,
monkey and human embryonic stem cells. Nat Biotechnol
2008; 26:215-24. [PMID: 18246062]

19. Chen M, Chen Q, Sun X, Shen W, Liu B, Zhong X, Leng Y,
Li C, Zhang W, Chai F, Huang B, Gao Q, Xiang AP, Zhuo
Y, Ge J. Generation of retinal ganglion-like cells from
reprogrammed mouse fibroblasts. Invest Ophthalmol Vis
Sci 2010; 51:5970-8. [PMID: 20484577]

20. McFall RC, Sery TW, Makadon M. Characterization of a new
continuous cell line derived from a human retinoblastoma.
Cancer Res 1977; 37:1003-10. [PMID: 844036]

21. Hemmati HD, Nakano I, Lazareff JA, Masterman-Smith M,
Geschwind DH, Bronner-Fraser M, Kornblum HI.
Cancerous stem cells can arise from pediatric brain tumors.
Proc Natl Acad Sci USA 2003; 100:15178-83. [PMID:
14645703]

22. Coles BL, Angenieux B, Inoue T, Del Rio-Tsonis K, Spence
JR, McInnes RR, Arsenijevic Y, van der Kooy D. Facile
isolation and the characterization of human retinal stem
cells. Proc Natl Acad Sci USA 2004; 101:15772-7. [PMID:
15505221]

23. Qiang L, Yang Y, Ma YJ, Chen FH, Zhang LB, Liu W, Qi Q,
Lu N, Tao L, Wang XT, You QD, Guo QL. Isolation and
characterization of cancer stem like cells in human
glioblastoma cell lines. Cancer Lett 2009; 279:13-21.
[PMID: 19232461]

24. Geng S, Wang Q, Wang J, Hu Z, Liu C, Qiu J, Zeng W.
Isolation and identification of a distinct side population
cancer cells in the human epidermal squamous cancer cell
line A431. Arch Dermatol Res 2011; 303:181-9. [PMID:
21240514]

25. Zheng X, Shen G, Yang X, Liu W. Most C6 cells are cancer
stem cells: evidence from clonal and population analyses.
Cancer Res 2007; 67:3691-7. [PMID: 17440081]

26. Livak KJ, Schmittgen TD. Analysis of relative gene
expression data using real-time quantitative PCR and the 2(-
Delta Delta C(T)). Methods 2001; 25:402-8. [PMID:
11846609]

27. Hirschmann-Jax C, Foster AE, Wulf GG, Nuchtern JG, Jax
TW, Gobel U, Goodell MA, Brenner MK. A distinct “side
population” of cells with high drug efflux capacity in
human tumor cells. Proc Natl Acad Sci USA 2004;
101:14228-33. [PMID: 15381773]

28. Wang J, Guo LP, Chen LZ, Zeng YX, Lu SH. Identification
of cancer stem cell-like side population cells in human
nasopharyngeal carcinoma cell line. Cancer Res 2007;
67:3716-24. [PMID: 17440084]

29. Engelmann K, Shen H, Finn OJ. MCF7 side population cells
with characteristics of cancer stem/progenitor cells express
the tumor antigen MUC1. Cancer Res 2008; 68:2419-26.
[PMID: 18381450]

30. Ferrandina G, Bonanno G, Pierelli L, Perillo A, Procoli A,
Mariotti A, Corallo M, Martinelli E, Rutella S, Paglia A,
Zannoni G, Mancuso S, Scambia G. Expression of CD133–
1 and CD133–2 in ovarian cancer. Int J Gynecol Cancer
2008; 18:506-14. [PMID: 17868344]

31. Ma S, Lee TK, Zheng BJ, Chan KW, Guan XY. CD133+
HCC cancer stem cells confer chemoresistance by
preferential expression of the Akt/PKB survival pathway.
Oncogene 2008; 27:1749-58. [PMID: 17891174]

32. Gehling UM, Ergün S, Schumacher U, Wagener C, Pantel K,
Otte M, Schuch G, Schafhausen P, Mende T, Kilic N, Kluge
K, Schäfer B, Hossfeld DK, Fiedler W. In vitro
differentiation of endothelial cells from AC133-positive
progenitor cells. Blood 2000; 95:3106-12. [PMID:
10807776]

33. Peichev M, Naiyer AJ, Pereira D, Zhu Z, Lane WJ, Williams
M, Oz MC, Hicklin DJ, Witte L, Moore MA, Rafii S.

Molecular Vision 2012; 18:2388-2397 <http://www.molvis.org/molvis/v18/a252> © 2012 Molecular Vision

2396

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16282445
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12218177
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12218177
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15750609
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15750609
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11533706
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17046749
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=5279523
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=5279523
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17615543
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17615543
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16179903
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19029022
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17565741
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16076961
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16908856
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18246062
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=20484577
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=844036
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=14645703
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=14645703
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15505221
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15505221
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19232461
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19232461
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=21240514
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=21240514
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17440081
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11846609
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11846609
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15381773
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17440084
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18381450
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18381450
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17868344
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17891174
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10807776
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10807776
http://www.molvis.org/molvis/v18/a252


Expression of VEGFR-2 and AC133 by circulating human
CD34(+) cells identifies a population of functional
endothelial precursors. Blood 2000; 95:952-8. [PMID:
10648408]

34. Uchida N, Buck DW, He D, Reitsma MJ, Masek M, Phan TV,
Tsukamoto AS, Gage FH, Weissman IL. Direct isolation of
human central nervous system stem cells. Proc Natl Acad
Sci USA 2000; 97:14720-5. [PMID: 11121071]

35. Cummings BJ, Uchida N, Tamaki SJ, Salazar DL,
Hooshmand M, Summers R, Gage FH, Anderson AJ.
Human neural stem cells differentiate and promote
locomotor recovery in spinal cord-injured mice. Proc Natl
Acad Sci USA 2005; 102:14069-74. [PMID: 16172374]

36. Bussolati B, Bruno S, Grange C, Buttiglieri S, Deregibus MC,
Cantino D, Camussi G. Isolation of renal progenitor cells
from adult human kidney. Am J Pathol 2005; 166:545-55.
[PMID: 15681837]

37. Richardson GD, Robson CN, Lang SH, Neal DE, Maitland
NJ, Collins AT. CD133, a novel marker for human prostatic
epithelial stem cells. J Cell Sci 2004; 117:3539-45. [PMID:
15226377]

38. Thill M, Schlagner K, Altenahr S, Ergun S, Faragher RG,
Kilic N, Bednarz J, Vohwinkel G, Rogiers X, Hossfeld DK,
Richard G, Gehling UM. A novel population of repair cells
identified in the stroma of the human cornea. Stem Cells
Dev 2007; 16:733-45. [PMID: 17999595]

39. Kim J, Chu J, Shen X, Wang J, Orkin SH. An extended
transcriptional network for pluripotency of embryonic stem
cells. Cell 2008; 132:1049-61. [PMID: 18358816]

40. Goodell MA, Brose K, Paradis G, Conner AS, Mulligan RC.
Isolation and functional properties of murine hematopoietic
stem cells that are replicating in vivo. J Exp Med 1996;
183:1797-806. [PMID: 8666936]

41. Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T,
Tomoda K, Yamanaka S. Induction of pluripotent stem cells
from adult human fibroblasts by defined factors. Cell 2007;
131:861-72. [PMID: 18035408]

42. Liedtke S, Stephan M, Kogler G. Oct4 expression revisited:
potential pitfalls for data misinterpretation in stem cell
research. Biol Chem 2008; 389:845-50. [PMID: 18627312]

43. Pan G, Thomson JA. Nanog and transcriptional networks in
embryonic stem cell pluripotency. Cell Res 2007; 17:42-9.
[PMID: 17211451]

44. Sakakibara S, Imai T, Hamaguchi K, Okabe M, Aruga J,
Nakajima K, Yasutomi D, Nagata T, Kurihara Y, Uesugi S,
Miyata T, Ogawa M, Mikoshiba K, Okano H. Mouse-
Musashi-1, a neural RNA-binding protein highly enriched
in the mammalian CNS stem cell. Dev Biol 1996;
176:230-42. [PMID: 8660864]

45. Sakakibara S, Okano H. Expression of neural RNA-binding
proteins in the postnatal CNS: implications of their roles in
neuronal and glial cell development. J Neurosci 1997;
17:8300-12. [PMID: 9334405]

46. Kaneko Y, Sakakibara S, Imai T, Suzuki A, Nakamura Y,
Sawamoto K, Ogawa Y, Toyama Y, Miyata T, Okano H.
Musashi1: an evolutionally conserved marker for CNS
progenitor cells including neural stem cells. Dev Neurosci
2000; 22:139-53. [PMID: 10657706]

47. Okano H, Kawahara H, Toriya M, Nakao K, Shibata S, Imai
T. Function of RNA-binding protein Musashi-1 in stem
cells. Exp Cell Res 2005; 306:349-56. [PMID: 15925591]

48. Yang P, Seiler MJ, Aramant RB, Whittemore SR. In vitro
isolation and expansion of human retinal progenitor cells.
Exp Neurol 2002; 177:326-31. [PMID: 12429235]

49. Silver SJ, Rebay I. Signaling circuitries in development:
insights from the retinal determination gene network.
Development 2005; 132:3-13. [PMID: 15590745]

50. Lad EM, Cheshier SH, Kalani MY. Wnt-signaling in retinal
development and disease. Stem Cells Dev 2009; 18:7-16.
[PMID: 18690791]

51. Watanabe K, Kamiya D, Nishiyama A, Katayama T, Nozaki
S, Kawasaki H, Watanabe Y, Mizuseki K, Sasai Y. Directed
differentiation of telencephalic precursors from embryonic
stem cells. Nat Neurosci 2005; 8:288-96. [PMID:
15696161]

Molecular Vision 2012; 18:2388-2397 <http://www.molvis.org/molvis/v18/a252> © 2012 Molecular Vision

Articles are provided courtesy of Emory University and the Zhongshan Ophthalmic Center, Sun Yat-sen University, P.R.
China.

The print version of this article was created on 20 September 2012. This reflects all typographical corrections and errata to
the article through that date. Details of any changes may be found in the online version of the article.

2397

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10648408
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10648408
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11121071
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16172374
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15681837
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15681837
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15226377
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15226377
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17999595
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18358816
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8666936
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18035408
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18627312
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17211451
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17211451
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8660864
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9334405
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10657706
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15925591
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12429235
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15590745
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18690791
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18690791
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15696161
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15696161
http://www.molvis.org/molvis/v18/a252

