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63% relative to scrambled siRNA, n=4) resulted in 80%
increase in Oct3/4 expression (range: 30%—130% increase,
n=4), similar to the effect of LiCl (see Figure 1B). Expression
of Nanog was increased by approximately 20% by the SFRP2
siRNA. Total B-catenin levels were used as a measure of
canonical Wnt signaling, as shown previously in the Weri and
Y79 cell lines [24]. Western blotting of B-catenin in cells
transfected with siRNA targeting SFRP2 showed a 38%
increase (data not shown). The small increase in B-catenin
levels may be due to the baseline Wnt signaling levels being
low in these cell lines [24] such that disinhibition by
suppressing SFRP2 does not result in substantial increases.

In conclusion, the number of cells with a stem-like
phenotype in retinoblastoma cell lines was increased by
treatment with LiCl and by reducing the expression of the
canonical Wnt pathway inhibitor SFRP2. These data suggest
that canonical Wnt signaling is an important regulator of
retinoblastoma stem-like cells in vivo.

DISCUSSION

Retinoblastoma is a retinal tumor that is proposed to derive
from pluripotent progenitor cells [37]. Wnt signaling is a
likely candidate pathway for playing a regulatory role in stem-
like cells in retinoblastoma tumors because of its function in
proliferation and differentiation of non-neoplastic stem/
progenitor cells in the retina. The ciliary marginal zone (CMZ)
at the periphery of the retina in fish and amphibians contains
progenitor cells that have stem cell properties, including self-
renewal and multipotency [38]. In birds, the CMZ stem/
progenitor cells are also proliferative but have more limited
differentiation capacity. In the analogous region in mammals,
the pigmented ciliary margin, stem/progenitor cells are
believed to be quiescent in vivo and act like stem cells when
cultured in vitro [39,40]. Activation of the canonical Wnt
pathway in chick and mouse retinal stem/progenitor cells
promotes proliferation and inhibits neuronal differentiation
[30,32,33], whereas Wnt signaling promotes neurogenesis in
Xenopus retina CMZ [28]. Wnt signaling also increases the
number of microspheres generated from the mammalian
pigmented ciliary margin [36,41], suggesting that Wnt
signaling also maintains the stem cell population in mammals.
Furthermore, Wnt signaling was proposed to activate stem cell
properties in Muller glia and promote their proliferation
during retinal injury [36,42]. Our data suggest that the
postembryonic role of Wnt in neoplastic stem cells may
recapitulate its embryonic function as a mitogenic regulator
of stem/progenitor cells during retinal development.

Wnt signaling has been implicated as a stem cell growth
factor in several cancer types [16,43,44]. Mutations that
activate the Wnt pathway are suggested to cause constitutive
renewal and expansion of the stem cell pool, or to confer a
stem cell phenotype (renewal) to the progenitor cell pool
[16,44,45]. Future studies will investigate whether the
increased numbers of stem-like cells that we observed in the
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retinoblastoma cell lines are due to proliferation of existing
stem cells and/or conversion of nonstem cells to stem-like
cells. Another interesting observation was the difference in
receptor levels and stem cell marker genes between the cell
lines, with Y79 cells having a greater response. An intriguing
possibility is that the different responses may correlate with
differential metastatic potential of these cell lines [46].

In the present study, we used cell lines to perform basic
characterizations of the response of stem-like cells to LiCl,
based on previous findings of low but consistent levels of
stem-like cells in the human retinoblastoma tissue and cell
lines [13,14]. Cell lines offer the convenience of large
numbers of cells to analyze: they do not require
vascularization and specific systemic requirements of solid
tumors in vivo, and are unlikely to be contaminated by non-
neoplastic stem cells [47]. Because the cell lines are
maintained in culture for long periods, they are unlikely to
completely represent the tumor phenotype. However, cell
lines are useful for generating questions that can subsequently
be addressed in vivo.

LiCl was used in this study because it had a greater effect
on cell cycle arrest and viability in the retinoblastoma cell
lines than the canonical Wnt ligand Wnt3a [24]. Although
generally used to activate canonical Wnt signaling by
inhibiting GSK3p, LiCl can also activate non-Wnt pathways
[48]. Furthermore, GSK3p itself mediates several signaling
pathways [49], and regulates the hematopoietic stem cell
repopulation through the Wnt, Notch, and Hedgehog
pathways [50]. Unfortunately, using a Wnt ligand to activate
Wnt signaling produced inconsistent results, and we were
unable to compare with the response to LiCl. Our findings of
increased nuclear B-catenin and elevated Wnt ligands in the
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Figure 5. Cancer stem-like cells have active Wnt signaling in the
retinoblastoma cell lines. The percent of co-localized Msil and
nuclear B-catenin was quantified in the Weri and Y79 cell lines.
Immunohistochemistry demonstrated that tumor stem cells (Msil+)
were more often positive for nuclear B-catenin than non-stem cells
(Msi-), indicating active Wnt signaling. The difference in nuclear f3-
catenin was statistically significant at p<0.001 (*). The experiment
was repeated five times.
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stem-like cells, and the results from knocking down SFRP2
to activate the Wnt pathway, suggest that Wnt signaling is
involved in regulating the number of stem-like cells in the
retinoblastoma cell lines. The possibility remains that LiCl
also acts through additional molecular pathways. Identifying
other LiCl-regulated signaling pathways that control survival
and proliferation of retinoblastoma stem-like cells, and
elucidating pathways that cross-talk with the Wnt pathway,
will be the focus of future studies.

SFRP2 antagonizes the canonical Wnt/p-catenin pathway
by acting as a decoy receptor for Wnt ligands and prevents
their interaction with the co-receptor Frizzled. Our results
suggest that SFRP2 is downregulated by LiCl, and its
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Figure 6. The Wnt inhibitor SFRP2 regulates cancer stem-like cells.
A: The Wnt inhibitor SFRP2 was decreased in Weri and Y79 cells
by addition of LiCl, as measured by QPCR on unsorted cells. The
difference between 20 mM and 40 mM LiCl was statistically
significant at p<0.05 (*) and the difference between treated and
untreated was statistically significant at p<0.01 (**). The experiment
was repeated four times. B: Reducing SFRP2 levels using siRNA
(average % reduction was 63% relative to scrambled siRNA)
increased stem cell marker gene expression. The increase in Oct3/4
expression was statistically significant at p=0.05 (*). The experiment
was repeated four times.
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expression may antagonize maintenance of the stem-like cell
population. SFRP2 is an attractive candidate molecule for
controlling stem cell proliferation in retinoblastoma tumors in
vivo. SFRP2 is expressed during retinal development [51] and
regulates differentiation in non-neoplastic stem cells in the
retina [52], cardiomyocytes [53], and the pluripotent mouse
embryonal carcinoma stem cell line P19CL6 [53].
Interestingly, SFRP2 increases as retinal stem/progenitor cells
differentiate into ganglion cells, which was associated with
decreased Wnt signaling [52]. In contrast, in the stem cell line
P19CL6, SFRP2 maintained the cells in an undifferentiated
state [53]. SFRP2 is also a tumor suppressor in many cancer
types, including colorectal, cervical, breast, and ovarian, and
is inactivated by hypermethylation of its promoter [54].

The response to Wnt signaling activators in a given tissue
is dependent on the intersection of other signaling pathways,
and can vary in the same cell population over time. Our data
suggest that Wnt signaling has two mechanisms of action in
retinoblastoma, and emphasizes the heterogeneous nature of
the response of tumors and tumor cell lines. In the current
study, we demonstrated that the Wnt signaling activator LiCl
increased the number of stem-like cells. In our previous work,
we showed that Wnt signaling (induced by LiCl and Wnt3a
ligand) has tumor suppressor properties in retinoblastoma and
induces cell cycle arrest in retinoblastoma cell lines [24].
Therefore, these data suggest that the growth of the bulk of
the tumor is halted by Wnt signaling whereas the stem-like
cells expand. Future work will investigate the basis of the
differential response to Wnt signaling. A therapy that
decreases the bulk of the retinoblastoma tumor using Wnt
activator proteins would need to be used in combination with
inhibitors of the Wnt pathway that are specifically targeted to
the stem cell population, potentially by using ABCG2 or other
cancer stem cell marker genes.
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