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The proliferation and differentiation of neural precursor cells are mutually exclusive during brain develop-
ment. Despite its importance for precursor cell self renewal, the molecular linkage between these two events has
remained unclear. Fibroblast growth factor 2 (FGF2) promotes neural precursor cell proliferation and con-
currently inhibits their differentiation, suggesting a cross talk between proliferation and differentiation sig-
naling pathways downstream of the FGF receptor. We demonstrate that FGF2 signaling through phosphati-
dylinositol 3 kinase activation inactivates glycogen synthase kinase 33 (GSK3f) and leads to the accumulation
of 3-catenin in a manner different from that in the Wnt canonical pathway. The nuclear accumulated (3-catenin
leads to cell proliferation by activating LEF/TCF transcription factors and concurrently inhibits neuronal
differentiation by potentiating the Notch1-RBP-Jk signaling pathway. 3-Catenin and the Notch1 intracellular
domain form a molecular complex with the promoter region of the antineurogenic hes! gene, allowing its
expression. This signaling interplay is especially essential for neural stem cell maintenance, since the misex-
pression of dominant-active GSK3( completely inhibits the self renewal of neurosphere-forming stem cells and
prompts their neuronal differentiation. Thus, the GSK3/3-catenin signaling axis regulated by FGF and Wnt
signals plays a pivotal role in the maintenance of neural stem/precursor cells by linking the cell proliferation

to the inhibition of differentiation.

The proliferation of neural precursor cells and their neuro-
nal differentiation are mutually exclusive; once the cells start to
differentiate into neurons, they exit from the cell cycle. Con-
versely, the withdrawal of cells from the cell cycle is critical for
their subsequent neuronal differentiation. However, the mo-
lecular basis for the transition from proliferation to differen-
tiation, or for the mutual inhibition between proliferation- and
differentiation-inducing machineries, largely has remained elu-
sive. Environmental factors present in the neuroepithelium
may play an important role in cell cycle progression. Among
such factors, fibroblast growth factor 2 (FGF2) is well known to
promote the proliferation of neural precursor cells and to
maintain them in an undifferentiated state. For this reason,
FGF2 has been used widely to generate neurospheres and
expand neural precursor cells in culture. Nevertheless, the
intracellular components of FGF2 signaling pathways in neural
precursor cells that are involved in the link between the pro-
motion of proliferation and the inhibition of differentiation
have not been elucidated.

The Wnt family of proteins also is known to promote the
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proliferation of neural precursor cells. The canonical Wnt sig-
naling pathway has been well studied in Drosophila and Xeno-
pus embryos as well as in several mammalian cell lines (8). Wnt
ligands initiate signaling by binding to their receptors, Frizzled
and LRP5/6. The formation of this ternary complex reduces
the activity of glycogen synthase kinase 33 (GSK3p), a serine/
threonine kinase. In the absence of Wnt ligands, GSK3@ phos-
phorylates B-catenin and directs it to the proteasome degra-
dation pathway, whereas B-catenin is not phosphorylated and
remains intact in the presence of Wnt ligands. Unphosphory-
lated B-catenin subsequently accumulates in the nucleus and
trans-activates its target genes. Chenn and Walsh generated
transgenic mice expressing stabilized B-catenin in which the
NH, terminus was truncated in neural precursors and reported
an expansion of the precursor population (9). Recent studies
have further demonstrated that the activation of the canonical
Wnt pathway promotes the self renewal of stem cells prepared
from various organs, including hematopoietic stem cells and
embryonic stem (ES) cells (40, 42).

Although both FGF2 and canonical Wnts act as mitogens for
neural precursor cells, the correlation between FGF2 and Wnt
signaling pathways in neural precursor cells is not yet well
understood. In the present study, we show that suboptimal
doses of FGF2 and Wnt-3a displayed an additive effect on
neural precursor cell proliferation, suggesting that FGF2 and
Wnt-3a signaling share a common pathway for promoting neu-
ral precursor cell proliferation. The activation of FGF2 signal-
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ing through phosphatidylinositol 3 kinase (PI3K) activation
induces the accumulation of B-catenin in the cell nucleus. Our
data further reveal that the nuclear accumulated B-catenin
prompts two independent transcriptional machineries that lead
to the proliferation of neural precursor cells and the inhibition
of their neuronal differentiation: (i) the FGF2-induced accu-
mulation of B-catenin promotes neural precursor cell prolifer-
ation through the activation of LEF/TCF transcription factors
in a manner different from that involved in the activation of the
Wnt canonical pathway; and (ii) the nuclear accumulated
B-catenin also induces antineurogenic hes! gene expression
through the enhancement of Notchl- and RBP-Jk-mediated
transcription. Noteworthy findings in this study are that B-cate-
nin can associate with the Notch1 intracellular domain (N1IC),
and it is present in a nuclear protein-DNA complex containing
the hes! gene promoter. The B-catenin—-N1IC complex is effi-
ciently formed when transcriptional coactivators p300 and
P/CAF both are present. The activation of the canonical Notch
signaling pathway is more significant in neural stem cells than
intermediate neuronal progenitors. Mizutani et al. (33) have
reported that the canonical Notch signaling through RBP-Jk in
neural stem cells induces the expressions of hes genes that
maintain stem cell character and inhibit neurogenesis, but this
pathway is attenuated in the intermediate progenitors. There-
fore, the signaling interaction between Notch and B-catenin
that we show here may be more significant in neural stem cells
than in intermediate neuronal progenitors. Consistently, the
misexpression of dominant-active GSK3 in our hands com-
pletely inhibits secondary neurosphere formation and pro-
motes neuronal differentiation, suggesting that GSK3@ inacti-
vation and B-catenin stabilization are essential for the self
renewal of neurosphere-forming stem cells. Thus, our results
provide a new framework for understanding neural stem cell
maintenance in view of the molecular link between prolifera-
tion and differentiation.

MATERIALS AND METHODS

Antibodies and recombinant proteins. Mouse monoclonal anti-bromode-
oxyuridine (BrdU) antibody was purchased from Sigma (St. Louis, MO) and
used according to the manufacturer’s instructions. Rabbit polyclonal anti-active
caspase 3 and mouse monoclonal anti-Ki67 antibodies were from BD Phar-
Mingen (San Diego, CA). Mouse monoclonal anti-B-catenin and anti-GSK38
antibodies were from Transduction Laboratories (Lexington, KY). Rabbit poly-
clonal anti-phospho-GSK3B-Ser9 antibody was from Cell Signaling Technology
(Beverly, MA). Mouse monoclonal anti-Notchl antibody was from Chemicon
(Temecula, CA). The rabbit polyclonal anti-hemagglutinin (HA) probe, goat
polyclonal anti-Notch1, and rabbit polyclonal anti-B-catenin (H-102) antibodies
were from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse monoclonal
anti-myc (9E10) antibody was from Upstate (Charlottesville, VA). Rabbit anti-
green fluorescent protein (GFP) antibody was from MBL (Nagoya, Japan).
Immunocytochemistry and immunoblotting were performed as described previ-
ously (46). Recombinant mouse Wnt-3a (rmWnt-3a; catalog no. 1324-WN),
recombinant mouse frizzled-8/Fc chimera (catalog no. 112-FZ), and recombinant
human immunoglobulin G1 (IgG1) Fc (catalog no. 110-HG) were purchased
from R&D Systems (Minneapolis, MN). LY294002 and wortmannin were pur-
chased from Sigma. L685458 was purchased from Calbiochem (San Diego, CA).

BrdU incorporation assay. Neural precursor cells were grown for 4 days,
replated on an 8-well chamber slide (Nunc, Naperville, IL), and incubated in
N2-supplemented Dulbecco’s modified Eagle’s medium (DMEM)-F-12 medium
containing 10 ng/ml FGF2. On the next day, the medium was switched to fresh
medium containing rmWnt-3a (0 or 200 ng/ml) and FGF2 (0, 2, or 10 ng/ml) for
12 h. BrdU was added to media for a further 6 h; cells were fixed with 4%
paraformaldehyde (PFA) and immunostained with anti-BrdU antibody. To ex-
amine the contribution of the Akt/PI3K pathway, neural precursor cells on 8-well
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chamber slides were cultured in the absence of FGF2 for 10 h. The cells then
were treated with FGF2 (0 or 10 ng/ml) and LY294002 (0 or 50 uM) together
with 10 wM BrdU for 6 h. Cells were fixed with 4% PFA and immunostained with
anti-BrdU antibody.

Retroviruses. For recombinant retrovirus construction, GSK3BS9A cDNA
(43) was inserted into pMY-IRES-GFP (36), and the plasmid was introduced
into Plat-E cells (33a) using TransIT-293 (Mirus). After 48 h of incubation,
culture medium containing retroviruses was centrifuged, and the virus pellets
were resuspended in N2-supplemented DMEM-F-12 containing 10 ng/ml FGF2.

Reverse transcription-PCR (RT-PCR). First-strand cDNA was synthesized
from total RNA prepared from embryonic day 14.5 (E14.5) neural precursor
cells using Superscript II (Invitrogen) as described previously (47). The PCR for
detecting hes! and hes5 consisted of 35 cycles of denaturation at 95°C for 1 min,
annealing at 58°C for 45 s, and extension at 72°C for 1.5 min. Specific primers
were the following: Hes1 sense primer, 5'-CAGCCAGTGTCAACACGACA
C-3’; antisense primer, 5'-TCGTTCATGCACTCGCTGAG-3'; Hes5 sense
primer, 5'-CGCATCAACAGCAGCATAGAG-3'; antisense primer, 5'-TGG
AAGTGGTAAAGCAGCTTC-3'; and glyceraldehyde-3-phosphate dehydro-
genase (G3PDH) sense primer, 5'-GTCATCATCTCCGCCCCTTCTGC-3';
antisense primer, 5'-GATGCCTGCTTCACCACCTTCTTG-3'. The PCR for
detecting cyclin D1 consisted of 35 cycles of denaturation at 94°C for 1 min,
annealing at 50°C for 2 min, and extension at 72°C for 3 min. The cyclin
D1-specific primers were the following: sense primer, 5'-CTGGCCATGAA
CTACCTGGA-3'; antisense primer, 5'-GTCACACTTGATCACTCTGG-3'.
The PCR for detecting Notch1, Notch2, Notch3, and Deltal consisted of 33
cycles of denaturation at 94°C for 1 min, annealing at 55°C for 1 min, and
extension at 72°C for 2 min. The specific primers were the following: mouse
Notchl sense primer, 5'-TTACAGCCACCATCACAGCCACACC-3'; anti-
sense primer, 5'-ATGCCCTCGGACCAATCAGA-3'; mouse Notch2 sense
primer, 5'-GAGGCGCTCTTCTGCTGTTGAAGA-3'; antisense primer, 5'-
ATAGAGTCACTGAGCTCTCGGACAG-3'; mouse Notch3 sense primer,
5'-ACACTGGGAGTTCTCTGT-3’; antisense primer, 5'-GTCTGCTGGCA
TGGGATA-3"; and mouse Deltal sense primer, 5'-TGTGACGAGCACTA
CTACGGAGAAG-3'; antisense primer, 5'-AGTAGTTCAGGTCTTGGTT
GCAGAA-3'. The PCR products were run on 1.2% agarose gels and
visualized by ethidium bromide staining.

Immunoprecipitation. HEK293 cells were transfected with combinations of
pMY-B-catenin-HA, pEF-BOS-Myc-N1IC, pEF-BOS-HA-p300, pcDEF3-Flag-
P/CAF, pcDEF3-Flag-p300, pcDEF3-Flag-p300AC(1-1736), and pcDEF3-Flag-
p300AN(1736-2414) (34, 47) using TransIT-LT1 (Mirus). Forty-eight hours after
transfection, cells were washed twice with chilled phosphate-buffered saline
(PBS) and lysed on ice with 0.5 ml of NP-40 lysis buffer (10 mM Tris-HCI, pH 7.5,
150 mM NacCl, 0.5% NP-40, 5 mM EDTA, 0.4 mM sodium orthovanadate, 1 mM
phenylmethylsulfonyl fluoride, and 10 pg/ml aprotinin). Whole-cell lysates were
sonicated in a closed-type sonicator (Cosmo Bio) and centrifuged at 15,000 rpm
for 15 min at 4°C. Primary antibody was incubated with the supernatant over-
night at 4°C with gentle agitation. Ten microliters of protein A-Sepharose beads
were added to each lysate/antibody mixture and incubated for 1 h at 4°C with
gentle agitation. The immune complex was precipitated by a brief centrifugation
at 5,000 rpm at 4°C. The complex was washed five times with NP-40 lysis buffer,
and the proteins were eluted by boiling the beads with 20 wl sodium dodecyl
sulfate sample buffer for 5 min. To detect the interaction between endogenous
B-catenin and Notch1 proteins, neural precursor cells expanded for 4 days were
plated on 60-mm dishes and cultured for another 2 days in the presence of FGF2.
Anti-Notchl antibody was used for coimmunoprecipitation, and anti-B-catenin
antibody was used for Western blot analysis. For the blocking experiment, anti-
Notchl antibody was premixed with a fivefold (by weight) excess of its blocking
peptide in PBS and incubated overnight at 4°C.

RNA interference. A synthetic double-stranded short interfering RNA
(siRNA) for B-catenin (5'-AUUACAAUCCGGUUGUGAACGUCCC-3") was
purchased from Invitrogen (catalog no. 1320003). The expression level of B-cate-
nin protein in NIH 3T3 cells that were cotransfected with the siRNA and
pMY-HA—-B-catenin-IRES-GFP was examined by Western blot analysis with
anti-HA antibody. For the luciferase reporter assay, the siRNA was introduced
into neural precursor cells using Lipofectamine 2000 (Invitrogen, CA) together
with the reporter plasmid (pHesl-Luc), an internal control plasmid (pRL-tk),
and the expression vector (pEF-BOS-Myc-N1IC). The dual luciferase reporter
assay was performed as described previously (34).

ChIP assay. A chromatin immunoprecipitation (ChIP) assay was performed
according to the protocol reported by Schwartz et al. (42a). Neural precursor
cells were transfected with stabilized B-catenin cDNA using the Nucleofector
system (Amaxa). The cells were seeded at a high density (3.2 X 10° cells/cm?) or
a low density (5.4 X 10* cells/cm?) to control the involvement of Notch signaling
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through cell-cell contacts. Cells prepared from each culture were equalized in
number at the onset of the ChIP assay. The PCR template was amplified with the
following primers: 5’ primer, 5'-TGTCTCTTCCTCCCATTGG-3'; 3’ primer,
5'-AACTACTGAGCAGTTGAAGG-3'.

Cell preparation. Monolayer cultures of neural precursor cells were prepared
from E14.5 mouse telencephalon as described previously (34). In the neuro-
sphere assay, monolayers of cultured neural precursor cells were infected with
GSK3BS9A (43) or control GFP retroviruses on day 3 of the culture. After 24 h
of incubation with the retroviruses, cells were detached and cultured at a density
of 1 X 10° cells per poly-HEME-coated 90-mm dish with N2-supplemented
DMEM-F-12 medium (8 ml) containing 10 ng/ml FGF2 for 8 days. The size of
8-day-old GFP-positive neurospheres was measured. For the secondary neuro-
sphere assay, 8-day-old primary spheres were dissociated with trypsin and re-
plated at a density of 0.5 X 10° cells on poly-HEME-coated 90-mm dishes in
medium (8 ml) containing both FGF2 and epidermal growth factor (10 ng/ml
each; Peprotech, Rocky Hill, NJ). The cells were cultured for another 8 days.

Luciferase reporter assay. Neural precursor cells were transfected with the
reporter plasmids pHes1-Luc (a gift from Ryuichiro Kageyama, Kyoto Univer-
sity), H5-Luc, RMHS5-Luc (47), 7}XTCF/siman virus 40 (SV40)-Luc and SV40-
Luc (pGL3-Promoter Vector purchased from Promega), and an internal control
plasmid, pRL-tk (Promega), together with the expression plasmids pEF-BOS-
Myc-N1IC (47) and pMY-gsk3BS9A, by using TransIT-LT1 (Mirus). On the
following day, cells were cultured in medium without FGF2 and insulin for 6 h
and retreated with 20 ng/ml FGF2 for 7 h. Luciferase activity was measured using
the Pikkagene dual luciferase assay system (Tokyo Ink Inc.). For the reporter
assay with stabilized B-catenin (a gift from A. Nagafuchi at IMEG, Kumamoto
University), cells were transfected with pHes1-Luc together with the expression
plasmids pMY-B-catenin-HA, pEF-BOS-Myc-N1IC, pcDNA3-Myc-P/CAF
(47), and pcDEF3-Flag-p300 (34).

RESULTS

FGF2-induced (3-catenin accumulation and cyclin D1 gene
expression through PI3K activation. FGF2 and Wnts act as
mitogens for neural precursor cells. Suboptimal doses of FGF2
and Wnt-3a displayed an additive effect on neural precursor
cell proliferation (data not shown), suggesting that FGF2 and
Wnt-3a signaling share a common pathway for promoting neu-
ral precursor cell proliferation. Previous reports have shown
the FGF2-triggered activation of the PI3K-Akt pathway in
breast cancer cells (3, 49). Akt phosphorylates GSK3p at Ser’
in insulin-stimulated L6 myotubes (11), and this Ser? phosphor-
ylation reduces the kinase activity of GSK3p, a critical com-
ponent of the canonical Wnt signaling pathway (45). Thus, we
investigated whether FGF2 stimulation increased the Ser’
phosphorylation of GSK3 through PI3K activation in neural
precursor cells. Insulin that had been used for neural precursor
cell preparation could affect the PI3K-Akt pathway. Therefore,
both FGF2 and insulin were depleted from the culture medium
for 6 h, and cells were retreated with 20 ng/ml FGF2 in the
absence of insulin for 3 h. The phosphorylation of GSK3B-Ser®
was examined by Western blot analysis using an anti-phospho-
GSK3p-Ser’-specific antibody. FGF2 indeed induced GSK3p-
Ser® phosphorylation, as did Wnt-3a (Fig. 1A). Simultaneous
stimulation by FGF2 and Wnt-3a resulted in slightly greater
GSK3-Ser? phosphorylation. LY294002 and wortmannin are
well-known compounds that inhibit PI3K (4, 50). LY294002
and wortmannin reduced the effect of FGF2 signaling on
GSK3-Ser’ phosphorylation (Fig. 1B; wortmannin data not
shown), suggesting that GSK3B-Ser® was phosphorylated at
least partly through PI3K activation. In addition, wortmannin
treatment slightly reduces the GSK3B protein level with an
unknown mechanism, since wortmannin inhibits PI3K activity
but may affect some other signaling as well. The Wnt-induced
phosphorylation of GSK3B was only slightly reduced by

UNDIFFERENTIATED PROLIFERATION OF NEURAL PRECURSORS 7429

LY294002 (Fig. 1B). Although insulin has been reported to
activate the PI3K-Akt pathway, it should be noted that FGF2
treatment induced GSK3pB-Ser® phosphorylation in neural pre-
cursor cells regardless of the presence or absence of insulin in
the culture medium (data not shown).

In the canonical Wnt signaling pathway, the inactivation of
GSK3pB leads to the nuclear accumulation of B-catenin, which
promotes LEF/TCF-dependent transcription and functions as
a transcriptional coactivator (8). Similarly to the Wnt signaling
pathway, neural precursor cells treated with FGF2 for 1 h
showed an increase of B-catenin protein in the 0.5% NP-40-
insoluble nuclear fraction, but LY294002 impaired the effect of
FGF treatment (Fig. 1C). FGF2 likely induced B-catenin sta-
bilization rather than its translocation into the nucleus, since
the protein level of B-catenin was increased in both the nucleus
and cytoplasm (data not shown). To explore whether B-catenin
accumulation by FGF2 increases LEF/TCF-mediated tran-
scription, we prepared, according to Ueda et al. (48), a lucif-
erase reporter construct containing seven repeats of a TCF
binding motif located upstream of an SV40 promoter of a
pGL3 promoter vector (Promega). FGF2 treatment increased
reporter activity, but this increase was blocked by LY294002
treatment (Fig. 1D), suggesting that FGF2 activates LEF/TCF-
mediated transcription through PI3K signaling. In contrast,
LY294002 did not affect Wnt3a-induced LEF/TCF transcrip-
tion (Fig. 1D). The activation of the FGF2 and Wnt3a signal-
ing pathways showed additive effects on the induction of TCF-
dependent transcription, suggesting that they share a common
pathway after the inactivation of GSK3pB (Fig. 1E).

The cyclin D1 gene has LEF/TCF binding sites in its pro-
moter region, and thus it is a representative Wnt target. Cyclin
D1 plays a critical role at the G,/S transition in the cell cycle.
Cyclin D1 mRNA and protein levels both were increased in
cells treated with FGF2 for 3 h (Fig. 1F, G, and H), but
LY294002 and wortmannin abolished FGF2-induced cyclin D1
expression (Fig. 1G and H). Thus, the induction of cyclin D1
expression by FGF2 depended upon PI3K activation. There
still remained the possibility that FGF2-induced cyclin D1
gene expression was due to the autocrine secretion of Wnt
ligands. However, this possibility was excluded by the fact that
recombinant mouse Frizzled-8/Fc chimera protein, a soluble
Whnt antagonist, showed no effect on FGF2-induced cyclin D1
expression, whereas it blocked rmWnt-3a-induced cyclin D1
expression (data not shown). These results suggest that FGF2
signaling directly induces cyclin D1 expression regardless of
Whnt signal initiation. It should be noted that FGF2 treatment
did not alter the STAT3 phosphorylation status that affected
cell proliferation (data not shown). The schematic drawing in
Fig. 1I summarizes the signaling pathway shown in Fig. 1.

Cell cycle progression by FGF2 signaling through PI3K
activation and GSK3f inactivation. To investigate the func-
tional consequences of the FGF2-induced activation of the
PI3K-Akt-GSK3B pathway in the proliferation of neural pre-
cursor cells, we tested a dominant-negative Akt (dnAkt) to see
if it blocked the FGF2-induced cell proliferation. Many cells
expressing dnAkt underwent apoptosis within a day after gene
transfer (data not shown). As Akt was reported to be involved
in the survival of various cells, the long-term blocking of Akt
activity by dnAkt overexpression might cause neural precursor
cell death. Thus, we next treated the cells with a pharmaco-
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FIG. 1. Nuclear B-catenin accumulation and induction of cyclin D1 expression through FGF2-mediated PI3K activation and GSK3p inacti-
vation in neural precursor cells. (A) The upper panel shows the Western blot analysis with anti-phospho-GSK3B-Ser” antibody. The lower panel
shows the total amount of GSK3B examined with anti-GSK3p antibody. The upper of the two bands appeared to be phosphorylated GSK38.
Neither FGF2 nor Wnt3a affected the B-actin protein level (data not shown). (B) The PI3K inhibitor L'Y294002 (50 uM) impaired the GSK3
Ser? phosphorylation induced by FGF2 treatment (20 ng/ml; n = 6). L'Y294002 slightly reduced GSK3@ Ser’ phosphorylation induced by Wnt3a
treatment (150 ng/ml; n = 3). (C) Accumulation of B-catenin was detected in the nuclear fraction of neural precursor cells treated with 20 ng/ml
FGF2 for 1 h. This accumulation was blocked by 50 uM LY294002. The amounts and purities of the nuclear fraction were confirmed by Coomassie
brilliant blue staining, the expression level of histone H3, and leukemia inhibitory factor receptor (LIFR; data not shown). (D) 7XTCF-SV40
promoter activity (black bars) and SV40 promoter activity (white bars) were investigated by a dual luciferase reporter assay. The height of each
bar indicates the increase of luciferase activity compared to that of unstimulated cells. rmWnt-3a (100 ng/ml) was applied as a positive control for
7XTCEF-Luc reporter activity (n = 3; %, P < 0.05; #*, P < 0.001; Student’s ¢ test). (E) Coapplication of 20 ng/ml FGF2 and 100 ng/ml rmWnt-3a
displayed an additive effect on 7XTCF promoter activation (n = 3). The height of each bar indicates the increase of luciferase activity compared
to that of unstimulated cells. (F) FGF2 (20 ng/ml) and rmWnt-3a (200 ng/ml) increased the expression of cyclin D1 mRNA, as detected by RT-PCR.
(G) LY294002 (50 M) and wortmannin (100 nM) impaired FGF2-induced cyclin D1 mRNA expression (n = 3). (H) Western blot analysis with
anti-cyclin D1 antibody. LY294002 (50 uM) abolished the induction of cyclin D1 by FGF2 (20 ng/ml; n = 3) but did not affect that by rmWnt-3a
(150 ng/ml; n = 2). All experiments in this figure were done with cells seeded at a high density (3.2 X 10° cells/cm?). (I) A schematic drawing
summarizing the signaling pathways analyzed in this figure.
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FIG. 2. Involvement of PI3K activation and GSK3p Ser® phosphorylation in the proliferation of neural precursor cells in response to FGF2.
(A to D) FGF2 (10 ng/ml) increased the number of BrdU™ cells (red in panel A), and L'Y294002 abolished this effect in a dose-dependent manner
(B). DMSO, dimethylsulfoxide. (C) Ratio of BrdU™ cells/total cells (n = 4; %, P < 0.01; **, P < 0.001; Student’s ¢ test). (D) Ratio of active caspase
3" (casp3™) cells/total cells (n = 4). (E to G) Ki67" proliferative cells (red in panels E and F) were less frequent among GSK3BS9A-expressing
cells (green in panel F) than among control GFP virus-infected cells (green in panel E). (G) The ratio of Ki67" cells/GFP™ cells (n = 5; #, P <
0.01 compared to values for the control; Student’s ¢ test). All of these experiments were done with cells seeded at a high density (3.2 X 10°
cells/em?). (H to L) Misexpression of GSK3BS9A significantly decreased the diameter of primary neurospheres (green sphere in panel K)
compared to that of the control (green sphere in panel J; also see the corresponding uncolored spheres in panels H and I). Yellow dots seen in
panel K are artifacts caused by the reflection of the lights from clean benches. (L) Summary of results (n = 4). Scale bar for panels A and B, 100
pm. Scale bar for panels E and F, 50 pm. Scale bar for panels H to K, 100 pwm.

logical PI3K inhibitor, LY294002, for a short time period.
After 10 h of FGF2 depletion, cells were treated with 10 pM
BrdU, 10 ng/ml FGF2, and 0, 10, or 50 pM of LY294002 for
6 h. The number of BrdU™ cells was increased by FGF2 re-
treatment, but this increase was abolished by 1.Y294002 (Fig.
2A, B, and C), suggesting a contribution of PI3K to FGF2-
induced cell proliferation. Active caspase 3-positive apoptotic
cells were not increased in number by LY294002 under this
culture condition (Fig. 2D). To further test the involvement of
GSK3B Ser® phosphorylation in neural precursor cell prolifer-
ation, an Akt-insensitive GSK3, in which serine® was replaced
with alanine (GSK3BS9A), was used as a dominant-active pro-
tein (43). GSK3BS9A cDNA was inserted into the retroviral
pMY-IRES-GFP vector (36). GSK3BS9A or control retrovirus
was introduced into neural precursor cells cultured in the pres-
ence of FGF2. The size of the population of Ki67" proliferat-
ing cells became smaller when GSK3BS9A was expressed (Fig.
2E, F, and G). These results indicate that the inactivation of
GSK3B plays a significant role in neural precursor cell prolif-
eration induced by FGF2.

Neural stem cells in vitro can generate neurospheres. To
assess the involvement of GSK3B inactivation in neuro-

sphere formation, GSK3BS9A or control virus-infected neu-
ral precursor cells were replated in floating conditions on
nonadhesive dishes at a clonal density and cultured for 8
days in the presence of FGF2 to form neurospheres.
GSK3BS9A-expressing neurospheres were much smaller in
size than control spheres expressing GFP alone (Fig. 2H, I,
J, K, and L), suggesting that GSK3BS9A inhibited the pro-
liferation of sphere-forming cells. We further examined the
ability of GSK3BS9A-expressing cells to form secondary
neurospheres, an ability that is a characteristic feature of
self-renewing neural precursor cells. Primary sphere-form-
ing cells were dissociated and cultured at a clonal density on
nonadhesive dishes for a further 8 days. GSK3BS9A-express-
ing cells generated only negligible numbers of secondary
spheres compared to the level generated by control GFP-ex-
pressing cells and uninfected cells (Fig. 3A). Instead, the
misexpression of GSK3BS9A promoted neuronal differentia-
tion within the primary neurosphere even in the presence of
FGF2 (Fig. 3B). Thus, the self-renewal ability of neural pre-
cursor cells as indicated by secondary neurosphere formation,
which is maintained by FGF2, involves the inactivation of
GSK3p.
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FIG. 3. Defect in secondary sphere formation by dominant-active
GSK3p-expressing cells. (A) GSK3BS9A-GFP- or GFP-retrovirus-in-
fected cells in primary neurospheres were dissociated and used for a
secondary sphere assay. GSK3BS9A-expressing cells (S9A) formed no
or very few secondary spheres compared to control GFP-expressing
cells (cont). The numbers at the bottom indicate each of the four
independent experiments. (B) Neural precursor cells were infected
with GSK3BS9A-GFP or GFP virus, and primary neurospheres
formed after 8 days were dissociated and replated on 8-well chamber
slides. Six hours later, the number of Tuj1™ cells among GSK3BS9A-
GFP-expressing cells and that among GFP-expressing cells were
counted (n = 3; *, P < 0.05 compared to control values; Student’s ¢
test).

Induction of hesl gene expression by FGF2. Since neural
precursor cell proliferation and neuronal differentiation are
observed in a mutually exclusive manner from worms to mam-
mals, these two events may have a molecular link involving an
evolutionarily conserved classical factor(s). Meanwhile, Tem-
ple and colleagues reported that neural stem cells cultured at
clonal densities exhibit trends toward cell cycle exit and differ-
entiation into neurons and glial cells, even in the presence of
FGF2 (38), suggesting that the FGF2-induced self renewal of
neural stem cells requires cell-cell contact-mediated signal
transduction. Notch signaling plays a central role in inhibiting
the neuronal differentiation of neural precursor cells, and mu-
tations in key components of the Notch signaling pathway
cause premature neuronal differentiation. For these reasons,
we hypothesized that FGF2 signaling contributes to the main-
tenance of neural precursor cells, in part via an interaction with
the Notch signaling pathway (Fig. 4A).

The expression of Notchl, Notch2, Notch3, and Deltal
mRNAs was detected by RT-PCR in the E14.5 mouse telen-
cephalon and a neural precursor cell-enriched culture (data
not shown). Hes1, a representative critical effector molecule of
Notch signaling, is a basic helix-loop-helix (bHLH) transcrip-
tion factor that inhibits neurogenic bHLH factors. According
to the hypothesis described above, we focused on hesl gene
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expression to assess whether FGF2 stimulation influences
Notch signaling. As shown in Fig. 4B, the hes/ mRNA level
was elevated by FGF2 treatment for 3 h when cells were
seeded at a high density (3.2 X 10° cells/cm?). The y-secre-
tase-mediated cleavage and nuclear translocation of the
Notch intracellular domain are critical for Notch target/
effector gene expression. L685458, a commercially available
y-secretase inhibitor, significantly decreased the amount of
cleaved Notchl in a high-density culture of neural precursor
cells (Fig. 4C). L685458 at a dose of 1 uM abolished FGF2-
induced hes! gene expression in a high-density culture of
neural precursor cells (Fig. 4D). We further analyzed the
effect of FGF2 signaling on hesl promoter (—2500 to +46)
activation in neural precursor cells using a luciferase re-
porter assay. FGF2 caused a significant induction of hesl
promoter activity in neural precursor cells cultured at a high
density (Fig. 4E, left two bars), and this was completely
inhibited by L685458 (Fig. 4E, fourth bar) or was never
observed when cells were cultured at a low density (5.4 X
10* cells/cm?) (Fig. 4F, left two bars). These results sug-
gested that FGF2-induced hes! expression requires Notch
signal activation through cell-cell contacts. This idea was
supported by the result that, when an expression vector for
N1IC (a constitutively active form of Notchl) was intro-
duced into low-density neural precursor cell cultures, the
hesl promoter was activated, and this activation was en-
hanced by FGF2 stimulation (Fig. 4F). Thus, FGF2, al-
though having no effect by itself, evidently enhanced N1IC-
induced hesl promoter activation.

Since dominant-active GSK3 inhibited the self renewal of
neurosphere-forming cells in the presence of FGF2 (Fig. 3), we
further hypothesized that GSK3p activity should influence the
FGF2-mediated potentiation of sesI promoter activity. As ex-
pected, the PI3K inhibitor LY294002 abolished the potentia-
tion of hes! promoter activity by FGF2 (Fig. 4F, right three
bars), as did another PI3K inhibitor, wortmannin (data not
shown), suggesting that PI3K activity plays a major role in this
process. The potentiation of hes! promoter activity by FGF2
also was prevented by the misexpression of a dominant-active
form of GSK3p, namely, GSK3BS9A, in a dose-dependent
manner (Fig. 4G). Importantly, GSK3BS9A showed no inhib-
itory effect on hesl promoter activation induced by N11C alone
(Fig. 4G). These results suggested that the inactivation of
GSK3 is essential for the FGF2-mediated potentiation of
Notch-induced hesl promoter activation. To further confirm
the involvement of GSK3pB in hes! promoter activation, we
examined whether Wnt-3a stimulation affects hes!/ promoter
activation. Wnt-3a treatment elevated hes! promoter activity
only when N1IC is expressed, although this elevation was less
pronounced than that observed with FGF2 (data not shown).
These findings provided us with hints into molecular mecha-
nisms underlying the observation shown in Fig. 3 that domi-
nant-active GSK3B-expressing cells lose their self-renewal
activity and generate very few secondary neurospheres.

B-Catenin-mediated potentiation of N1IC-induced pro-
moter activation is RBP-Jk dependent. Similarly to the hes/
gene promoter, the hes5 gene promoter (—179 to +72) was
potentiated by FGF2 in neural precursor cells only when Notch
signaling was activated (Fig. 4H, left four bars). The RBP-Jk
binding sites in the hes5 promoter have been well character-
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FIG. 5. Novel function of B-catenin as a transcriptional coactivator for Notch signaling. (A) Expression of stabilized (stb) B-catenin potentiated
N1IC-induced hes! promoter activation in neural precursor cells in a dose-dependent manner. The misexpression of dominant-negative human
TCF4 (AN-hTCF4) did not affect hesI promoter activity (n = 4; %, P < 0.01; *%, P < 0.001; Student’s ¢ test). (B) The ectopic expression of
HA-tagged B-catenin (Bcat) was potently inhibited by the cotransfection of NIH 3T3 cells with B-catenin siRNA (siR). (C) B-Catenin siRNA
abolished the effect of FGF2 on hesl promoter activation, whereas it did not affect N1IC-mediated hes! promoter activation (n = 4; *, P < 0.01;
*%, P < 0.001; Student’s ¢ test). (D) Endogenous B-catenin and Notchl proteins in neural precursor cells were coimmunoprecipitated. Preincu-
bation of anti-Notchl antibody (aNotchl) with its blocking peptide (B.P.) prevented the coprecipitation of B-catenin and N1IC. The B-catenin
signal density was quantified with densitometry, and the result is indicated under each band. IP, immunoprecipitation. (E and F) The molecular
interaction between N1IC and B-catenin was analyzed by coimmunoprecipitation assays in HEK293 cells that overexpressed the cDNAs for
HA-tagged B-catenin and myc-tagged N1IC. Anti-HA («HA) antibody was used for immunoprecipitation, and anti-myc antibody was used for the
Western blotting analysis shown in panel E. Anti-myc antibody (amyc) was used for immunoprecipitation, and anti-HA antibody was used for the
Western blotting analysis shown in panel F. (G) ChIP assay demonstrated that B-catenin is associated with the kes! promoter region in neural
precursor cells. Chromosomal DNA was precipitated with normal rabbit IgG from Upstate (lane 1), normal rabbit IgG from Santa Cruz
Biotechnology (lane 2), or anti-B-catenin antibody (« B-catenin) (lanes 3, 4, and 5). Chromosomal DNA was prepared from high-density neural
precursor cells (lanes 1, 2, 3, and 4), from the cells treated with 1 uM L685458 (lane 4), or from low-density cultures of neural precursor cells (lane
5). Arrows in the drawing indicate PCR primer positions.

ized. We previously demonstrated that a hes5 reporter con-
struct with a mutated RBP-Jk binding site (RMHS5-Luc, in
which the nucleotides at —79 to —72, TGTGGAA, were re-
placed by TGTGCTGA) has no responsiveness to N1IC in
cultured neural precursor cells (47). As shown in Fig. 4H (right
four bars), neither N1IC alone nor N1IC plus FGF2 led to any
activation of this mutant hes5 promoter. These results sug-
gested that the binding of RBP-Jk protein to the hes5 pro-
moter is essential for the potentiation of its gene expression by

FGF2 in the presence of Notch signaling. The involvement of
RBP-Jk binding to promoter DNA in the FGF2-mediated po-
tentiation of N1IC-induced hes! gene expression was indicated
in further experiments (Fig. 5), as described later.

GSK3B was reported to phosphorylate the Notch2 serine/
threonine-rich domain and to be involved in the Notch signal-
ing pathway in HEK293 cells (14). Therefore, we hypothesized
that GSK3 also could phosphorylate N1IC and downregulate
Notch signaling in neural precursor cells. However, the struc-
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tural equivalent of the Notch2 serine/threonine-rich domain
was not found in Notchl. FGF2 treatment did not change the
phosphorylation status of N1IC, as examined by a band shift
phosphorylation assay (data not shown). Calf intestine alkaline
phosphatase treatment did not modify the electrophoretic mo-
bility of N1IC that was extracted from either FGF2-treated or
nontreated neural precursors (data not shown). These data do
not support the hypothesis that GSK38 phosphorylates N1IC
and regulates the Notch signaling activity.

As previously mentioned, FGF2 treatment led to the nuclear
accumulation of B-catenin in neural precursor cells (Fig. 1). As
shown in Fig. SA, the forced expression of stabilized B-catenin,
in which all four GSK3 target residues were mutated, mim-
icked the effect of FGF2 on hesl promoter activation in the
sense that neither FGF2 nor stabilized B-catenin activated it by
themselves, but they did potentiate N1IC-induced hesI pro-
moter activation. Even though no putative binding site for
LEF/TCF was found in the hes! promoter region, it is possible
that the LEF/TCF-B-catenin transcription factor complex
binds to and transactivates the ses! promoter in cooperation
with N1IC, which binds to the promoter via RBP-Jk. To test
this possibility, we used dominant-negative human TCF4,
which lacks the B-catenin binding domain in its amino-terminal
region (AN-TCF4) (41). In the control experiment, AN-TCF4
totally prevented the 7XTCF-Luc reporter transactivation that
was induced by stabilized B-catenin (data not shown). AN-
TCF4 showed no detectable effect on the hes! promoter acti-
vation that was induced by N1IC and stabilized B-catenin (Fig.
SA, right three bars). These data suggest that hes! promoter
activation mediated by N1IC together with stabilized B-catenin
does not involve LEF/TCF transcription factors.

To confirm whether endogenous B-catenin is involved in
FGF2-induced hesl promoter activation, we performed a
B-catenin knockdown analysis using RNA interference
(siRNA). The expression of HA-tagged B-catenin protein in
NIH 3T3 cells by a plasmid vector was potently inhibited by the
cotransfection of cells with B-catenin siRNA (Fig. 5B). Neural
precursor cells were transfected with combinations of the
B-catenin siRNA, Hesl-Luc reporter, and N1IC expression
vector. B-Catenin siRNA abolished FGF2-induced hesI pro-
moter activation, whereas it did not affect N1IC-mediated hesl
promoter activation (Fig. 5C), demonstrating that endogenous
B-catenin is required for the effect of FGF2 on hesI promoter
activation. We looked for a DNA binding protein that could
anchor FGF2-stabilized B-catenin on the hes! gene promoter.
As described above, RBP-Jk is suggested to be important for
the effect of FGF2 on hesI promoter activation. In Drosophila
embryo lysates, Armadillo, a Drosophila homolog of B-catenin,
was detected in a protein complex containing Notch (21), rais-
ing the possibility of an interaction between B-catenin and the
N1IC-RBP-Jk complex in the mouse neural precursor cells
used in our experiments. In fact, a coimmunoprecipitation
assay detected an interaction between endogenous B-catenin
and N1IC in neural precursor cells (Fig. 5D). The preabsorp-
tion of anti-Notch1 antibody with its blocking peptide inhibited
the coprecipitation of B-catenin with N1IC (Fig. 5D). An in-
teraction between B-catenin and N1IC was further confirmed
by coimmunoprecipitation experiments with epitope-tagged
B-catenin and N1IC expressed in HEK293 cells (Fig. 5SE and
F), while B-catenin and RBP-Jk by themselves were not coim-
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munoprecipitated (data not shown). We next examined
whether B-catenin could associate with the ses/ gene promoter
at RBP-Jk binding sites. Neural precursor cells were trans-
fected with stabilized B-catenin cDNA. A ChIP assay sug-
gested that the stabilized B-catenin associates with the 5’'-
flanking region of the hesl gene containing two putative
RBP-Jk binding sites (Fig. 5G). The association of B-catenin
with the hesl gene promoter was reduced when cells were
cultured at a low density or cultured in the presence of
L685458 (Fig. 5G). These results suggest that the interaction
between B-catenin and the hes! gene promoter requires Notch
signal activation.

Physical and functional association of transcriptional coac-
tivators with the B-catenin-N1IC complex. Since the misex-
pression of stabilized B-catenin enhanced the N1IC-stimulated
hesl promoter activity, there might be an interaction between
the B-catenin-N1IC complex and transcriptional coactiva-
tor(s). The CBP/p300 family is a widely known family of tran-
scriptional coactivator proteins. These proteins are expressed
and also function in neural precursor cells (34). Previous stud-
ies with several mammalian cell lines demonstrated that
B-catenin could bind to CBP/p300 (37), and N1IC could inter-
act with CBP/p300 and p300/CBP-associated factor (P/CAF)
(28, 44). Consistently with these early studies, our in vitro
analysis with tagged proteins expressed in HEK293 cells con-
firmed that N1IC could interact with P/CAF (Fig. 6A, lane 3).
Interestingly, the interaction of N1IC and P/CAF was en-
hanced by the coexpression of p300 and, to a greater extent, by
the additional the coexpression of B-catenin (Fig. 6A, lanes 4
and 5). Furthermore, B-catenin and N1IC were more efficiently
coimmunoprecipitated in the presence of both p300 and
P/CAF (Fig. 6B), suggesting the cooperative binding of p300,
N1IC, B-catenin, and P/CAF. To further verify the involvement
of endogenous p300 in hes! promoter activation in neural
precursor cells, p300 deletion mutants (34) were employed.
The p300AN (comprised of amino acids 1736 to 2414) mutant
retained the N1IC binding domain but lacked the B-catenin-
interacting, CREB binding, and HAT domains. Therefore, the
misexpression of p300AN was expected to antagonize endog-
enous p300 binding to N1IC and act as a dominant-negative
form of p300 (44). Indeed, it decreased N1IC-induced hes?
promoter activation (Fig. 6C, lanes 5 and 8). The p300AC
(comprised of amino acids 1 to 1736) mutant, which lacked the
N1IC binding domain, bound to and eliminated B-catenin from
the N1IC/RBP-Jk complex (37). Indeed, the misexpression of
p300AC had no effect on N1IC-induced hes! promoter activa-
tion, whereas it suppressed the hesl promoter activity induced
by NI1IC plus stabilized B-catenin (Fig. 6C, lane 4 and 7).
Supporting this result, p300AC reduced, to some extent, the
interaction between B-catenin and N1IC in the coimmunopre-
cipitation assay (data not shown). These results suggest that
endogenous p300 is involved in the transcriptional activation of
the hesl promoter mediated by N1IC and B-catenin in neural
precursor cells. This idea was further supported by a gain-of-
function experiment in which the overexpression of full-length
p300 cDNA at a moderate dose (0.1 pg/well) in neural pre-
cursor cells activated the hes! promoter in the presence of
B-catenin and N1IC (Fig. 6D). A high dose of p300 cDNA of,
for example, 1 pg/well reduced the hes! promoter activity.
Such a nonlinear bell-shaped dose-response function via the
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FIG. 6. Physical and functional interactions among N1IC, B-catenin, p300, and P/CAF in hesl promoter activation. (A and B) HEK293 cells
were transfected with expression vectors containing tagged cDNAs. The molecular interaction between N1IC and P/CAF was facilitated in the
presence of both p300 and B-catenin (Bcat). Furthermore, B-catenin was efficiently immunoprecipitated with N1IC in the presence of both p300
and P/CAF (B). IP; aCont IgG, immunoprecipitation with anti-control IgG. (C) The contribution of endogenous p300 to hes! promoter activation
in neural precursor cells was examined using truncated forms of dominant-negative p300 (n = 3; %, P < 0.05; #*, P < 0.01; #*%, P < 0.001;
Student’s ¢ test). stb, stabilized. (D) Neural precursor cells were transfected with combinations of pHes1-Luc, N1IC, stabilized B-catenin, and P/CAF and
p300 cDNAs (n = 4; %, P < 0.05; #**, P < 0.01; Student’s ¢ test). amyc, anti-myc antibody.

quenching of positive factor activity is not unusual for tran-
scriptional modulators in many biological processes. The over-
expression of P/CAF in neural precursor cells led to a dose-
dependent increase in hes! promoter activity when NI1IC,
B-catenin, and p300 were coexpressed (Fig. 6D), suggesting
that P/CAF is involved in the transactivation of the hes! pro-
moter together with N1IC, B-catenin, and p300.

Lastly, we assessed whether the inactivation of endoge-
nous GSK3g is sufficient to promote cell proliferation and
inhibit neuronal differentiation. This idea was examined pri-
marily by gain-of-function experiments, in which the misex-
pression of GSK3BS9A inhibited cell proliferation and the
self-renewal of sphere-forming cells (Fig. 2 and 3) and pro-
moted neuronal differentiation (Fig. 3B). SB216763 is a
potent, selective, and cell-permeable inhibitor of GSK38
(10). After SB216763 treatment for 3 h, both cyclin D1 and
Hesl mRNA levels were elevated in neural precursor cells,
similarly to the results obtained by FGF2 treatment (Fig. 7A
and B). Moreover, SB216763 treatment increased the num-
ber of BrdU-positive proliferating cells and decreased the
number of Tujl-positive neuronal cells in a dose-dependent
manner (Fig. 7C to F). Thus, the inactivation of endogenous
GSK3p is involved in both the promotion of neural precur-
sor cell proliferation and the inhibition of their differentia-
tion.

DISCUSSION

Involvement of GSK3f and f3-catenin in neural precursor
cell proliferation. FGF2 is well known to promote the prolif-
eration of neural stem/precursor cells; however, the molecular
mechanism underlying its action has not been fully elucidated.
Israsena et al. reported that FGF2 upregulated B-catenin
mRNA. They also observed the FGF2-induced rapid translo-
cation of B-catenin protein into the nucleus through an un-
known molecular mechanism (24). Jin et al. reported that
FGF2 activated the PI3K-Akt pathway, leading to the phos-
phorylation of GSK3@ in postnatal hippocampal progenitor
cells (25). These data fit well with the results of our current
study. We independently hypothesized and showed evidence
that FGF2 inactivates GSK3p through PI3K signaling, leads to
the nuclear accumulation of B-catenin, activates LEF/TCF
transcription factors, and induces cyclin D1 expression. The
application of a PI3K inhibitor or dominant-active GSK3p3
decreased the number of Ki67"* cells and BrdU-incorporating
cells and reduced the size of neurospheres formed in the pres-
ence of FGF2, suggesting that this signaling pathway plays an
essential role in the proliferation of neural precursor cells and
neurosphere-forming cells.

Contribution of GSK3 inactivation and -catenin stabili-
zation to the inhibition of neuronal differentiation. It is note-
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worthy that even when canonical Notch signaling is supposed
to be activated through cell-cell contacts in neurospheres,
FGF2 removal causes massive neuronal differentiation. Thus,
the activation of FGF2 signaling is critical for boosting the
Notch signal intensity up to a level sufficient to inhibit neuro-
genesis. Even in the presence of FGF2, the misexpression of
dominant-active GSK3p inhibited secondary neurosphere for-
mation and led to an increase in the proportion of differenti-
ated neurons. As Mizutani et al. (33) reported that Notch
signaling is more significant in the maintenance of neural stem
cell character than the inhibition of neuronal differentiation
from the intermediate progenitor, the inactivation of GSK38
in response to FGF?2 is required for the self renewal of neural
stem cells. The inactivation of GSK38 by SB216763 mimicked,
at least partly, the promotion of cell proliferation and the
inhibition of differentiation induced by FGF2 (Fig. 7E and F).
GSK3pB inactivation and B-catenin stabilization potentiated the

promoter activity of hes! and hes5 genes only when Notch
signaling was activated. We demonstrated that stabilized
B-catenin associates with N1IC and enhances its RBP-Jk-de-
pendent transcription activity to induce hes! and hes5 gene
expression. This is the first report to show an interaction be-
tween B-catenin and N1IC in mammalian cells. Based on the
results that (i) B-catenin was present in a nuclear protein
complex associating with the 5'-flanking region of the hesl!
gene, which contains RBP-Jk binding sites, (ii) a stabilized
form of B-catenin induced hesl gene expression in cooperation
with N1IC by the recruitment of the transcriptional coactiva-
tors p300 and P/CAF, and (iii) the coimmunoprecipitation of
B-catenin and N1IC is enhanced by the presence of both p300
and P/CAF, a model is proposed in Fig. 7G for the cooperation
between B-catenin and N1IC. This complex may contain Mas-
termind, which associates with N1IC/RBP-Jk and recruits p300
into the core complex to activate N1IC-mediated transcription
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(27, 35, 52). Interestingly, Alves-Guerra et al. reported that
Mastermind-like 1, a member of the Mastermind-like family,
also participated in the Wnt signaling as a specific coactivator
of B-catenin/TCF transcription in colon carcinoma cells (1).
Thus, Mastermind may be another key molecule, in addition to
B-catenin, to link the proliferation and differentiation of neural
stem cells. Further studies of Mastermind are necessary to
understand its precise roles in the maintenance of neural stem
cell character.

We have demonstrated by the use of B-catenin siRNA that
B-catenin plays a critical role in the FGF2-mediated potentia-
tion of NI1IC-induced hes! promoter activation (Fig. 5C).
However, B-catenin siRNA could not be adequately applied to
the cell fate analysis of neural precursor cells due to another
function of B-catenin as a member of scaffold proteins. There-
fore, the overall reduction of 3-catenin by siRNA disturbs cell
viability and, thus, may affect the outcomes of cell populations
after a culture period necessary for cell differentiation assays.

A molecular link between promotion of proliferation and
inhibition of differentiation involving 3-catenin stabilization.
Proliferation and differentiation are observed as mutually ex-
clusive events during neural development. How the transition
from proliferation to differentiation is managed has been a
major unanswered question. We propose that the transcrip-
tional coactivator B-catenin exerts a dual function: B-catenin
promotes neural precursor cell proliferation when it binds to
LEF/TCF transcription factors, and it also contributes to the
maintenance of neural precursor cells in an undifferentiated
state when it associates with N1IC and RBP-Jk under the
condition of Notch activation (Fig. 7G). Although the induc-
tion of cyclin D1 expression largely involves the activation of
LEF/TCF transcription factors, some other downstream effec-
tors of the FGF2-PI3K pathway also may contribute to neural
precursor cell proliferation, as discussed in the following para-
graphs.

An increasing number of genes have been implicated as
targets of the canonical Wnt pathway. By analogy to the Wnt
pathway, the FGF2-triggered LEF/TCF activation may induce
neural precursor cell proliferation not only through cyclin D1
but also many other LEF/TCF target gene expressions, for
example, other cyclin D family members such as c-myc, c-jun,
etc. Several other reports have identified Wnt targets through
microarray expression profiling. Interestingly, the activation of
the Wnt signaling pathway induces the expressions of 1D2,
REST/NRSF, and Jagged 1, which inhibit neural differentia-
tion in human colon cancer, human embryonic carcinoma cells,
and developing mouse hair follicles (15, 51). Although it is still
unclear whether FGF2-triggered GSK3p inactivation induces
the expression of these genes in neural precursor cells, if so,
they also may contribute to the maintenance of neural precur-
sor cells in addition to cyclin D1 and Hesl. There is an inter-
esting report that the misexpression of dominant-negative
TCF4 in cortical precursor cells using in utero electroporation-
mediated gene transfer causes increased cell cycle exit and
precocious neuronal differentiation (53), suggesting that LEF/
TCEF target genes have some roles in the maintenance of neu-
ral precursor cells. However, the hes! gene may not be the
direct target of LEF/TCF-mediated transcription, since domi-
nant-negative TCF4 does not affect hes! promoter activity
(Fig. 5A), which predominantly inhibits neuronal differentia-
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tion in our experimental paradigm. Therefore, it will be inter-
esting to examine whether the misexpression of dominant-
negative TCF4 affects ID2, REST/NRSF, and Jagged 1 gene
expression.

Functional redundancy among Hes family members was re-
ported previously (20, 26). Since FGF2 and N1IC activate the
hes5 promoter (Fig. 4H), Hes5 is an obvious candidate for the
B-catenin/NICD target. Hes gene products regulate the main-
tenance of precursor cells in an undifferentiated state and the
normal timing of their differentiation, while recent studies sug-
gest that they do not directly regulate neural cell proliferation
but do so in a context-dependent manner (26).

Differences between the FGF2 and Wnt signaling pathways.
Similarly to the effect of FGF2, Wnt-3a treatment elevated
hesl promoter activity in the presence of N1IC, but the eleva-
tion induced by Wnt-3a was less than that induced by FGF2
(data not shown). This was probably because the molecular
mechanisms for inactivating GSK3p are different between the
FGF2 and Wnt-3a pathways. FGF receptor signaling activates
Akt to phosphorylate GSK3p at Ser®, and the phosphorylated
GSK3p diminishes the interaction between GSK3B and Axin
in NIH 3T3 cells (55). Wnts initiate downstream signal trans-
duction by binding to their receptors, Frizzled and LRP5/6,
leading to the segregation of B-catenin from Axin and GSK38
(22). Although we detected a weak phosphorylation of GSK33
Ser? induced by rmWnt-3a stimulation, GSK3 phosphorylation
itself may not be critical for the Wnt-mediated inactivation of
GSK3 (see below). In addition to the signaling pathway com-
mon to FGF2 and Wnts, FGF2 also activates the ERK pathway
in neural progenitor cells in the fetal subventricular zone and
postnatal hippocampus (25, 29). Indeed, we detected the phos-
phorylation of ERK in neural precursor cells by a 3-h treat-
ment with 20 ng/ml FGF2 (data not shown). Ten micromolars
of U0126, a MEK inhibitor, completely abolished the FGF2-
induced phosphorylation of ERK and partially suppressed the
FGF2-induced proliferation of neural precursor cells (data not
shown). Thus, the activation of the MEK-ERK signaling
pathway contributes at least in part to FGF2-induced neural
precursor cell proliferation. Taken together, our results im-
ply that the PI3K-GSK3p and MEK-ERK signaling path-
ways both are necessary for FGF2-induced neural precursor
cell proliferation.

Inactivation of GSK3@. GSK3B-Ser9 is a well-known Akt
phosphorylation site, and the Ser9 phosphorylation reduces
the kinase activity of GSK3B. We demonstrated that FGF2
signaling though PI3K induced the phosphorylation of GSK33
at Ser9. The overexpression of dominant-active GSK3B that
lacked the Akt phosphorylation site disrupted the effects of
FGF2 on neural precursor cell proliferation and Aes! promoter
activation, suggesting the involvement of Akt or equivalent
kinases in the FGF2 signaling pathway. However, we could not
conclude yet that Akt actually phosphorylated and inactivated
GSK3B in neural precursor cells. Although the overexpression
of dnAkt was supposed to show some evidence for linkage
between Akt and GSK3B activities, dnAkt disturbed cell
viability before the end of the culture period, which was
long enough for cell proliferation or differentiation assays.
LY294002 and wortmannin antagonize PI3K activity; however,
the inactivation of PI3K affects not only Akt activity but also
various PI3K downstream targets. For example, the PI3K-
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PDK1 pathway phosphorylates and activates a number of ki-
nases, including protein kinase C, serum and glucocorticoid-
regulated kinase-1, and p70S6-kinase (p70S6K) independently
of Akt (5), and one of these may act downstream of PI3K to
inactivate GSK3.

The inactivation of GSK3 is essential for normal development.
GSK3a/B double-knockout ES cells display hyperactivated Wnt/
B-catenin signaling and are severely compromised in their differ-
entiation ability, confirming the importance of GSK3o/f inacti-
vation in maintaining pluripotent stem cell properties (12). In
contrast, the biological significance of GSK3 phosphorylation re-
mains unclear. Some studies have shown the Akt-mediated phos-
phorylation of GSK3a-Ser21 and GSK3B-Ser9 and its impor-
tance in biological events (17, 45). Therefore, it is surprising that
the knock-in mice missing phosphorylation sites in both GSK3a/B
genes (Gsk3aS2ASZA/BSOASIAY qre viable and fertile (31). One
notable report was published by Gértner et al., in which an in vivo
analysis of Gsk3aS!A/S214/gS9AS9A knock-in neurons showed ax-
onal and dendritic projections similar to that in the wild-type
control. However, their figures also displayed distinguishable dis-
tribution patterns of MAP2 and TauA immunoreactivities be-
tween the knock-in and wild-type brains (19). The detailed anal-
ysis of the Gsk3aSHASARSIASIA knock-in phenotype will
reveal their importance in the course of brain development.

Multiple functions of B-catenin. B-Catenin has been impli-
cated to increase neural precursor cell proliferation and sup-
press neuronal differentiation. B-Catenin-ablated embryos
showed a reduced tissue mass of spinal cords and exhibited
partial but significant loss of the nestin-positive neural precur-
sor population (56). Conversely, mice that expressed stabilized
B-catenin showed an enlarged mass of neural tissue, and the
sizes of their neural precursor populations were increased (9,
56). Thus, these studies suggest that B-catenin activation allows
neural precursor cells to reenter the cell cycle but not to dif-
ferentiate. Another noteworthy finding of these B-catenin mu-
tant experiments was that the above abnormalities were ob-
served in various regions of the nervous system, indicating that
B-catenin signals can, in general, control the size of the pre-
cursor pool. In these previous studies, molecular mechanisms
that firmly link and finely modulate the promotion of cell cycle
reentry and the inhibition of differentiation were not proposed.

In contrast, at some stages and in some regions of the de-
veloping brain, Wnt signal activation was reported to inhibit
the self-renewal capacity of neural progenitor cells and pro-
mote their neuronal differentiation. Hirabayashi et al. pre-
pared neural precursor cells from neurospheres derived from
E11.5 mouse cortex. They demonstrated that the overexpres-
sion of Wnt-7a or B-catenin in neural precursors induced neu-
ronal differentiation and that a B-catenin-TCF complex ap-
peared to directly regulate the promoter activity of neurogenin
1, a gene encoding a neurogenic bHLH transcription factor, in
cortical neural precursor cells (23). Israsena et al. demon-
strated that the overexpression of B-catenin in the presence of
FGF2, a condition similar to that of our experiment, helped to
maintain neural progenitor cells in a proliferative state, con-
sistently with our present study (24). However, they further
showed that the overexpression of B-catenin in the absence of
FGF2 enhanced neuronal differentiation accompanied by the
activation of the meurogenin 1 promoter by B-catenin-Lefl
binding. Besides these studies with fetal telencephalic neural
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precursor cells, Lie et al. reported that the in vivo blockade of
endogenous Wnt signaling by a dominant-negative Wnt-1 abol-
ished neurogenesis in the adult hippocampus (30). They fur-
ther suggested that Wnt signaling is involved in both the con-
trol of neuronal fate commitment and the proliferation of
neuronally committed precursor cells during adult hippocam-
pal neurogenesis. Future experiments should be designed to
address the precise contribution of Wnt signaling to prolifer-
ation and differentiation in a developmental stage-dependent
and region-specific manner.

Maintenance of hESCs and cancer cells. Pluripotent human
ES cells (hESCs) provide potential applications in regenerative
medicine and the study of early embryonic development. Al-
though hESCs are capable of unlimited proliferation and
maintain pluripotency in vitro, little is known about the regu-
latory mechanisms that support their undifferentiated prolifer-
ation. FGF2 and Wnts both were reported to promote the self
renewal of hESCs (2, 54). Furthermore, a pharmacological
GSK3-specific inhibitor by itself sustained the pluripotency of
hESCs (42), suggesting the importance of GSK3 targets in the
maintenance of hESCs. The importance of FGF2 in the main-
tenance of hESCs is obvious, but we think its direct cross-talk
with Wnt should be investigated in more detail, since FGF2
seems to be important in establishing the regulatory niche in
the hESC-maintaining culture system (6). GSK3 also plays
important roles in cell cycle exit and differentiation in mouse
ES cells (mESCs), since GSK3a/B double-knockout mESCs
display hyperactivated Wnt/B-catenin signaling and lose their
differentiation ability (12). It was recently reported that Notch
receptor activation induces hESCs proliferation but does not
support their self renewal (18). Therefore, hESCs require
some signaling other than that of Notch to maintain their stem
cell properties.

Mutations in B-catenin are linked to tumorigenesis. The
activation of the FGF receptor signaling pathway and the ac-
cumulation of B-catenin in the nuclei often are observed in
malignant tumor cells, suggesting their involvement in tumor
cell proliferation and tumor maintenance (13, 39). Many brain
tumors contain stem-like cells, also called tumor-initiating cells
or cancer-initiating cells, which can undergo self renewal and
multilineage cell differentiation similarly to normal neural
stem cells (7, 32). Interestingly, the pharmacological inhibition
of Notch signaling depletes these stem-like cells and blocks the
growth of embryonal brain tumors both in vitro and in xe-
nografts (16). Thus, the maintenance and amplification of cer-
tain cancer stem-like cells may involve the interplay of the
FGF2, Wnt, and Notch pathways through the complex forma-
tions of B-catenin and LEF/TCF as well as B-catenin and
N1IC. Our present study provides new insights into the
molecular basis for the maintenance of stem cell properties,
including neural stem cells, ES cells, and cancer stem-like
cells, in view of the FGF-Wnt-Notch signaling connection by
B-catenin.
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