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Abstract
The Wnt/β-catenin pathway is a critical stem cell regulator and plays important roles in
neuroepithelial cells during early gestation. However, the role of Wnt/β-catenin signaling in radial
glia, a major neural stem cell population expanded by midgestation, remains poorly understood.
This study shows that genetic ablation of β-catenin with hGFAP-Cre mice inhibits neocortical
formation by disrupting radial glial development. Reduced radial glia and intermediate progenitors
are found in the β-catenin-deficient neocortex during late gestation. Increased apoptosis and
divergent localization of radial glia in the subventricular zone are also observed in the mutant
neocortex. In vivo and in vitro proliferation and neurogenesis as well as oligodendrogenesis by
cortical radial glia or by dissociated neural stem cells are significantly defective in the mutants.
Neocortical layer patterning is not apparently altered, while astrogliogenesis is ectopically
increased in the mutants. At the molecular level, the expression of the transcription factor Pax6 is
dramatically diminished in the cortical radial glia and the sphere-forming neural stem cells of β-
catenin-deficient mutants. Chromatin immunoprecipitation and luciferase assays demonstrate that
β-catenin/Tcf complex binds to Pax6 promoter and induces its transcriptional activities. The forced
expression of Pax6 through lentiviral transduction partially rescues the defective proliferation and
neurogenesis by β-catenin-deficient neural stem cells. Thus, Pax6 is a novel downstream target of
the Wnt/β-catenin pathway, and β-catenin/Pax6 signaling plays critical roles in self-renewal and
neurogenesis of radial glia/neural stem cells during neocortical development.
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Introduction
Neural stem cells (NSCs) are self-renewing and multipotent, generating all types of neurons
and macroglia as well as ependymal cells [1–4]. The self-renewal and differentiation of
NSCs are precisely regulated by the interplay of cell-intrinsic factors and extrinsic signals
during neural development and adult neurogenesis [5–8]. Wnt/β-catenin signaling is a
crucial stem cell regulator and plays various important roles in development and disease [9–
12]. Wnt/β-catenin signaling agonists or Wnt3a proteins support self-renewal of murine and
human embryonic stem cells (ESCs) by preventing their differentiation, and are required to
maintain pluripotency of ESCs in cultures [13–17]. Wnt/β-catenin signaling also plays
critical roles in adult hematopoietic, intestinal, skin, mammary gland, and muscle stem cells,
and in somatic cell reprogramming [18–24].

Important roles of Wnt/β-catenin signaling have also been increasingly revealed in
developing and adult NSCs and progenitors [7, 25–27]. In the cerebral cortex, Wnt/β-catenin
signaling is required for hippocampal development and the maintenance of an adult
neurogenic niche in the dentate gyrus [28–31]. Transgenic mice expressing a constitutively
active β-catenin allele in neuroepithelial cells exhibit dramatically enlarged brains caused by
a tangential expansion of the cortical precursors or NSCs [32]. Genetic inactivation of the
Wnt coreceptor Lrp6 leads to defective cortical precursor proliferation and neuronal
production [33, 34]. Wnt/β-catenin signaling or its upstream regulator Tlx promotes
proliferation and in vitro expansion of NSCs and progenitors derived from the proliferating
subventricular zone (SVZ) of either developing or adult mouse cortex [35, 36]. Wnt/β-
catenin signaling also promotes proliferation and neurogenesis of peripheral NSCs during
olfactory development and adult regeneration [37]. However, the downstream molecular
mechanisms of Wnt/β-catenin signaling in NSCs, particularly in developing neocortex,
remain poorly understood.

NSCs exist initially as neuroepithelial stem cells in the neural tube, then transform to radial
glia, a recently recognized major NSC population in the developing CNS, which eventually
give rise to adult NSCs [38–43]. Radial glial cells divide symmetrically or asymmetrically
for self-renewal or differentiation and express long apical radial processes that guide
migration of newborn neurons [41, 44, 45]. Pax6, a paired-box transcription factor with
dominant expression in radial glia of the cortical SVZ, is a critical regulator of radial glial
and ESC neurogenesis [46–49]. We hypothesize that Wnt/ β-catenin signaling controls radial
glial proliferation and neurogenesis for cortical development through transcriptional
activation of Pax6.

β-Catenin is the central player in the canonical Wnt signaling pathway. After Wnt binds to
cell-surface receptors Fzd and Lrp, β-catenin is stabilized in the cytoplasm and translocated
to the nucleus where it activates the Tcf/Lef1 transcription complex to regulate the promoter
activity of Wnt signaling target genes [50, 51]. To address our hypothesis in this study, we
conditionally ablated β-catenin in radial glia, which caused a dramatic inactivation of Pax6
expression in the cortical radial glia and hypoplastic cortical development. Through clonal
NSC cultures combined with molecular biological and viral transduction rescue approaches,
we demonstrated a novel β-catenin/Pax6 signaling cascade that may control NSC/radial glial
self-renewal and neurogenesis during neocortical development.

Gan et al. Page 2

Stem Cells. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Materials and Methods
Animals

The conditional loss-of-function of β-catenin(ex2–6)flox mice, the hGFAP (human glial
fibrillary acidic protein)-driven Cre transgenic mice, and the Cre reporter Rosa26-lacZ mice
were obtained through the Jackson Laboratory (Bar Harbor, ME, www.jax.org) and
described by the original contributors [52–54]. Mutants were genotyped by PCR of genomic
DNA prepared from tail or limb biopsies. Mice were housed in the vivarium of the UC
Davis School of Medicine (Davis and Sacramento, CA). All research procedures using
laboratory mice were approved by the UC Davis Animal Care and Use Committee and
conform to NIH guidelines.

Neural Sphere Culture
The cortical tissues were dissected from the β-catenin-cKO (β-catenin(ex2–6)flox/flox;hGFAP-
Cre) and the wild-type(β-catenin(ex2–6)flox/flox) control brains, with or without the Cre
reporter Rosa26-lacZ at the postnatal day 3. Cells were maintained in the Neurobasal
Medium (Gibco) with 2% B27, 1% N2, 20 ng/ml epidermal growth factor (EGF), 20 ng/ml
basic fibroblast growth factor (bFGF), and 2 mM L-glutamine (all from Invitrogen) at 37°C
in 5% CO2 chamber [37]. The medium was half refreshed and the growth factors were
replenished every 2 days. The initial passage up to 5 days in vitro (DIV) was recorded as
passage 0.

Neural Sphere Diameter, Growth Curve, and Sphere-Forming Assays
Neurosphere diameters were measured from pictured images at passage 3. Only spheres with
a diameter >25 mm were counted. To measure the growth curve of the neurospheres, cells
were dissociated from the primary neurospheres and seeded at 2 × 104 cells per milliliter
(10,000 cells per 0.5 ml in triplicate) into the 24-well plates. Total cell numbers were
counted at passages 2–8. For the sphere-forming assay, cells were seeded at 2 × 104 cells per
milliliter and the sphere numbers were counted at 5 DIV at passages 1–4.

X-Gal Staining
X-gal staining was performed for Rosa26-lacZ;hGFAP-Cre genetic fate mapping of the
sphere-forming cells at passage 3. Spheres were washed twice in phosphate-buffered saline
(PBS), fixed for 5 minutes at room temperature in 1% paraformaldehyde (PFA). After
washing in PBS, the spheres were transferred to a freshly prepared X-gal staining solution
and incubated in a parafilm-sealed culture plate overnight at 37°C. The X-gal staining
solution consisted with 1 mg/ml 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal),
40 mM citric acid/sodium phosphate, pH 6.0, 5 mM potassium ferrocyanide, 5 mM
potassium ferricyanide, 150 mM NaCl, and 2 mM MgCl2.

BrdU Incorporation and TUNEL Assays
In vivo BrdU incorporation and TUNEL assays were performed as described previously
[37]. For in vitro proliferation and apoptosis assays, dissociated neurosphere cells at passage
3 were seeded onto chamber slides (BD Biosciences) for attachment for 48 hours with the
same culture condition. A final concentration of 10 μM BrdU was added and incubated for
24 hours prior to immunolabeling. TUNEL assay was conducted on the dissociated sphere
cells at passage 3 according to the manual of Deadend Fluorometric TUNEL System
(Promega, Madison, WI, www.promega.com).
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Immunohistochemistry and Immunocytochemistry
These were performed as described previously [37]. Frozen coronal brain sections (10–14
μm) were prepared with a cryostat for immunohistochemistry. The following primary
antibodies were used: mouse anti-bromodeoxyuridine (BrdU) (DAKO Cytomation), rabbit
anti-GFAP (DAKO), goat anti-Nestin (Santa Cruz Biotech, Dallas, TX, www.scbt.com),
mouse anti-NeuN (Millipore, Billerica, MA, www.millipore.com), mouse anti-O4 (R&D,
Minneapolis, MN, www.rndsystems.com), rabbit anti-Sox2 (Epitomics, Burlingame, CA,
www.epitomics.com), rabbit anti-Tbr2 (Millipore), and mouse anti-Tuj1 (Millipore). All
images were collected by a laser scanning spectral confocal microscope system (Nikon
Eclipse TE2000-E2, Tokyo, Japan, www.nikon.com) and processed with the Adobe
Photoshop 7.0 software (Adobe Systems, San Jose, CA, www.adobe.com).

Neural Sphere Differentiation Assays
For the differentiation of NSCs, primary neurospheres were dissociated with trypsin (Gibco,
Carlsbad, CA, www.lifetechnologies.com) for 15 minutes, immediately followed by
addition of trypsin inhibitors (Gibco) and mechanical trituration. Dissociated cells were
plated on glass coverslips pre-coated with poly(D-lysine) (Sigma, St. Louis, MO,
www.sigmaaldrich.com) in neurobasal medium containing 1% fetal calf serum (Gibco), 1
μg/ml insulin, 20 μM dopamine, and 100 μM ascorbic acid (all from Sigma) without EGF
and bFGF. After 5 days of differentiation, cells were fixed with 4% PFA for 15 minutes and
then processed for immunocytochemistry.

Lentiviral Construction, Production, and Infection
Full length Pax6 cDNA was inserted into the pLentiviral vector just after the C-terminal of
the FLAG-tag sequence (pLenti-Pax6). The recombinant lentiviruses were produced by
cotransfecting 293T cells with 7.5 μg of pLenti-Pax6, 7.5 μg of psPAX2, and 3.5 μg of
pMD2.G. The lentiviral titers were determined by limiting dilution with the pLenti-EGFP as
a reference. For infections, 5 × 104 dissociated sphere cells were seeded in the six-well
plates. The viruses were added to the cells in the presence of polybrene (Santa Cruz Biotech)
on the second day. After 24-hour infection, the viruses were washed out, and the cells were
returned to the culture for 48 hours prior to immunocytochemistry and differentiation assays.

Western Blot
Cultured NSCs were lysed in the radioimmunoprecipitation assay buffer (Santa Cruz
Biotech) mixed with proteinase inhibitors (10 μg/ml aprotinin, 10 μg/ml leupeptin, 1 mM
phenyl-methylsulfonyl fluoride, 0.2 mM sodium orthovanadate, and 1 mM NaF), and
homogenized with a sonicator. Protein concentration of each sample was determined by the
BCA protein assay kit (Thermo Scientific, Waltham, MA, www.thermoscientific.com).
Protein (50 μg) was electrophoresed on 15% SDS-polyacrylamide gel and transferred to the
nitrocellulose membrane (Bio-Rad, Hercules, CA, www.bio-rad.com). The membrane was
blocked by 5% non-fat dry milk in Tris Buffered Saline with Tween 20 (TBSF) (10 mM
Tris-Cl, pH 7.5, 150 mM NaCl, and 0.05% Tween 20) and then incubated with the primary
antibody diluted in the blocking buffer overnight at 4°C. Mouse anti-β-catenin (ab22656,
Abcam, Cambridge, UK, www.abcam.com), goat anti-Actin (sc-1616, Santa Cruz Biotech),
rabbit anti-FLAG (A00170, Genscript), and rabbit anti-Gapdh (PA1–16780, Pierce,
Rockford, IL, www.piercenet.com) were used. After washing, the blots were incubated with
the secondary antibodies conjugated with the fluorescence (LI-COR Biosciences, Lincoln,
NE, www.licor.com) at 1:10,000 in TBST or with the horseradish peroxidase (GE
Healthcare, Fairfield, CT, www.gehealthcare.com) at 1:40,000 for 1 hour at room
temperature. Immunoblots were visualized with the Odyssey Imaging System (ODYSSEY
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CLx, LI-COR Biosciences) or with the Chemiluminescent HRP Substrate (Millipore)
according to the manufacturer’s instruction.

RNA Isolation and Real-Time Quantitative PCR
Total RNA was isolated from the tissues or cultured cells by the RNeasy purification kit
(QIAGEN, Venlo, Netherlands, www.qiagen.com). After denaturing the total RNA at 70°C
for 10 minutes, cDNA was synthesized with the oligo-dT primer and the reverse
transcriptase (Bio-Rad). Real-time quantitative PCR was performed using the SYBR Green
Master Mix (Roche, Basel, Switzerland, www.roche.com). Accumulation of fluorescent
products was monitored by real-time PCR using lightcycler 480 systems (Roche). A melting
curve was generated to ensure that a single peak of the predicted Tm was produced and no
primer-dimer complexes were present. The mRNA levels of β-catenin, Pax6, or Tbr2 were
normalized to the mRNA levels of the housekeeping gene Gapdh to allow comparisons
among different experimental groups using the delta Ct method [37]. The following primer
pairs were used for qPCR:

Gapdh, 5′-TGCTGAGTATGTCGTGGAGTCT-3′, 5′-CATATTTCTC
GTGGTTCACACC-3′; β-catenin, 5′-GTGCAATTCCTGAGCTGACA-3′, 5′-
CTTAAAGATGGCCAGCAAGC-3′; Pax6, 5′-AGTTCTTCGCAACC TGGCTA-3′, 5′-
GTGTTCTCTCCCCCTCCTTC-3′; Tbr2, 5′-CTCCTCT CACCCCAACAGAG-3′, 5′-
GAAGGTCGGGTCAGGGTAAT-3′.

In Situ Hybridization and H&E Staining
Nonradioactive in situ hybridization was performed using digoxigenin-labeled riboprobes as
described previously [37]. The in situ probes were amplified by RT-PCR from mouse brain
cDNAs with primer pairs referred to Allen Brain Atlas (www.brain-map.org). After color
development, the sections were dehydrated and mounted by coverslips. For H&E staining,
mouse brains were fixed in 4% PFA at 4°C overnight and dehydrated through gradient
ethanol. The fixed samples were embedded in paraffin, sectioned with a microtome
(Microm), and stained with H&E solutions according to the standard protocol. Bright-field
digital images were collected on an Olympus DSU Spinning Disk confocal microscope
(Olympus BX61, Center Valley, PA, www.olympusamerica.com).

Luciferase Assay
The 497-bp promoter region of the mouse Pax6 gene, which contains a conserved Tcf/Lef-
binding site, and the same promoter region with the binding site deleted were amplified by
PCR and cloned into the pGL2 basic vector to acquire the pPax6-WT-Luc and pPax6-Mut-
Luc constructs, respectively (Fig. 6A). Transient transfection was performed in L cells and
primary cortical cells with Lipofectamine 2000 reagent following the manufacturer’s
instructions (Invitrogen). Cells were transfected with pPax6-WT-Luc or pPax6-Mut-Luc in
combination with a control expression vector pcDNA3 or the expression constructs of Lef1,
dnLef1 (dominant negative Lef1), and/or aβ-catenin (constitutively active β-catenin). Renilla
luciferase reporter plasmid pRL-CMV (2 ng) was also cotransfected into each sample as an
internal control. Primary cortical cells were prepared from the wild-type embryos by
dissecting the tissue in cold PBS, which was then digested at 37°C in Hank’s solution
containing 0.025% trypsin (Gibco), centrifuged at 1,000 rpm for 10 minutes, cultured in
10% fetal bovine serum for 12 hours, and treated with 12 mM LiCl (Sigma). After 24 hours
of transfection, luciferase activity was assessed with a dual luciferase reporter assay system
(Promega) according to the manufacturer’s instructions. The enzyme activity was
normalized for efficiency of the transfection on the basis of Renilla luciferase activity levels
and reported as relative light units. All reporter assays were performed in triplicate and at
least two individual experiments, and standard errors are denoted by bars in the figures.
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Chromatin Immunoprecipitation
Chromatin Immunoprecipitation (ChIP) was performed using the Chromatin
Immunoprecipitation Assay Kit (Upstate, Billerica, MA, www.millipore.com) according to
the manufacturer’s instructions. For each experimental condition, 30 mg neocortical tissue
dissected from the wild-type mouse was used. Tissue was cross-linked with 1%
formaldehyde for 15 minutes at room temperature. After sonication, the lysate was
immunoprecipitated using an antibody against β-catenin (Santa Cruz Biotech). Rabbit IgG
was used as a negative control. To amplify the β-catenin/Tcf binding site of the Pax6
promoter, the following sequences of the primers were used: 5′-CAGTTC
AGGCACCAGGTTTT-3′, 5′-CTGCATGCTGGAGCTGGT-3′.

Statistical Analysis
At least three normal controls and three mutants were used for each statistical evaluation.
Significances were assessed by Student’s t test or pairwise (one-way analysis of variance,
ANOVA) when appropriate. In all cases, p ≤ .05 was considered significant.

Results
Conditional Ablation of β-Catenin in Radial Glia Disrupts Pax6 Expression, Radial Glia and
Progenitor Productions, and Neocortical Development

To address the role and underlying mechanisms of β-catenin signaling in the radial glia/
NSCs during neocortical development, we used the Cre-loxP conditional gene-targeting
approach by crossing β-catenin(ex2–6)flox mice [52] with the hGFAP-Cre transgenic mice
[53]. The Cre recombinase activity driven by hGFAP promoter has been demonstrated in the
multipotent radial glia of the forebrain as early as embryonic day 13.5 (E13.5) [53, 55].
Real-time PCR demonstrated that the β-catenin mRNAs were markedly decreased in the
embryonic and postnatal neocortex of the conditional knockout β-
catenin(ex2–6)flox/flox;hGFAP-Cre (abbreviated as β-catenin-cKO) mice (Supporting
Information Fig. S1A). In situ hybridization demonstrated that the expression of Pax6, one
of the earliest neurogenic transcription factors in radial glia [47], was not apparently altered
at E13.5 (Supporting Information Fig. S2A), but it was clearly diminished at E15.5 and
drastically diminished at E16.5, in the ventricular (VZ)/SVZ of the mutant cortex (Fig. 1A).

Double immunolabeling of Sox2 and Nestin for radial glia/ NSCs showed no significant
changes of Sox2(+) cells at E14.5 and E16.5, but a 30% reduction of Sox2(+) cells was
detected at E18.5 of the mutant neocortex (Fig. 1B–1D and Supporting Information Fig.
S2B). Also, the compact localization of Sox2(+);Nestin(+) radial glia in the VZ/SVZ was
disrupted in the mutants at both E16.5 and E18.5 (Fig. 1B, 1C). Moreover, approximately
33% and 37% reductions of Tbr2(+) intermediate progenitors were detected in the mutant
neocortex of E16.5 and E18.5, respectively, while no apparent change of Tuj1
immunolabeling was found in these mutants (Fig. 1B, 1C, 1E). These results indicate a
defective production of radial glia and intermediate progenitors in the mutant embryonic
neocortex. As a consequence, although statistically insignificant at E16.5, the thickness of
the mutant neocortex was significantly reduced from E18.5 onward (Supporting Information
Fig. S1B, S1C). The mutant mice were postnatally viable, while many died prior to wean or
adulthood.

Repressed Neurosphere Formation from β-Catenin-Deficient Radial Glia/NSCs
To address the role of β-catenin signaling in the self-renewal of the cortical radial glia/
NSCs, we performed neurosphere assays for NSCs derived from the dissociated cerebral
cortex of neonatal mice. Genetic fate mapping using the Cre reporter Rosa26-lacZ mouse
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demonstrated that most wild-type (93.8%) or mutant (90.2%) neurospheres are positive by
X-gal staining, indicating they originated from the hGFAP-Cre activated radial glia/NSCs
(Fig. 2A, 2B). Accordingly, β-catenin mRNAs or proteins had been effectively ablated in the
mutant neurospheres (Fig. 2C, 2D). Neurosphere size is a rough parameter for self-renewal
potential of NSCs. Mutant neurospheres were significantly smaller than the wild-type. We
measured diameters of 193 mutant and 195 wild-type neurospheres at passage 3. The
median diameter of the mutant neurospheres (36.8%) was 100 μm, while the wild-type
(25.6%) was 250 μm (Fig. 2E). The average diameter of the mutant was 129 μm, and the
wild-type neurosphere was 264 μm. The difference was statistically significant.

The growth curve of the neurospheres from multiple generations is a more accurate
parameter for the self-renewal capabilities of the NSCs. We cultured the neurospheres for
seven consecutive passages starting with equal cell numbers (2 × 104) of the wild-type and
the mutant neurospheres at passage 1, and counted the total cell numbers in each sample at
each passage from passages 2–8. The average cell numbers (from triplicate samples) of the
wild-type neurospheres increased sharply by 8.8-fold at passage 2 and by 40-fold at passage
3 (Fig. 2F). The increased cell numbers reached the peak around passage 4 and have little
changes from passage 5 onward. The average cell numbers of the mutant neurospheres
increased by much lower fold, 4.5 at passage 2 and 16.5 at passage 3, and reached the peak
by passage 4, which shows only 50% or less of the total cell numbers when compared with
that in the wild-type at the same passage (Fig. 2F).

Moreover, we performed sphere-forming assays by analyzing the percentages of the cells
that formed neurospheres at each of the first four consecutive passages. The percentages of
the sphere-forming cells were 2.7-fold decreased in the mutant cultures compared with the
wild-type cultures at passages 1 and 2, respectively (Fig. 2G). Remarkably, the percentages
of the mutant sphere-forming cells decreased steadily at each successive passage after
passage 2, while the percentages of the wild-type sphere-forming cells maintained at a
similar level from passages 2–4 (Fig. 2G). These findings indicate that loss of β-catenin
signaling prevents self-renewal of the neocortical NSCs.

Diminished Proliferation in β-Catenin-Deficient SVZ and NSCs
To illuminate the cellular mechanisms responsible for repressed neocortical NSC
populations in the mutants, we performed BrdU incorporation and TUNEL assays in vivo
and in vitro. The percentage of BrdU(+) proliferating cells in the mutant neocortex was
significantly lower than that in the wild-type controls at E18.5, but not at E14.5 and E16.5
(Fig. 3A, 3B and Supporting Information Fig. S3A). The percentages of the TUNEL(+)
apoptotic cells were increased (while just out the border of statistical significance) in the
mutant neocortex at both E16.5 and E18.5 (Fig. 3C, 3D and Supporting Information Fig.
S3B). Consistently, the percentage of BrdU(+) proliferating cells in the dissociated sphere
cells of the mutants was significantly lower than that in the wild-type controls (Fig. 3E, 3F).
However, the percentages of the TUNEL(+) apoptotic cells were not significantly different
between the mutant and wild-type sphere cells (Fig. 3G, 3H). In agreement with the in vivo
results, we also detected that the mRNAs of the cortical transcription factor Pax6 and its
potential downstream factor Tbr2 were significantly diminished in β-catenin-deficient
neurospheres compared with that in the wild-type spheres (Supporting Information Fig.
S4A, S4B). These results suggest that β-catenin regulates Pax6 expression and proliferation
in neocortical radial glia/NSCs.

Impaired Neuronal and Glial Differentiations of β-Catenin-Deficient Radial Glia/NSCs
To analyze the effects of the β-catenin signaling on differentiation of the cortical radial glia/
NSCs, we examined lineage-specific markers in vivo and in vitro. Immunohistochemistry
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showed that the percentages of the NeuN(+) neurons declined from 49.2% in the control to
43.6% in the mutant neocortex at P3 (p =.084), and from 61.6% in the control to 49.0% in
the mutant neocortex at P14 (p =.036) (Fig. 4A, 4B). However, the percentages of the
GFAP(+) radial glia and astrocyte lineage cells in the mutant cortical plate increased
significantly from that in the wild-type control, by 4.3-fold at P3 and by 4.6-fold at P14 (Fig.
4A, 4C). In contrast, the in situ signals of Mbp mRNAs expressed in the mature
oligodendrocytes were dramatically diminished in the cortical white matter region of the
P14 mutants (Fig. 4A). In vitro assays showed that production of the Tuj1(+) neurons and
O4(+) oligodendrocytes differentiated from β-catenin-deficient NSCs was decreased by 11-
fold and 4-fold, respectively, while production of the GFAP(+) astrocytes from the mutants
was increased by twofold, from those in the wild-type controls (Fig. 4D, 4E). These
consistent in vivo and in vitro results suggest that β-catenin signaling promotes neurogenesis
and oligodendrogenesis, but represses astrogliogenesis from radial glia/NSCs during
neocortical development. In addition, in situ hybridization and immunohistochemistry for
representative neocortical layer markers revealed that cortical layer-specific neuronal
patterning and migration were not significantly affected, but respective neuronal numbers
were decreased in the layers 2–6b of the mutants at P14 (Fig. 5).

Pax6 Is a Downstream Target of the Wnt/β-Catenin Signaling
To test whether Pax6 is a direct transcriptional target of the Wnt/β-catenin signaling, we
carried out ChIP and promoter luciferase assays. A Tcf/Lef1-binding site, the Wnt-
responsive element (WRE), was found in the presumptive promoter region located at −88 bp
proximal upstream of the mouse Pax6 gene (Fig. 6A). ChIP results from the cortical tissue
samples of neonatal mice demonstrated that the β-catenin antibody, but not the nonspecific
IgG, could pull-down the WRE of the Pax6 promoter (Fig. 6B). Luciferase assay results
demonstrated that the luciferase activities driven by Pax6 promoter with the wild-type, but
not the mutated WRE, were specifically upregulated by constitutively active β-catenin and
Lef1 (Fig. 6C), which also showed a dose-dependent repression competed by the dominant
negative Lef1 (Fig. 6D). In primary cortical cell cultures, the luciferase activity of the Pax6
promoter with the wild-type WRE was highly responsive to lithium ion, a Wnt signaling
agonist, while the promoter with mutated WRE showed little or no response under the same
condition (Fig. 6E). These results suggest that Pax6 is transcriptionally regulated by Wnt/β-
catenin signaling.

Lentiviral Transduction of Pax6 Rescues Defective Proliferation and Neurogenesis by β-
Catenin-Deficient Neurosphere Cells

To determine whether Pax6 is a key downstream effector of β-catenin signaling in NSC
proliferation and differentiation, we used a lentiviral transduction approach to ectopically
express Pax6 cDNA in β-catenin-deficient NSCs. The EGFP expression experiments
showed that nearly 100% of the wild-type or β-catenin-deficient neurospheres was
efficiently transduced with the ectopic EGFP gene without significant impact on neural
sphere formation (Supporting Information Fig. S5). Immunoblot and real-time PCR results
revealed that the ectopic Pax6 (fused with the FLAG-tag) was highly expressed, but that did
not affect normal or deficient β-catenin expression levels in the wild-type or in mutant
neurospheres, respectively (Fig. 7A–7C). The percentage of BrdU(+) cells was significantly
increased by 4.3-fold in β-catenin-deficient neurospheres after ectopic transduction of Pax6
(Fig. 7D and Supporting Information Fig. S6A). In contrast, the percentage of BrdU(+) cells
was not significantly increased in the wild-type neurospheres after Pax6 transduction. There
were no significant changes of the TUNEL(+) cell percentages in either wild-type or β-
catenin-deficient neurospheres after Pax6 transduction (Fig. 7E and Supporting Information
Fig. S6B). These results suggest that the forced expression of Pax6 partially rescued the
defective proliferation of β-catenin-deficient NSCs.
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We then examined the effects of the lentiviral transduction of Pax6 on neural differentiation
of the wild-type and the mutant neurosphere cells. Significantly, the percentage of the
Tuj1(+) neurons increased by 2.5-fold, but neither the percentage of O4(+) oligodendrocytes
nor that of GFAP(+) astrocytes were changed significantly (Fig. 7F–7H and Supporting
Information Fig. S7). These results suggest that the forced expression of Pax6 can rescue
impaired neurogenesis, but not oligodendrogenesis or astrogliogenesis in β-catenin-deficient
NSCs. Taken together, our results suggest that the β-catenin/ Pax6 signaling exerts critical
roles in self-renewal and neurogenesis of the cortical radial glia/NSCs.

Discussion
Wnt/β-catenin signaling pathway is known to regulate NSC functions in early gestation or in
adult neurogenesis, but the underlying molecular mechanisms are not well understood. In
this study, we demonstrate that Wnt/β-catenin signaling transcriptionally activates Pax6, and
directs proliferation and neurogenesis of NSCs derived from cortical radial glia.

The structure of the cerebral cortex is precisely regulated by genetically encoded signaling
molecules and transcription factors [56, 57]. We showed that mice exhibit defective radial
glia and hypoplastic cortex from late gestation after conditional ablation of β-catenin with
hGFAP-Cre. Previous studies have shown more dramatic cortical or forebrain defects and
perinatal lethality in other β-catenin-deficient mutants. The entire forebrain or cerebral
cortex are missing in the mutants when β-catenin is ablated with Wnt1-Cre or Foxg1-Cre in
neuroepithelial cells and related neural tube derivatives [52, 58, 59]. Abnormal dorsoventral
specification of the telencephalon is found in the mutants when β-catenin is ablated with
Nes8-Cre or Nes11-Cre in neuroepithelial cells at E8.5 or E10.5, respectively [60]. Severely
disrupted neuroepithelial organization is observed in the mutants when β-catenin is ablated
with D6-Cre after E10.5 [30]. This study observed hypoplastic neocortex without severe
disruption of cortical layer organization and patterning in the β-catenin;hGFAP-Cre
mutants. However, cell adhesion defects of β-catenin-loss-of-function contribute to cortical
cellular disorganizations during early gestation [58], which may also affect radial glia
localization in the VZ/SVZ during late gestation as observed in this study. The underlying
mechanisms will be addressed further in future studies. Together, these results indicate that
β-catenin exerts age-specific functions in the neuroepithelial and radial glial stem cells for
proper cortical patterning, organization, and/or neurogenesis during brain development. The
hGFAP promoter is activated in the cortical radial glia around E13.5 [53, 61]. Thus, the
conditional loss-of-function of β-catenin in radial glia at mid to late gestation has only a
mild impact on early cortical patterning and layer organization, but a major impact on
proliferation, differentiation, localization, and probably survival of radial glial stem cells
during late gestation and postnatal development.

To address the cellular mechanisms of β-catenin signaling in cortical radial glia, this study
used the neurosphere assay, which provides a quantitative in vitro model system to analyze
neurogenesis and neural development and is a useful tool to study proliferation, self-
renewal, and multipotency of NSCs [62, 63]. We detected dramatic deductions of sphere
diameters and expansion of cell numbers from β-catenin-deficient neurospheres originated
from the hGFAP-Cre-expressing cortical radial glia as demonstrated by the genetic fate
mapping. Neurospheres consist of most-proliferating progenitors derived from the clonal
stem cells. Our proliferation and apoptosis assays demonstrated that β-catenin ablation
suppressed proliferation of sphere cells without affecting cell survival, further supporting the
role of β-catenin in promoting proliferation of NSCs. This is contrary to a previous study
which proposed that Wnt signaling inhibits the self-renewal capacity of mouse cortical
neural precursors [64]. However, our results correlate with other findings, such as that β-
catenin gain-of-function promotes the proliferation of neural progenitors in the developing
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cortex or adult SVZ [32, 65, 66], and that β-catenin loss-of-function caused early cell cycle
exit and premature neurogenesis by the cortical progenitors [67, 68]. Our sphere-forming
assays showed that the percentages of the sphere-forming cells are significantly lower in
primary neurospheres and also in each successive passage of the mutant cultures than that in
the control cultures. These results demonstrate an essential role of β-catenin in controlling
self-renewal of NSCs.

Our in vivo and in vitro results showed that β-catenin-deficiency represses neuronal
differentiation from the mutant radial glia or neurosphere cells. This is in concordance with
previous studies demonstrating that ectopic Wnts or stabilized β-catenin promote neuronal
differentiation of embryonic cortical precursors or intermediate progenitors [64, 69].
However, stabilized β-catenin in adult SVZ has been shown to inhibit neuronal
differentiation [65], suggesting the age- and/or cell type-specific roles of Wnt/β-catenin
signaling in neuronal differentiation.

At the molecular level, this study demonstrated that Pax6 is a transcriptional target and
downstream effector of Wnt/β-catenin signaling in proliferation and neuronal differentiation
of the cortical radial glia, a major NSC population in the developing cortex. Based on the
sequential gene expression timing correlated with the region-specific cell fates during
neurogenesis, a transcription factor cascade of Pax6-Ngn2-Tbr2-NeuroD-Tbr1, in the order
of radial glia to intermediate progenitors to postmitotic neurons, has been defined in the
embryonic neocortex [49, 70]. Pax6 is dominantly expressed in the proliferating radial glia
in both mouse and human developing cortex [49, 71]. With in situ hybridization and real-
time PCR, we showed a dramatic loss of Pax6 mRNAs in the cortical SVZ and the radial
glia-derived neurosphere cells of the β-catenin-deficient mice. This is in agreement with a
gain-of-function study that persistent activation of β-catenin in neuroepithelial cells leads to
the expansion of Pax6 expression in the cortical SVZ with unknown mechanisms [66]. Pax6
plays important roles in radial glial function and neurogenesis. Pax6-deficiency by either
genetic mutations in mice or gene-knockdown in human cells leads to defective proliferation
and/or neuronal production of radial glia [47, 71, 72]. Thus, Pax6 is an earliest transcription
factor in cortical neurogenesis and a potential downstream effector of β-catenin signaling in
radial glia.

The WREs or Tcf/Lef1-binding sites are composed of a highly conserved consensus
sequence 5′-(A/T)(A/T)CAA(A/T)G-3′ [73]. We found a Tcf/Lef1-binding site in the
upstream promoter region of mouse Pax6. With ChIP and luciferase reporter assays, we
demonstrate the specific DNA-binding and transcriptional activities of the Pax6 promoter
targeted by the β-catenin signaling in both L cells and primary cortical cells, revealing a
novel molecular mechanism by which Wnt/β-catenin signaling controls the expression of
Pax6 in radial glia during cortical development. Interestingly, a recent study showed that
Pax6 expression is also lost in the cortical radial glia of β-catenin gain-of-function mutants,
after an initial expansion of Pax6 expression [74]. Although the underlying mechanism
remains unclear, these results indicate that a balanced β-catenin signaling is required for
proper Pax6 expression during cortical development.

Several previous studies report that Ngn1 and N-Myc are also potential downstream target
genes of β-catenin signaling in cortical patterning and embryonic neurogenesis [64, 75]. The
neurogenic transcription factors Ngn1/2 are expressed in the differentiated neuronal
progenitors, and are potential downstream factors from Pax6. It is unclear whether β-catenin
and Pax6 act sequentially or concurrently on the regulation of Ngn1/2 expression. In
contrast, N-myc has been shown to promote the expansion of the neuronal progenitor cells
and inhibit neuronal differentiation, particularly in the developing cerebellum [76].
Conditional ablation of N-myc in neuroepithelial cells leads to a mild repression of the
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cortical neurogenesis with no changes in Pax6 expression [75], suggesting that N-myc may
cooperate or act after Pax6 on cortical neurogenesis. These results also suggest that β-
catenin signaling plays age- and/or cell-type-specific roles through different sets of
downstream effectors during cortical development.

With the lentiviral transduction approach, we further demonstrated that ectopic expression
of Pax6 cDNA in β-catenin-deficient neurosphere cells rescued both defective proliferation
and neurogenesis. Mammalian Pax6 gene encodes three isoforms: the canonical Pax6,
Pax6(5a), and Pax6dPD [77]. The canonical Pax6 protein contains a paired domain (PD), a
homeodomain, and a proline/serine/threonine-rich domain, while Pax6(5a) protein contains
a 14-residue insertion in the PD domain, and the Pax6dPD protein lacks a PD domain [78–
82]. These three isoforms have different expression levels in the brain, with the highest
expression level of the canonical Pax6 during early neurogenesis [83, 84]. They also have
different functions: the canonical Pax6 regulates both the cell proliferation and cell fate;
Pax6(5a) affects the cell proliferation, but not cell fate; and the role of Pax6dPD in brain
development remains unclear [85]. Based on their expression levels and functions in the
brain, we cloned the canonical Pax6 cDNA for the lentiviral expression, which demonstrated
partial rescue of the altered proliferation and neurogenesis in β-catenin-deficient
neurosphere cells, suggesting that the other two isoforms of Pax6 may also play a role in the
same processes.

Intriguingly, our results also demonstrated that lentiviral transduction of canonical Pax6
cDNA mildly promoted oligodendrocyte production in the wild-type, but could not rescue
the defective oligodendrogenesis in β-catenin-deficient neurosphere cells. Moreover,
elevated production of astrocytes was observed in the β-catenin-deficient mutants, which
could not be rescued by ectopic expression of canonical Pax6 cDNA. The abnormal
astrogliogenesis is partially supported by a recent study that excess astrogenesis is observed
in the cortical NSC cultures from the Pax6 heterozygous mutant mice [72]. The underlying
mechanisms of β-catenin signaling in oligodendrogenesis and the β-catenin/Pax6 cascade in
astrogliogenesis need to be investigated in future studies.

Conclusion
Using conditional gene-targeting, immunohistochemistry, in situ hybridization, ChIP,
promoter luciferase assays, neurosphere culture, lentiviral transduction rescue, and other
related approaches, this study revealed that Pax6 is a transcriptional target and downstream
effector of Wnt/β-catenin signaling in self-renewal and neuronal differentiation of radial
glia, a major NSC population from midgestation to postnatal CNS development.
Understanding the underlying molecular mechanisms of Wnt/β-catenin signaling in
regulating self-renewal and differentiation of NSCs may provide the basis for the prevention
and treatment of a wide range of neurodevelopmental disorders and related neurological
disease.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Conditional ablation of β-catenin with hGFAP-Cre disrupts radial glia and intermediate
progenitors in late embryonic neocortex. (A): In situ hybridization of Pax6 mRNAs. (B, C):
Double immunofluorescence of Sox2/Nestin and Tbr2/Tuj1. (D, E): Histograms of the
numbers of Sox2(+) and Tbr2(+) cells in 100-μm-wide neocortical columns. Scale bars =50
μm.
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Figure 2.
Repressed neurosphere formation and self-renewal potentials of the neocortical radial glia/
neural stem cells cultured from the β-catenin-cKO mutants. (A, B): X-gal staining and the
percentages of the hGFAP-Cre;Rosa26-lacZ-fate-mapped neurospheres derived from the
controls and mutants. (C, D): Immunoblot and real-time PCR results for the β-catenin
proteins or mRNAs in the normal and mutant neurospheres. (E): Percentage distributions of
the control and mutant neurosphere diameters. Arrows indicate the median sizes of the
control or mutant neurospheres. (F): Growth curves for expanded cell numbers from the
primary up to eighth passages of the neurospheres. (G): Percentages of the sphere-forming
cells at the primary, secondary, third, and fourth passages of the neurosphere cultures. **, p
< .01. Scale bars =150 μm. Abbreviation: hGFAP, human glial fibrillary acidic protein.
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Figure 3.
In vivo and in vitro changes of proliferation and apoptosis in the β-catenin-cKO neocortex or
dissociated neurosphere cells. (A, B): Significantly reduced BrdU(+) cells (per 100-μm-
wide neocortical column) in E18.5 mutants. (C, D): Increased TUNEL(+) cells (per square
mm neocortex) in E16.5 and E18.5 mutants. (E–H): Significantly reduced BrdU(+)
percentage and no difference of TUNEL(+) percentage in the dissociated mutant sphere cells
compared with those in the wild-type. n.s., no statistical difference (p > .05). Scale bars in A
and C, 100 μm; scale bars in E and G, 50 μm.
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Figure 4.
Repressed neurogenesis and oligodendrogenesis, and increased astrogliogenesis by β-
catenin-cKO neural stem cells in vivo and in vitro. (A): Immunohistochemistry of the
neuronal nuclei NeuN and astrocyte marker GFAP at P3 and P14, and in situ hybridization
of the mature oligodendrocyte marker Mbp in P14 neocortex. Note the overall thinner
neocortex in the mutants. (B, C): Reduced NeuN(+) and increased GFAP(+) cell
percentages in P3 and P14 mutant neocortex. (D): Immunocytochemistry of the
differentiated cortical sphere cells with antibodies against neuronal class III β-tubulin (Tuj1),
GFAP, and oligodendrocyte marker O4. (E): Percentages of Tuj1(+), O4(+), and GFAP(+)
cells differentiated from the wild-type or mutant neurospheres. Scale bars =50 μm.
Abbreviation: GFAP, glial fibrillary acidic protein.
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Figure 5.
Representative neocortical layer markers in postnatal wild-type and β-catenin-cKO
neocortex. (A-J): In situ hybridization of Reelin (layer 1) at P3, and Pvrl3 (layers 2/3),
LOC433228 (layer 4), Fezf2 (layer 5), and Ctgf (layer 6b) at P14 normal and mutant
neocortex. (K, L): Tbr1 immunolabeled layer 6 neurons in normal control and mutant
neocortex at P14. Note the overall thinner neocortex and reduced marker signals in layers 2–
6b of the mutants. Scale bars =100 μm.
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Figure 6.
Transcriptional activation of the Pax6 promoter by Wnt/β-catenin signaling. (A): The wild-
type and mutated (×××, deleted base pairs) Tcf/Lef1-binding sites are shown in the mouse
Pax6 promoter region. (B): Chromatin immunoprecipitation demonstrates the specific
recruitment of the Tcf/Lef1-binding site in the Pax6 promoter region by β-catenin
antibodies, not by the nonspecific IgG, from the wild-type neocortex of the P3 mouse. (C):
Luciferase reporter assays demonstrate the specific activation of the wild-type promoter, not
the mutated, after cotransfected with Lef1 and active β-catenin cDNAs. (D): Dose-
dependent repression of the wild-type Pax6 promoter activity by dominant negative (dn)
Lef1. (E): Luciferase assays on the primary neocortical cells. The cells were isolated from
P3 mouse brains and transfected with either intact pPax6-WT-Luc or mutated pPax6-Mut-
Luc plasmids, then stimulated by lithium chloride. *, p < .05; **, p < .01.
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Figure 7.
Lentiviral transduction of Pax6 rescues proliferation defects and repressed neurogenesis in
the β-catenin-cKO neurospheres. (A): Immunoblots for the transduced Pax6 (detected by the
fused Flag tag) or endogenous β-catenin in the wild-type or mutant neurosphere cells. The
blank lentiviral vector was used as the negative transduction controls, and the GAPDH was
detected for the protein loading controls. (B, C): Real-time PCR results for Pax6 or β-
catenin mRNAs in the wild-type or mutant neurospheres transduced with either Pax6-
expressing or blank lentiviruses. (D, E): Percentages of BrdU or TUNEL-positive cells in
the wild-type or mutant neurospheres transduced with either Pax6-expressing or blank
lentiviruses. (F-H): Percentages of Tuj1(+) neurons, O4(+) oligodendrocytes, and GFAP(+)
astrocytes differentiated from the wild-type or mutant neurospheres transduced with either
Pax6-expressing or blank lentiviruses. n.s., no statistical significance (p > .05); **, p < .01.
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