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Abstract

The tumor suppressor adenomatous polyposis coli (APC) is a multifunctional protein that not only
inhibits the Wnt signaling pathway by promoting the degradation of beta-catenin but also controls
cell polarity, motility, and division. APC is abundantly expressed in the adult central nervous
system, but its role in adult neurogenesis remains unknown. Using conditional deletion (or knock-
out) of APC (APC-CKO) from glial fibrillary acidic protein (GFAP)-expressing cells including
adult neural stem cells (NSCs) in the subventricular zone and hippocampal dentate gyrus, we show
that APC expression by these cells is a critical component of adult neurogenesis. Loss of APC
function resulted in a marked reduction of GFAP-expressing NSC-derived new neurons, leading to
the decreased volume of olfactory granule cell layer. Two distinct mechanisms account for
impaired neurogenesis in APC-CKO mice. First, APC was highly expressed in migrating
neuroblasts and APC deletion disturbed the differentiation from Mash1-expressing transient
amplifying cells to neuroblasts with concomitant accumulation of beta-catenin. As a result,
migrating neuroblasts decreased, whereas Mash1-expressing dividing cells reciprocally increased
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in the olfactory bulb of APC-CKO mice. Second, APC deletion promoted an exhaustion of the
adult germinal zone. Functional NSCs and their progeny progressively depleted with age. These
findings demonstrate that APC expression plays a key role in regulating intracellular beta-catenin
level and neuronal differentiation of newly generated cells, as well as maintaining NSCs in the
adult neurogenic niche.
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Introduction

Accumulating evidence suggests that adult neural stem cells (NSCs) not only play a role in
certain aspects of physiological brain functions but also are involved in various pathological
conditions including mood disorders, epilepsy, and tumorigenesis [1-3]. It is therefore of
considerable interest to clarify the regulatory mechanisms in the behavior of adult NSCs.
The canonical Wnt signaling pathway is one of the essential regulators of adult neurogenesis
although its precise role has been the subject of some controversy [4-7]

The tumor suppressor adenomatous polyposis coli (APC) is a component of the canonical
Wht signaling pathway. Binding of Wnts to their receptor complex prevents the destruction
of beta-catenin and induces its translocation into the nucleus to activate the transcription of
target genes in association with the T-cell factor (Tcf)/lymphocyte enhancer factor (Lef)
family. APC negatively regulates Wnt signaling by forming the beta-catenin destruction
complex with axin and GSK-3beta, which is assumed as a critical part of its tumor
suppressor function. Mutations in the APC gene have been identified in hereditary and
sporadic human neoplastic conditions including brain tumors [8-11]. For instance, the
patients having germline mutations in the APC gene occasionally develop medulloblastoma
that supposedly originates from NSCs [12, 13]. In addition to the roles in Wnt signaling,
APC binds to a variety of cytoskeletal components such as microtubules, EB1, Asef, and
IQGAP1 to regulate cell polarity, motility, and division [10, 11]. Thus, APC is a
multifunctional protein involved in various cellular events.

Despite its relatively ubiquitous expression, APC is particularly abundant both in the
developing and adult central nervous system (CNS) including adult neurogenic regions [14,
15]. It has been shown that APC is involved in axon outgrowth, postsynaptic assembly, and
glial migration [16-18], but the notions are largely based on in vitro studies. The
homozygous APC null mutant embryos die before gastrulation [19] and the functions of
APC in the adult CNS have not yet been directly examined in vivo. Given the expression
pattern of APC in the adult CNS and its function as a component of the canonical Wnt
pathway, we hypothesized that APC plays an important role in regulating adult
neurogenesis. To test this hypothesis, we utilized the Cre/loxP system and APC580S mice in
which exon 14 of the APC gene is flanked by the two loxP sites. Cre-mediated
recombination leads to a frameshift mutation at codon 580 and generates a C-terminally
truncated protein lacking the binding domains for its major partners including beta-catenin,
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axin, and microtubules. This strategy has been successfully applied to inactivate APC
functions in different tissues [20-24]. In this study, we crossed mGFAP-Cre mice with
APC580S mijce to ablate APC from postnatal NSCs.

Materials and Methods

Generation of APC-CKO mice

All APC-CKO and control mice were obtained from the same breeding colony of mGFAP-
Cre mice of line 73.12 crossed with APC580S mice on a C57BL/6 background. mGFAP-Cre
mice were generated as described [25], using a 15 kb mouse GFAP promoter cassette (clone
445). mGFAP-Cre mice were cross-bred with APC®89S mice [20] to obtain mGFAP-
Cre/APC5805/580S (APC-CKO) mice. Littermate mice carrying no mGFAP-Cre (APC580S/+
and APC5805/580S mice) were used as controls unless otherwise noted. mGFAP-Cre mice
were also cross-bred with the Cre enhanced green fluorescent protein (GFP) reporter mice
kindly provided by Dr. Jun-ichi Miyazaki, Osaka University [26]. mGFAP-Cre/GFP/
APC5805/580S mjce are indicated as APC-CKO reporter mice and mGFAP-Cre/GFP/APC**
mice from the same breeding colony are indicated as control reporter mice. Young adult
mice (8-12 w) were used as ‘adults’ unless otherwise noted. Mice were housed in a
temperature- and humidity-controlled SPF facility under a 12 h light/dark cycle with food
and water available ad libitum. Experiments conducted according to protocols approved by
the Committee for Animal Research, Kyoto Prefectural University of Medicine, Japan, and
the animals were handled in accordance with the guidelines for the Care and Use of
Laboratory Animals of Kyoto Prefectural University of Medicine.

PCR analysis

Genomic DNA was extracted using a DNeasy extraction kit (Qiagen) and both the undeleted
and deleted alleles were amplified from 50 ng DNA using a combination of three primers;
P3 (5’- GTTCTGTATCATGGAAAGATAGGTGGTC-3"), P4 (5’-
CACTCAAAACGCTTTTGAGGGTTGATTC-3"), and P5 (5’-
GAGTACGGGGTCTCTGTCTCAGTGAA-3’). P3 and P4 generate a 314bp PCR product
corresponding to the loxP-flanked undeleted allele and P3 and P5 generate a 258bp product
corresponding to the deleted allele by Cre-mediated recombination.

Histological procedures—BrdU (Sigma) was given as either a single i.p. injection of
200 mg/kg followed by perfusion with 4% paraformaldehyde after either 2 h or 48 hr, or six
i.p. injections of 100 mg/kg every 12 h followed by perfusion after 14 d. Frozen sections
were prepared using a cryostat microtome (Leica). In some cases, fixed tissues were
embedded in paraffin and sectioned at 4 um thickness with a microtome. Primary and
secondary antibodies used for immunohistochemistry were in the supporting information
Materials and Methods. Stained sections were examined and photographed using bright-field
and fluorescence microscopy (Olympus) and scanning confocal laser microscopy (FV1000;
Olympus). Stacks of 0.8-um-thick optical slices were collected through the z-axis of tissue
sections of regions to be analyzed. Only cells contained entirely within the three dimensions
of a stack were analyzed.
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Neurosphere culture

Multipotent neurospheres were generated from mouse periventricular zones as described
previously [27, 28]. For quantitative analysis of neurosphere number, 10 days in vitro
spheres were plated and counted (a minimum of three coverslips per condition). For
differentiation, spheres were plated on poly-L-lysine-coated coverslips in the absence of
growth factors for 5 d. For co-culture experiments, chimeric neurospheres were prepared
from mixed single-cell suspensions of APC-CKO reporter cells (5000 cells/ml) and wild-
type cells (10000 cells/ml). Differentiated cells were fixed and stained by
immunocytochemistry with the primary antibodies listed above. For quantitative analysis,
immunolabeled cells were counted (> 300 cells per coverslip and a minimum of three
coverslips per condition).

Morphometric and statistical evaluation

The volume of olfactory bulb granule cell layer was measured according to the previously
reported method with some modification [29], and are detailed in the supporting information
Materials and Methods. The protocols for quantification of immunolabeled cells in the adult
neurogenic regions in vivo and of neurite length in vitro are also described in the supporting
information Materials and Methods. Values were shown as the mean + SEM and statistical
evaluations were performed using Prism software (GraphPad).

Quantitative RT-PCR

Results

Total RNA was isolated using an RNeasy extraction kit followed by DNase treatment
(Qiagen). cDNA was synthesized from 2 g of total RNA by SuperScript 11 reverse
transcriptase (Invitrogen). Quantitative real-time PCR using the Sybr Green | reagent
(Takara) was performed with AB17000 (Applied Biosystems). The gene-specific primers
used are described in the supporting information Materials and Methods. Primer Express
software (Applied Biosystems) was used to design primers. Control experiments were
performed without reverse transcriptase to ensure that the results were not due to
amplifications of genomic DNA. PCR product identity was confirmed by electrophoresis
and by melting-point analysis. A relative amount of transcript was estimated by the standard
curve method. Three stable reference genes (beta2-microglobulin, Thp, and Ywhaz) were
selected from mouse housekeeping gene primer set (Takara) and the expression value of
each gene was normalized using the geNorm software [30, 31].

APC expression in the adult CNS

To investigate the roles of APC in adult neurogenesis, we took advantage of our previously
established mouse line mMGFAP-Cre 73.12. Adult mouse NSCs, but not embryonic NSCs,
express GFAP [27, 32-34], and these mGFAP-Cre mice have been shown to target Cre
activity and reporter gene expression selectively to postnatal and adult NSCs and their
progeny in the hippocampus, subventricular zone (SVZ), and olfactory bulb (OB) [25] [35].
In this regard mGFAP-Cre mice differ from a commonly used hGFAP-Cre line that uses a
2.2kb fragment of the human GFAP promoter and non-specifically targets many
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embryonically active radial progenitor cells that give rise to large populations of neurons
through the brain [36]. We generated mGFAP-Cre/ Apc®805/580S (APC-CKO) mice by
crossing mGFAP-Cre mice with APC%80S mice [20]. We first performed the PCR analysis to
verify the specificity of Cre-mediated deletion of the APC gene. The genomic DNA isolated
from Apc®805/580S mouse brains generated only the undeleted allele, whereas that from
APC-CKO mouse brains generated both the deleted and undeleted alleles. Neither tail nor
liver DNA of APC-CKO mice generated the deleted allele (Supporting information Fig. 1A).
Thus the recombination is Cre-dependent as well as tissue-specific.

We next examined the distribution of APC in the forebrains of adult control and APC-CKO
mice using the antibody against the C-terminal region of APC. APC-immunoreactivity (-IR)
using this antibody has been shown to correlate well with the distribution of APC mRNA by
in situ hybridization [15]. Intense APC-IR was identified in the outer plexiform layer of the
OB and the molecular layer of the hippocampal dentate gyrus (DG) (Fig. 1A, B). APC-IR
was also distributed in the dendrites/axons and neuronal somata in the CA1 region and
cortices (Fig. 1C, D, E). In addition to neuronal localization, stellate-shaped APC-positive
cells were scattered in the cortical gray matter and white matter (Fig. 1D). These cells were
negative for astrocyte markers S100 and GFAP as well as the reporter GFP (Fig. 1F, G, H).
These cells are likely to be oligodendrocyte lineage cells as previously reported [37] and are
not the target of Cre-mediated recombination in this model.

In the adult neurogenic regions including the SVZ, the rostral migratory stream (RMS), and
the OB, clusters of small cells exhibited strong APC-IR (Fig. 11, K, M). APC-positive cells
were also positive for a neuroblast marker PSA-NCAM, but negative for a putative stem cell
marker GFAP and a transient amplifying cell (TAC) marker Mashl (Fig. 1Q, R, S). In APC-
CKO mice, APC-IR was markedly reduced in these regions, whereas APC-IR outside the
neurogenic regions was well preserved (Fig. 1J, L, N). APC-IR was also abundant in the
dendrites of granule cells in the DG, another neurogenic region. APC-CKO mice, however,
displayed no obvious reduction in APC-IR (Fig. 10, P). This is likely due to the lower
contribution of GFAP-expressing NSCs to this region compared to the OB (see the next
section).

These results demonstrate that neuroblasts abundantly express APC in the adult neurogenic
regions and APC expression is selectively ablated from these regions in APC-CKO mice.

of APC-CKO mice

APC-CKO mice were born at the expected Mendelian ratio, indicating no embryonic
lethality. Approximately 25% of APC-CKO mice, however, exhibited severe growth
retardation postnatally and died by 8 weeks due to hemorrhagic enteritis (Supporting
information Fig. 1B, C, D). These mice also showed a “small eye” phenotype with lens
dysmorphogenesis (Supporting information Fig. 1E). These non-CNS phenotypes were
caused by loss of APC in GFAP-positive enteric glia and lens epithelium [24, 38-40], and
will be described in detail elsewhere. The rest of APC-CKO mice showed much milder non-
CNS phenotypes. It is unlikely that this variation was due to a different degree of Cre-loxP
recombination between individuals since the recombination efficiency monitored by the Cre
reporter as well as the CNS phenotypes described below were similar regardless of non-CNS
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phenotypes (data not shown). Nevertheless, we excluded the mice with severe gut and eye
phenotypes from the study afterwards because of their vulnerability and lethality.

Brain weights from adult APC-CKO and littermate control mice (8-12w) were not
significantly different (0.41 + 0.036g in CKO vs. 0.43 £ 0.027g in controls). The
macroscopic appearance of APC-CKO mouse brains was normal except for the small OB.
The volume of the olfactory granule cell layer (OB-GCL) was reduced by 38% (Fig. 2A).
Although APC should also be deleted in astrocytes, we found no obvious histological
abnormality in GFAP-positive and S100-positive astrocytes in the forebrains of APC-CKO
mice (Fig. 2B). It is unlikely that astrocytes escaped from Cre-mediated recombination since
they broadly expressed GFP in APC-CKO reporter mice (see below).

The shrunken OB-GCL raises the possibility that APC deletion disturbs GFAP-expressing
NSC-derived neurogenesis. We therefore determined the overall contribution of GFAP-
expressing NSCs to the two adult neurogenic regions using the Cre reporter mice. In control
reporter mice, 64% of total NeuN-positive neurons were GFP-positive in the OB-GCL,
whereas 20% were GFP-positive in the DG-GCL (Fig. 2C). Thus, the overall contribution of
GFAP-expressing NSCs to the OB-GCL is much higher, which is consistent with the recent
reports [25, 41]. In APC-CKO reporter mice, the proportion of GFP-positive neurons
markedly decreased to 17% and 6% in the OB-GCL and DG-GCL, respectively (Fig. 2C).
These findings indicate that APC deletion disturbs GFAP-expressing NSC-derived
neurogenesis, resulting in a significant volume reduction in OB-GCL.

Depletion of neuroblasts with a concomitant increase in Mashl-expressing dividing cells
in the OB of APC-CKO mice

To investigate the mechanisms in reduced neurogenesis in APC-CKO mice, we first
quantified cell proliferation by 2 hr BrdU pulse labeling. The number of BrdU-incorporated
cells in the SVZ of APC-CKO mice decreased by 62% compared to controls, demonstrating
the suppression of SVZ cell proliferation (Fig. 3A, B). The number of BrdU-positive cells
rostrally declined in controls, indicating that newly generated cells exit cell cycle as they
proceed to the OB. Interestingly, this caudorostral gradient of BrdU-positive cells was
disturbed in APC-CKO mice. In contrast to the reduction in SVZ cell proliferation, the
number of BrdU-positive cells was comparable in the rostral RMS (82% of controls) and
was more than 9 times higher in the OB (Fig. 3A, B). This increased BrdU incorporation did
not reflect DNA damage/repair since Ki67, another independent marker for cell
proliferation, also increased (Fig. 3B).

We next examined the cellular compositions of the SVZ, RMS, and OB of APC-CKO mice.
In the SVZ, GFAP expression was indistinguishable, the number of Mash1-positive TACs
was slightly fewer (86% of controls), and that of Dcx-positive neuroblasts significantly
reduced (35% of controls) (Fig. 3A, B). In controls, the number of Mash1-positive cells
rostrally declined and Dcx-positive cells become predominant, reflecting the maturation of
newly generated cells. In APC-CKO mice, the number of Mash1-positive cells slightly
increased in the RMS (110% and 130% of controls in the caudal and rostral RMS,
respectively) and was more than 50 times higher in the OB (Fig. 3A, B). On the other hand,
the number of Dcx-positive cells markedly decreased (25%, 21%, 7% of controls in the
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caudal RMS, rostral RMS, and OB, respectively). To exclude the possibility that APC
deletion just downregulates Dcx expression, we also analyzed the expression of another
neuroblast marker PSA-NCAM and found that PSA-NCAM-positive cells similarly
decreased (Fig. 3B). The majority of BrdU-positive dividing cells ectopically increased in
the OB were GFP positive (78%, 130/167 cells, n=3) but negative for astrocyte markers
(Fig. 3C), indicating that they are not dividing astrocytes but the progeny of GFAP-
expressing NSCs. Only a few cells expressed Dcx (4%, 9 per 202 cells, n=4) and Olig2 (9%,
20/219 cells, n=4). On the other hand, 67% of BrdU-positive cells were Mash1-positive
(177/264 cells, n=4)(Fig. 3C). Therefore, we conclude that Mash1-expressing cells
originating from GFAP-expressing NSCs comprise the majority of dividing cells in the OB
of APC-CKO mice.

Fate of newly generated cells in APC-CKO mice

We next determined the fate of newly generated cells. In controls, a number of BrdU-
positive cells migrated into the OB-GCL and 74% were differentiated into NeuN-positive
neurons at 14 d after the last BrdU injection (155/210 cells, n=4, Fig. 4A, B). In APC-CKO
mice, only a few BrdU-positive cells were identified in the OB-GCL (5.4% of controls).
Most of BrdU-positive cells still remained in the SVZ and RMS, and the number of them
was rather higher (160%, 151%, and 253% of controls in the SVZ, caudal RMS, and OB-
RMS, respectively). BrdU-positive cells remaining in the RMS were negative for NeuN and
only a few of them were positive for neuronal/glial markers Dcx (8%, 22/284 cells, n=4),
GFAP (5%, 14/262 cells, n=4), and S100 (3%, 6/240 cells, n=4). Some expressed immature
progenitor markers Mashl (26%, 63/240 cells, n=4), Olig2 (14%, 36/258 cells, n=4), and
Pax6 (10%, 17/165 cells, n=3) (Fig. 4B, C). Thus, newly generated cells failed to reach their
final destination and differentiate into a mature neuronal phenotype. Most of the cells
remaining in the RMS either stayed an immature stage or acquired an unknown phenotype.
This notion is further supported by the finding that BrdU-incorporated cells at 48 hr after
BrdU administration remained Dcx-negative in APC-CKO mice, whereas the majority of
them were already Dcx-positive in controls (Fig. 4D). We also examined if impaired
differentiation and migration of newly generated cells are coupled with increased cell death.
The number of cells undergoing apoptosis, as detected by cleaved caspase-3, did not
significantly differ outside the neurogenic regions (data not shown). On the other hand, the
number of caspase-3-positive cells significantly increased in the SVZ, caudal RMS, and OB
of APC-CKO mice (330%, 686%, and 375% of controls, respectively, Fig. 4E).

Accumulation of beta-catenin and aberrant cell aggregation in APC-CKO mice

To study the consequence of APC deletion for the Wnt/beta-catenin signaling pathway, we
next examined the distribution and accumulation of beta-catenin. Beta-catenin was modestly
expressed in the neurogenic regions of control mice and predominantly localized in cell-cell
boundaries. Only a few cells exhibited weak cytoplasmic and nuclear staining. On the other
hand, beta-catenin expression markedly increased in APC-CKO mice. Strong beta-catenin-
IR was localized in both the cytoplasm and nucleus (Fig. 4F). Most of Mash1-positive
dividing cells in the SVZ and RMS exhibited a marked accumulation of beta-catenin. In
contrast, no detectable increase in beta-catenin-IR was observed in Dcx-positive and GFAP-
positive cells (Fig. 4G).
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We also examined the distribution and morphology of the reporter GFP-positive cells. In the
RMS of control reporter mice, GFP-positive cells were orderly arranged in a caudorostral
orientation known as “tangential chain-like migration’ [42]. The vast majority of them were
Dcx-positive neuroblasts. In APC-CKO reporter mice, not only the number of Dcx-positive
cells decreased but also the remaining Dcx-positive cells lost their organized arrangement
and randomly dispersed. In addition, GFP-positive Dcx-negative cells frequently formed
small cell aggregates (Fig. 4H). The cell aggregates were tightly packed and accumulated
beta-catenin. Mash1-positive cells were found within these aggregates. Outside the
neurogenic regions, no beta-catenin accumulation was identified in astrocytes even though
they broadly expressed GFP (Fig. 4l).

These findings thus demonstrate that APC deletion from GFAP-expressing NSCs results in
the accumulation of beta-catenin at the stage of Mash1-expressing TACs, concomitant with
the formation of aberrant cell aggregates.

Aberrant neuronal differentiation of APC-CKO progenitors in vitro

We next evaluated the effects of APC deletion on the differentiation potential of NSCs in
vitro using the neurosphere culture system. The proportions of GFAP-positive astrocytes
and O4-positive oligodendrocytes differentiated were not significantly different and the
cellular morphologies were indistinguishable between control and APC-CKO cultures (Fig.
5A). On the other hand, the proportion of Tujl-positive cells in APC-CKO cultures
significantly increased by 50%, but their morphology was drastically altered. They had
spherical somata with either short fat neurites or no identifiable neurite (87% reduction
compared to control cultures) (Fig. 5A, B).

Morphologically abnormal Tujl-positive cells frequently formed tightly packed cell clusters
and accumulated beta-catenin, which is similar to the cell aggregates observed in vivo (Fig.
5C). The expression of Axin2 mRNA, an indicator of beta-catenin-mediated transcription,
markedly increased in APC-CKO cells (11.6-fold increase, Fig. 5D). We also examined the
expression of other neuronal markers and the genes regulating neuronal differentiation.
Almost all Tuj1-positive cells were Dcx-positive but Mash1-negative in control cultures. In
contrast, Tujl-positive cells in APC-CKO cultures expressed neither Dcx nor PSA-NCAM,
whereas they occasionally expressed Mash1l (Fig. 5E). They never expressed glial markers
including Olig2, 04, and GFAP (data not shown). Thus, morphologically abnormal Tuj1-
positive cells are likely to be neuronal lineage cells. The expression of Mashl mRNA
significantly increased (165% of controls), whereas that of DIx2 and NeuroD1 mRNA,
neuronal differentiation genes, contrarily decreased (41% and 55% of controls, Fig. 5F).
These results suggest that APC deletion does not prevent the induction of neuronal fate but
disturbs the proper differentiation/maturation of new neurons.

It remains possible that neuronal differentiation/maturation is impaired due to loss of
supportive functions of APC-deficient non-neuronal cells such as astrocytes. To test this
possibility, we also performed the co-culture of wild-type cells and APC-CKO reporter
cells. Despite the presence of non-neuronal wild-type cells, Tuj1-positive APC-deficient
cells exhibited the same abnormal morphology, whereas GFP-negative wild-type neurons
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remained normal (Fig. 5G). This indicates that the impaired neuronal differentiation
observed here is the cell-autonomous effect of APC deletion.

Progressive depletion of adult germinal zone in APC-CKO mice

Even though our results so far show that the transition from Mash1-positive TACs to
neuroblasts was disturbed, there was no increase in Mash1-positive dividing cells in the
SVZ of young adult APC-CKO mice. One possibility is that the number of functional NSCs
decreases to mask an increase in Mash1-positive cells. To address this question, we first
propagated NSCs as a sphere-forming colony from the periventricular tissues of postnatal
day 4 (P4), young adult (8-12w), and middle-aged (6-7 month) mice. We have previously
shown that essentially all neurospheres originate from GFAP-expressing NSCs at these ages
[27]. The number of primary neurospheres generated from APC-CKO mice was
significantly lower compared to that from age-matched control mice at all ages examined,
but it progressively declined with age (63%, 25%, and 9% of controls at P4, young adult,
and middle-aged, respectively, Fig. 6A). We were unable to passage neurospheres from
middle-aged APC-CKO mice because of its very low yield, but we were able to generate
secondary and tertiary spheres from P4 and young adult APC-CKO mice. The number of
tertiary spheres generated from the same plating density was still significantly lower but
improved (74%, and 62% of controls at P4 and young adult, respectively, Fig. 6A). This
improvement was not the rescue effect that a few cells escaping from Cre-mediated
recombination grew to replace APC-CKO cells since the tertiary spheres contained very few
APC but abundantly expressed GFP (data not shown). The yield of tertiary spheres was
comparable between P4 and young adult APC-CKO spheres. These findings indicate that
cell proliferation is similarly impaired in vitro in APC-CKO mice regardless of age. A
progressive reduction in primary neurosphere number with age is likely to reflect a decrease
in the number of neurosphere-initiating cells.

We next examined the cellular compositions and cell proliferation in the SVZ of middle-
aged APC-CKO mice that exhibited a very low yield of primary neurospheres. The number
of BrdU(2 h)-positive dividing cells as well as Dcx-positive neuroblasts markedly decreased
(12% and 11% of controls, respectively), which is further exacerbated from younger age.
Moreover, the number of Mash1-positive cells significantly decreased at this age (30% of
controls, Fig. 6B, C). GFAP-immunoreactivity also moderately decreased (Fig. 6C). In the
OB, beta-catenin-accumulated cells as well as BrdU-positive dividing cells were still
identified but attenuated compared to younger age (Fig. 6D). These results show that
functional NSCs and their progeny progressively deplete in APC-CKO mice with age.

Reduced hippocampal neurogenesis with relatively spared cell proliferation

We next studied neurogenesis in the DG to examine if the different consequences occur by
APC deletion [43]. Cell proliferation in the DG of young adult APC-CKO mice modestly
decreased (70% of controls, Fig. 7A) but relatively spared compared to the SVZ. GFAP
expression in the subgranular zone (SGZ) was indistinguishable, but Dcx-positive
neuroblasts markedly decreased (Fig. 7B). Thus, despite a mild decrease in cell genesis
neuroblasts were severely depleted. We also examined the fate of newly generated cells. The
total number of BrdU-positive cells (14 d) mildly but not significantly decreased (82% of
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controls), which is approximately proportional to the reduction in cell proliferation. 31% of
BrdU-positive cells were differentiated into NeuN-positive neurons in control mice at this
time point. In contrast, only 5% were NeuN-positive in APC-CKO mice and the majority of
BrdU-positive but NeuN-negative cells remained in the SGZ (Fig. 7C). They expressed
GFP, indicating that they are the progeny of GFAP-expressing NSCs. Similar to those
observed in the SVZ-0OB, tightly packed cell aggregates with beta-catenin accumulation
resided along the SGZ. A few isolated GFP-positive cells in the hilus and GCL extended
processes, but these processes were disorganized and randomly directed (Fig. 7D).

These findings show that APC deletion impairs the production of neuroblasts with relatively
spared cell genesis in the DG. Newly generated cells fail to pursue their normal
differentiation pathway and form aberrant cell aggregates with beta-catenin accumulation,
which is similar to the effects of APC deletion on SVZ NSCs.

Discussion

In the present study, we determined if the tumor suppressor APC plays a critical role in
regulating adult neurogenesis by using conditional gene targeting in mice. Our results
demonstrate that APC deletion from GFAP-expressing NSCs disrupts postnatal and adult
neurogenesis by the following mechanisms; 1) Differentiation from Mash1-expressing
TACs to neurons is impaired with concomitant beta-catenin accumulation and its target gene
activation. 2) Adult NSCs and their neurogenic niche are progressively depleted with age.

Although mouse 15kb GFAP promoter we used, unlike human GFAP promoter, selectively
directs expression only to postnatal GFAP-expressing NSCs, there are still two
methodological considerations. First, it has been suggested that both GFAP-positive and -
negative NSCs coexist in the adult SVZ [44] and this promoter therefore fails to cover all
NSC population. Nevertheless, we have previously shown that more than 95% of new
neurons in the adult OB are derived from the cells in which this promoter is active [25]. This
indicates that GFAP-negative NSCs, if any, either transit to a GFAP-positive state to
generate new neurons or contribute little to basal neurogenesis. Second, GFAP is not a
specific marker for NSCs and this promoter also directs expression to astrocytes as well as
GFAP-expressing cells outside the CNS [35, 38]. Indeed, APC-CKO mice unexpectedly
exhibited gut and eye phenotypes, indicating the importance of APC in these organs. On the
other hand, we found no obvious change in the distribution and morphology of APC-
deficient forebrain astrocytes. APC expression was below detectable levels in astrocytes in
the forebrain of control mice and beta-catenin accumulation was not induced by APC
deletion. However, it remains possible that APC plays a role in certain aspects of astrocyte
function or in specific populations of astrocytes. Reactive astrocytes are shown to upregulate
APC [45]. An invitro study has reported that APC regulates the migration of astrocytes
[16].

Despite these limitations, we conclude that cell-autonomous mechanisms in postnatal NSCs
largely contribute to the impaired neuronal differentiation in APC-CKO mice observed here.
CNS phenotypes were consistent regardless of the severity of non-CNS phenotypes.

Impaired neuronal differentiation was partly reproduced in vitro and was not rescued by the
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support of wild-type cells. Moreover, the transition from Mash1-positive TACs to
neuroblasts was disrupted in association with intracellular accumulation of beta-catenin.
Although Mash1-positive TACs also generate oligodendrocytes [46, 47], only a small
portion of newly generated cells along the RMS of APC-CKO mice expressed Olig2, a
marker for glial progenitor cells and oligodendrocytes. In addition, we found no obvious
increase in Mash1 and Olig2-positive cells in the corpus callosum where adult NSC-derived
oligodendrocyte progenitors migrate (data not shown). It is therefore likely that APC
deletion impairs neuronal differentiation without changing cell fate.

There are two possible molecular mechanisms in regulating neuronal differentiation by
APC; beta-catenin-dependent and —independent pathways. We assume that beta-catenin-
dependent pathway is the major cause of impaired neuronal differentiation. Neuroblasts
highly expressed APC and APC deletion resulted in beta-catenin accumulation in Mash1-
positive TACs. Such a reciprocal pattern of beta-catenin and APC expression is observed in
normal brain development. Beta-catenin is downregulated but APC is upregulated as cells
exit ventricular zone and differentiate into postmitotic neurons [14, 21, 48]. Moreover,
transduction of stabilized beta-catenin inhibits the differentiation of Mash1-expressing
TACs to neuroblasts in the adult SVZ [49]. It is thus reasonable to propose that APC
promotes the transition from TACs to neuroblasts by reducing intracellular beta-catenin
level. The promoter regions of several key transcription factors for neurogenesis, including
Mash1, contain the binding element for a beta-catenin/Tcf complex [50]. Precise regulation
of intracellular beta-catenin level by APC may determine the timing of expression of these
factors. In this regard, it will be interesting to see if APC overexpression in TACs decreases
beta-catenin and induces premature neuronal differentiation. However, it remains possible
that beta-catenin-independent pathways are involved. APC acts as a microtubule-binding
protein to regulate neural cell polarity, adhesion, migration, and neurite outgrowth. The
orientation of migrating neuroblasts was disorganized and aberrant cell aggregates
frequently formed in vivo, and neurite outgrowth was severely impaired in vitro These
phenotypes could be attributed to misregulation of microtubules as previously indicated [18,
22]. Both possibilities are not mutually exclusive and APC may play multiple roles in
neuronal differentiation via different pathways.

Contrary to our expectation, APC deletion suppressed SVZ cell proliferation, leading to
increased levels of apoptosis and progressive exhaustion of neurogenic pool. This is similar
to the effects of APC deletion on embryonic neurogenesis [21, 22], but in sharp contrast to
the observations that stabilized beta-catenin increases neural progenitor proliferation both
during development and in adults [49, 51-53]. The most plausible explanation for the
discrepancy is that loss of beta-catenin independent functions of APC counteracts the effects
of Wnt/beta-catenin signaling activation. For example, APC regulates chromosome
segregation during mitosis by binding microtubules, and loss of APC induces chromosomal
abnormalities [54, 55]. APC deletion from GFAP-expressing NSCs may disrupt efficient
cell division, leading to progressive elimination of damaged NSCs and their progeny [56,
57].

In summary, our results implicate APC in promoting neuronal differentiation and
maintaining NSCs in the adult neurogenic niche. APC is particularly important in
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controlling intracellular beta-catenin level upon the transition from TACSs to neuroblasts,
providing insight into the roles and regulation of the canonical Wnt pathway in adult
neurogenesis.
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Figure 1.
APC expression in the adult mouse forebrain. APC-immunoreactivity (-IR) is enriched in

the OB-OPL (A), the axons/dendrites of CA1 pyramidal neurons (B, C) and the somata of
cortical neurons (arrow in D, E). APC-IR is also observed in the cells extending fine
processes (arrowhead in D) that are negative for astrocyte markers S100 and GFAP as well
as the reporter GFP (F-H). In the adult neurogenic regions of control mice, APC-IR is
prominent in the cells in the SVZ (1), RMS (arrowhead in K) and OB-RMS (arrowhead in
M) as well as the granule cell dendrites of the DG (arrowhead in O). APC-IR is markedly
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reduced in the SVZ, RMS, and OB-RMS of CKO mice (J, L, N). Note that APC-IR in the
cells with fine processes (arrow in J) as well as that in the OB-OPL is preserved. APC-IR is
colocalized with PSA-NCAM™ neuroblasts but not Mash1* (arrowhead) and GFAP* cells in
control mice (Q-S). Scale bars: A-C, 40 pm; D-H, 10 um; I-P, 20 um; Q-S, 5 um. OPL, outer
plexiform layer; Ctrl, controls; GCL, granule cell layer; RMS, rostral migratory stream;
SVZ, subventricular zone; LV, lateral ventricle; OB, olfactory bulb; DG, hippocampal
dentate gyrus.
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Figure 2.
Marked reduction of GFAP* NSC-derived neurogenesis in APC-CKO mice. A.

Representative pictures of the brains and Nissl-stained OB sections show that the OB is
shrunken in adult CKO mice. The volume of the GCL significantly decreased in CKO mice
compared to controls. n=5, *p<0.001 versus controls, t test. B. Nissl-stained sections show
that the cortical architecture is normal in CKO mice. The distribution and morphology
(inset) of GFAP* and S100™ astrocytes are indistinguishable between CKO and control
mice. C. The proportions of the reporter GFP* neurons per total neurons in the OB-GCL and
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in the DG-GCL of CKO reporter mice were significantly reduced compared to those of
control reporter mice. n=3-4, *p<0.001 versus controls, t test. Scale bars: A, 100 um; B, 50
um; B (inset), C, 10 um. GCL, granule cell layer; OB, olfactory bulb; DG, hippocampal
dentate gyrus.
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Figure 3.
Depletion of neuroblasts with a concomitant increase in dividing Mash1™ cells in the OB of

APC-CKO mice. A. Quantification of BrdU* dividing cells (administered 2 h before tissue
harvest), Mash1* cells, and Dcx* neuroblasts through the SVZ-RMS. Scheme illustrating
coronal sections at different rostrocaudal levels used for quantification; the anterior SVZ(1),
caudal RMS(2), rostral RMS(3), and OB-RMS(4). n=4-7, *p<0.05, **p<0.01, ***p<0.001
versus controls, t test. B, Representative images of coronal sections of the SVZ and OB
stained by BrdU, Ki67, GFAP, Mash1, Dcx, and PSA-NCAM. Note that BrdU* and Ki67*
dividing cells as well as Mash1* cells markedly increase, whereas Dcx* and PSA-NCAM™*
neuroblasts are depleted in the OB of CKO mice. C. BrdU* dividing cells in the OB of CKO
mice are frequently positive for GFP and Mash1, and occasionally positive for Olig2
(arrowhead), but negative for Dcx, GFAP, and S100. Scale bars: B, 20 pm; C, 10 pm. SVZ,
subventricular zone; RMS, rostral migratory stream; OB, olfactory bulb; GCL, granule cell
layer, LV, lateral ventricle; Dcx, doublecortin.
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Figure4.
Fate of newly generated cells and accumulation of beta-catenin in APC-CKO mice. A. The

majority of long-term BrdU-retaining cells (14 d) locate in the OB-GCL in control mice,
whereas many BrdU™ cells still remain in the SVZ, caudal RMS, and OB-RMS in CKO
mice. n=4-5, *p<0.05, **p<0.01, versus controls, t test. B. Double immunofluorescence
staining for BrdU and mature neuronal marker NeuN. C. Double immunofluorescence
staining for BrdU and mature and immature cell markers in the OB-RMS of CKO mice. D.
Double immunofluorescence staining for BrdU (48 h) and Dcx. E. The number of
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caspase-3* apoptotic cells (arrowhead) was significantly higher in CKO mice. n=4,
*p<0.05, **p<0.01, versus controls, t test. F. Beta-catenin expression in control and CKO
mice. Nuclei are counterstained with TOPRO-3 (inset, blue). G. Beta-catenin* cells in CKO
mice are negative for GFAP and Dcx, but frequently positive for Mash1 and BrdU (2 hr)
(arrowhead). H. In the RMS of control reporter mice, GFP* are orderly arranged in a
caudorostral orientation and positive for Dcx. In CKO reporter mice, many GFP* cells are
negative for Dcx and form small cell aggregates. |. GFP* cell aggregates are composed of
tightly packed Mash1* and BrdU* cells with beta-catenin accumulation. Note that cortical
astrocytes express GFP but do not accumulate beta-catenin (lower left panel). Scale bars: A
(SV2), 20 um; A (OB), 100 um; B, C, D, 10 pm; E, F, 20 um, G, H, I, 10 um. SVZ,
subventricular zone; LV, lateral ventricle; OB, olfactory bulb; ML, mitral cell layer; GCL,
granule cell layer; RMS, rostral migratory stream; Ctx, cortex; Dcx, doublecortin.
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Figureb5.
Impaired neuronal differentiation of APC-deficient cells in vitro. A. CKO neurospheres

generated significantly higher number of Tuj1" cells, but these cells were morphologically
abnormal with very short neurites. The number and morphology of GFAP* and O4* glia
were indistinguishable between control and CKO cultures. *p<0.05, versus controls, t test.
n=6 separate experiments per conditions. B. The mean length of the longest neurite per
neurons was more than seven times shorter in CKO cells. ***p<0.001 versus controls, t test.
C. Tuj1* cells in CKO cultures are frequently clustered (arrowhead) with nuclear
accumulation of beta-catenin. D. Quantitative RT-PCR analysis showed that the expression
of Axin-2 mRNA markedly increased in CKO cultures. **p<0.01, t test. n=4. E. Tuj1* cells
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and Mash1* cells (arrowhead) are mutually exclusive in control cultures. Tuj1* cells in
CKaO cultures are mostly negative for Dcx and PSA-NCAM, but occasionally positive for
Mash1 (arrowhead) and form a tight cluster with Mash1~ cells (arrow). F. The expression
of Mash1l mRNA increased but that of DIx2 and NeuroD1 mRNA decreased. *p<0.05, t test.
n=6. G. GFP~ wild-type cells failed to rescue impaired neuronal differentiation of GFP*
CKO cells (arrowhead) in mixed cultures. The image shown is representative of three
independent experiments. Note that GFP~ wild-type neurons (arrow) are morphologically
normal. Nuclei are stained with DAPI (blue). Scale bars: A, B, C (lower panels), E, G, 10
pum; C (upper panels), 50 pm; Dcx, doublecortin.
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Figure®6.
The subventricular germinal zone is exhausted in APC-CKO mice with age. A. The yields of

primary neurospheres recovered from postnatal day 4 (P4), young adult (8-12w, yAd), and
middle-aged (6-7 months, mAd) CKO mouse periventricular zones progressively decreased
with age (63%, 25%, and 9% of controls at P4, yAd, and mAd, respectively. p<0.001 versus
controls, t test.). The yields of tertiary neurospheres improved but still significantly
decreased (74% and 62% of controls at P4 and yAd, respectively. p<0.001 versus controls, t
test.). The number of neurospheres in CKO cultures was shown as a proportion to that in the
cultures from age-matched littermate controls. n=6-8 separate experiments per conditions. B.
Quantification of BrdU* dividing cells (2 h), Mash1* cells, and Dcx* neuroblasts in the SVZ
of middle-aged mice. n=3, *p<0.05, **p<0.01, versus controls, t test. C. In addition to the
obvious reduction of BrdU*, Mash1*, and Dcx* cells, GFAP-immunoreactivity moderately
decreases in the SVZ of middle-aged CKO mice. D. Accumulation of beta-catenin and the
presence of BrdU* dividing cells (arrowhead) become inconspicuous in the OB of middle-
aged CKO mice, whereas the depletion of Dcx™ cells is remarkable. Scale bars: C, 10 um; D,
40 um. SVZ, subventricular zone; LV, lateral ventricle; OB, olfactory bulb; GCL, granule
cell layer; RMS, rostral migratory stream; Dcx, doublecortin.
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Figure?7.
Reduction of hippocampal neurogenesis with relatively spared cell proliferation. A. The

mean number of BrdU™* dividing cells (2 hr) modestly decreased in the DG of young adult
CKO mice, but the difference is not statistically significant (n=6, p=0.19 versus controls, t
test.). B. GFAP* radial cells are comparable but Dcx* neuroblasts markedly decrease in the
DG of CKO mice. C. Fate of newly generated cells in CKO mice. Long-term BrdU-retaining
cells (14 d) remain in the SGZ (arrowhead) and negative for NeuN but positive for GFP
(inset). The total number of BrdU™ cells was not significantly different but that of
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BrdU*NeuN* cells significantly decreased. n=4, *p<0.01 versus controls, t test. D. GFP*
cells in the SGZ of CKO reporter mice accumulate beta-catenin (upper panels). Most of
GFP* cells in the SGZ are tightly clustered (left lower panel), whereas a few isolated GFP*
cells identified in the GCL (middle lower panel) and hilus (right lower panel) extend
randomly oriented processes (arrowhead). Scale bars: A, 100 um; B, C, 20 um; D, 10 pm.
DG, dentate gyrus; GCL, granule cell layer; SGZ, subgranular zone; Hil, hilus; Dcx,
doublecortin.
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