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Functional regulation of FoxO1 in neural stem cell
differentiation

D-Y Kim"2, | Hwang', FL Muller® and J-H Paik*'

Forkhead transcription factor family O (FoxO) maintains adult stem cell reserves by supporting their long-term proliferative
potential. MicroRNAs (miRs) regulate neuronal stem/progenitor cell (NSPC) proliferation and differentiation during neural
development by controlling the expression of a specific set of target genes. In the neurogenic subventricular zone, FoxO1 is
specifically expressed in NSPCs and is no longer detected during the transition to neuroblast stage, forming an inverse correlation
with miR-9 expression. The 3’-untranslated region of FoxO1 contains a conserved target sequence of miR-9 and FoxO1 expression
is coordinated in concert with miR-9 during neuronal differentiation. Our study demonstrates that FoxO1 contributes to NSPC fate

decision through its cooperation with the Notch signaling pathway.
Cell Death and Differentiation (2015) 22, 2034-2045; doi:10.1038/cdd.2015.123; published online 16 October 2015

Forkhead transcription factor family O (FoxO) is an evolutio-
narily conserved longevity factor found across species. FoxO’s
most well-defined function is maintaining the adult stem cell
compartment and supporting the long-term regenerative
potential of tissues during organismal aging. In the nervous
system, FoxO maintains adult neural stem cell reserves and
life-long neurogenesis, 2 which may require functions beyond
cell-cycle regulation and oxidative stress suppression. Given
the importance of neural stem/progenitor cells (NSPCs) for the
generation of new neurons, defining the mechanism of how
FoxO contributes to the NSPC fate decision is important for the
development of regenerative medicine.

MicroRNAs (miRs) are small noncoding RNAs that
regulate gene expression by destabilizing or suppressing the
translation of target mMRNAs, mostly through the 3’-untrans-
lated regions (3'-UTRs).®* Several miRs have been found to
participate in the neurogenic differentiation of NSPCs.>® For
example, let-7b inhibits NSPC proliferation and promotes
neuronal differentiation by suppressing targets such as
Hmga2, which promotes self-renewal.® miR-124 promotes
the neuronal differentiation of subventricular zone (SVZ)
NSPCs by repressing Sox9 expression.' In the developing
mouse, brain-enriched miR-9 is expressed as early as
embryonic day 10.5.""7'® miR-9 is a well-conserved miR; the
mature sequence is 100% identical from flies to humans.
It was shown that miR-9 promotes the neural differentiation
of mouse embryonic stem cells by suppressing Sirt1
expression.'* Additionally, miR-9 was reported to accelerate
neuronal differentiation by targeting Tix in mouse NSPCs.'®
By contrast, miR-9 promotes the proliferation and regulates
the migration of human embryonic stem cell-derived
NSPCs."® Primary brain tumors highly express miR-9'” and
the inhibition of miR-9 in glioma-initiating stem cells leads
to reduced neurosphere formation and increased cell

differentiation.”® The double miR-9-2/miR-9-3-knockout
mouse model had a complicated phenotype in that neural
progenitor proliferation in the developing telencephalon was
initially increased, but it was reduced at later stages because
of the deregulation of multiple targets, including FoxG1, Tix,
Gsh2and Meis2.'® In developing zebrafish, miR-9 suppresses
the progenitor-promoting genes her6 and zic5 in the early
progenitor state, leading to proliferation inhibition. However, at
a later stage, miR-9 exerts an antagonistic neurogenesis-
promoting action by controlling elavi3/HuC expression.?°
Overall, the mechanisms of miR-9 action are context-
dependent and remain incompletely understood.

Recent studies have begun to elucidate the interaction
between miRs and FoxO. For example, miR-71 may promote
longevity in C. elegans by functioning through the nervous
system to facilitate the transcriptional activity of DAF-16/FoxO
in the intestine.?' In addition, FoxO3-regulated miR-25
enhances NSPC proliferation and neuronal differentiation.??
In this study, we report that miR-9 regulates FoxO1 expression
during neurogenesis from NSPCs and the endogenous
expression of miR-9 and FoxO1 is inversely correlated in
adult SVZ. Our study demonstrates that FoxO1 expression is
downregulated in the early stage of neurogenesis and gain of
function or loss of function of FoxO1 prevents or promotes
NSPC differentiation, respectively. We propose that FoxO1-
Notch pathway cooperation is an important mechanism for the
inhibition of NSPC differentiation.

Results
Modulation of miR-9 expression alters NSPC differentia-

tion. Although increasing evidence suggests that miR-9
favors neuronal differentiation over progenitor proliferation
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in vertebrates, the role of miR-9 in NSPC fate decision is
context-dependent. To test this, we infected mouse primary
NSPCs with miR-9-encoding retrovirus. Neuron-specific
marker Slll-tubulin immunostaining demonstrated that the
overexpression of miR-9 markedly promoted neuronal differ-
entiation compared with control. By contrast, inhibiting miR-9
action by miR-9 sponge®® expression suppressed neuronal
differentiation (Figure 1a). As a result of counting random
fields of view, the percentage of BllI-tubulin-positive cells was
increased ~2-fold by miR-9 overexpression and decreased
by inhibition of miR-9 (Figure 1b). Consistent with this,
exogenous miR-9 expression clearly increased the level of
Blll-tubulin expression, whereas miR-9 sponge expression
reduced the level of Blll-tubulin (Figures 1c and d). To support
our observation, additional neural markers were also exam-
ined. As a result, the percentage of doublecortin (DCX)-
positive cells (Supplementary Figures S1A and B) or glial
fibrillary acidic protein (GFAP)-positive cells (Supplementary
Figures S1C and D) were increased by exogenous miR-9
expression, albeit the latter was less significant. These
results suggest that miR-9 enhances and is necessary for
differentiation of NSPCs.

FoxO1 and miR-9 expression is inversely correlated in
the NSPC differentiation hierarchy. Although neurogen-
esis occurs in other regions of the mammalian brain,>* major
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neural stem cell niches are the SVZ of the lateral ventricles
and subgranular zone of the dentate gyrus. Previously, it was
reported that (1) miR-9 induces direct conversion of human
adult fibroblasts into neurons,?® (2) miR-9 is highly expressed
in neurogenic regions of the brain throughout development
and adulthood®® and (3) the level of miR-9 in adult mouse
neural stem cells is gradually increased during
differentiation.™® It remained unclear, nonetheless, which cell
types in the neural stem cell niche express miR-9. To better
define the expression patterns of miR-9 in the neural stem
cell niche, we performed RNA in situ hybridization (RISH)
for miR-9 combined with immunohistochemistry (IHC) for
lineage-specific neural markers. The results showed that
miR-9 was highly expressed in DCX-positive neuroblasts
(type A cells), but it was rarely detected in GFAP-positive type
B cells and astrocytes in the SVZ (Figure 2a and
Supplementary Figure S2A). In sharp contrast, we observed
that FoxO1 was expressed in NSPCs (type B and C cells)
and disappeared in type A neuroblasts (Figure 2b and
Supplementary Figures S2B and C). This inverse correlation
of expression between miR-9 and FoxO1 during adult
neuronal differentiation raised a possibility that they could
have an antagonistic effect on neurogenesis.

To determine the functional interaction between FoxO and
miRs, we performed a transcriptome analysis. As we reported
earlier, the transcriptomic profile of FoxO-null NSPCs shows
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miR-9 promotes neuronal differentiation of adult NSPCs. (a) miR-9 sponge or miR-9-encoding virus-infected cells were induced to differentiate for 3 days, and they

were immunostained with a fllI-tubulin-specific antibody (red). GFP-expressing retrovirus was used as a control. Nuclear DAPI (4',6-diamidino-2-phenylindole) staining is shown
in blue. Scale bar =200 zm. (b) The quantification of fllI-tubulin-positive cell proportions in control, miR-9-overexpressing, miR-9 sponge-expressing NSPCs as in (a).
() Western blot analysis of flll-tubulin expression in control, miR-9 sponge or miR-9-encoding virus-infected neural stem cells. s-Actin was used as a loading control. (d) The
mRNA expression of Alll-tubulin in control, miR-9-overexpressing, miR-9 sponge-expressing NSPCs, as measured by real-time RT-PCR analysis. The mRNA level of control cells

was set to 1. *P<0.05. Representative results from multiple experiments are shown
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Figure2 Expressional and functional interaction between FoxO1 and miR-9. (a) Cell-type-specific expression of miR-9 was determined by RISH coupled with IHC. Lower left
inset shows schematic cellular composition of adult SVZ. GFAP is expressed in type B cells. Lower right inset is higher magnification of miR-9 and GFAP RISH-IHC with type A
clusters demarcated. (b) Cell-type-specific expression of FoxO1 was determined on serial adjacent sections of adult SVZ by IHC. FoxO1 is expressed in GFAP-positive type B
cells but absent in DCX-positive type A neuroblasts. GFAP or DCX staining visualizes type B or type A cells, respectively. Scale bars =50 um (upper) and 200 um (lower). (¢) The
overlap between predicted miR-9 downstream targets and genes whose expressions were affected by FoxO deficiency in NSPCs. The prediction of the miR-9 targets was
performed by two different algorithms, miRanda and Targetscan. (d) The nucleotide pairing of miR-9 and FoxO1 3'-UTR. The 3'-UTR of FoxO1 mRNA harbors a putative miR-9
binding site at the 69-75 nt position, which is conserved in mammals. (e) Western blot analysis of FoxO1 and FoxO3 expression in control RNA or miR-9-encoding retrovirus-
infected cells. a-Tubulin was used as a loading control. (f) miR-9 represses the luciferase reporter gene upstream of the FoxO1 3’-UTR. Luciferase reporter constructs under the
control of wild-type (WT) or mutant (Mut) FoxO1 3’-UTR were transfected along with miR-9 RNA duplexes

both up- and downregulation of gene sets.?” First, we used the
Gene Set Enrichment Analysis (GSEA) algorithm to identify a
particular miR that has a functional association with FoxO-
mediated gene regulation. Interestingly, there was a high
enrichment score for miR-9 target gene sets in the FoxO-null
NSPC transcriptome (Supplementary Figure S3A). Next, we
used two independent computational algorithms, TargetScan
and miRanda, to identify miR-9 targetable genes. Overall, 24%
of the entire FoxO-null NSPC transcriptome was predicted to
be miR-9 targets, and 8% were common for both TargetScan
and miRanda (Figure 2c). In accordance with the negatively
correlated expression pattern of miR-9 and FoxO1 and
overrepresented miR-9 signature in the FoxO-null NSPC
transcriptome, we hypothesized that FoxO1 could be regu-
lated by miR-9.

miR-9 and FoxO1 form a feedback regulatory circuit
during NSPC differentiation. To determine whether miR-9

Cell Death and Differentiation

regulates FoxO1 expression during neurogenesis, we first
analyzed the 3’-UTR of mouse FoxO1. Notably, the 69-75
position in the 3’-UTR of mouse FoxO1 was complementary
to the miR-9 seed sequence. In addition, this putative miR-9
binding site was highly conserved among vertebrates,
suggesting that miR-9-mediated FoxO1 regulation might be
important across species (Figure 2d). To assess whether
miR-9 regulates endogenous FoxO1 protein expression, we
forced the expression of miR-9 in NSPCs using a retroviral
vector. As a result, the overexpression of miR-9 clearly
decreased the FoxO1 protein level in NSPCs (Figure 2e).
To further confirm that miR-9 suppresses FoxO1 expression
through the conserved 3-UTR of FoxO1, we used a
luciferase reporter that contains the mouse FoxO1 3'-UTR
with either the miR-9 recognition sequence or mutated bases.
Compared with the control, the reporter with mutated FoxO1
3’-UTR did not result in a decrease in the luciferase activity
after miR-9 expression, indicating that miR-9 inhibits FoxO1



expression through binding to this 3-UTR element
(Figure 2f). In addition, we examined whether FoxO1
influences the expression of miR-9 in NSPCs. In FoxO1-null
NSPCs, the expression of miR-9 was downregulated
(Supplementary Figure S3B). In particular, the primary
transcripts of miR-9-2 and miR-9-3 were significantly down-
regulated among three different precursors of miR-9
(Supplementary Figure S3C). Furthermore, miR-9-2 has a
putative and conserved FoxO-binding element at the
—117 bp region in the upstream of transcription start site
(TSS). The expression of a constitutively active form of
FoxO1 transactivated the miR-9-2 promoter (Supplementary
Figure S3D). Taken together, FoxO1 and miR-9 form a
feedback regulatory circuit during the NSPC differentiation.

FoxO1 expression is regulated during neuronal differ-
entiation. Given that the level of miR-9 in neural stem cells is
reportedly increased during neuronal differentiation® and our
own observation (Figure 3a), we examined the change in the
FoxO1 protein level. Primary NSPCs were differentiated for
the indicated times, and neuronal differentiation was deter-
mined by marker expression. The NSPC marker Nestin
completely disappeared within 24 h after differentiation
initiation. By contrast, BllI-tubulin expression was markedly
increased within 3 days after the enforcement of differentia-
tion. Importantly, the FoxO1 protein level was clearly down-
regulated in the early stage of neuronal differentiation,
consistent with the prediction that the expression of FoxO1
is regulated by miR-9 (Figure 3b). Additionally, we examined
phosphorylation status of FoxO1-Ser®®® residue and
found a concordant pattern with total FoxO1 expression.
This suggests that downregulation of FoxO1 is unlikely to be
mediated through increased inhibitory phosphorylation by
AKT. Interestingly, FoxO1 was gradually increased at a later
stage, suggesting that there is an alternative regulatory
mechanism that overrides the action of miR-9 on FoxO1 and
that FoxO1 expression is precisely controlled in multiple
stages during differentiation. Taken together, our results
indicate that FoxO1 may act as a molecular switch for NSPC
differentiation and that FoxO1 may have additional roles in
neural cell maturation and homeostasis. Indeed, it was
reported that the genetic ablation of FoxO1 in mouse
hypothalamic neurons affects food intake and energy
expenditure.?82°

Next, we examined the neural markers of FoxO1-expressing
cells to further characterize the relationship between FoxO1
expression and neuronal differentiation. We found that the
majority of Nestin-positive proliferating NSPCs express FoxO1
(Figure 3c). In addition, ~80-90% of GFAP- (Figure 3d) or SllI-
tubulin- (Figure 3e) positive astrocytes and neuronal cells also
express FoxO1 upon differentiation. By contrast, cells coex-
pressing DCX and FoxO1 were rarely detected (Figures 3f
and g). These results collectively suggest that the expression
of FoxO1 is tightly regulated during neuronal differentiation.

Constitutively activated FoxO1 represses NSPC
differentiation. To confirm whether the downregulation of
FoxO1 in the initial step of NSPC differentiation is crucial,
we expressed active FoxO1 by using adeno-FoxO1-ADA
(Ade-FoxO1), non-phosphorylatable, constitutively nuclear
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form of FoxO1.%% In control adenovirus- (Ade-emp) infected
cells, Blll-tubulin expression was increased during differentia-
tion. However, constitutively activated FoxO1 significantly
decreased neuronal differentiation as determined by
Blll-tubulin and DCX levels (Figure 4a). Consistent with the
immunoblotting result, activated mutant FoxO1-expressing
NSPCs showed an ~50% reduction in the Slll-tubulin gene
expression compared with control (Figure 4b).

To better characterize the inhibitory role of FoxO1 in NSPC
differentiation, we examined the neural markers in NSPCs
expressing FoxO1-ADA. Under a proliferating condition, a
number of Nestin-positive NSPCs coexpressed FoxO1-ADA
(Figure 4c). Exogenously expressed FoxO1 was also
observed in GFAP-positive astrocytes upon differentiation
(Figure 4d). However, the expression of FoxO1-ADA and gllI-
tubulin were mutually exclusive (Figure 4e), suggesting that
neuronal differentiation is suppressed with sustained FoxO1
activation. Regardless of exogenous FoxO1 expression,
>60% of NSPCs expressed Nestin, which only had marginal
effect on the distribution of different lineage marker-expressing
cells under the proliferating condition. However, when cells
were induced to differentiate, constitutively activated FoxO1
significantly reduced the proportion of GFAP or Slll-tubulin-
positive cells (Figure 4f). Taken together, our data suggest that
the downregulation of FoxO1 may be necessary for NSPC
differentiation.

FoxO1 deficiency enhances the neuronal differentiation
of NSPCs. The inhibitory role of FoxO1 in neuronal
differentiation raised the possibility that reducing FoxO1
expression may enhance neurogenesis. To test this, primary
FoxO1"“ NSPCs were infected with adeno-empty or adeno-
Cre (Ade-Cre). Loss of FoxO1 expression by Cre-mediated
recombination was confirmed by qPCR (Figure 5a) and
immunoblotting (Figure 5b). Next, we examined the expres-
sion of neural markers (Figure 5c). As expected, proliferating
NSPCs highly express Nestin, but they maintain gllI-tubulin
and DCX at a low level. The mRNA levels of all of three neural
markers were comparable between the control and FoxO1-
deficient cells, indicating that the downregulation of FoxO1
was not sufficient to induce spontaneous neuronal differ-
entiation. When NSPCs were differentiated, Nestin expres-
sion was significantly reduced and the levels of both
Blll-tubulin and DCX were upregulated, and interestingly,
FoxO1 deficiency led to higher expression levels of neuronal
markers. This was confirmed by Slll-tubulin immunoblotting
(Figure 5d). To better understand the inhibitory role of FoxO1
in NSPC differentiation, we performed immunostaining.
Consistently, the number of pSlll-tubulin-positive neurons
was significantly increased (Figures 5e and f). To exclude
the possibility of artifacts arising from adenoviral infection, we
examined the expression level of neuronal markers in NSPCs
derived from brain-specific FoxO-knockout mice (Nestin-Cre;
FoxO1/3/4"Y). In this mouse model, the Nestin promoter
drives Cre recombinase expression and FoxO expression
is absent in neural stem cells. Both neuronal markers, DCX
and BllI-tubulin, were upregulated by FoxO deficiency under
differentiating conditions (Figure 5g). Collectively, these data
suggest that downregulation of FoxO1 enhances differentia-
tion of NSPCs into neurons.
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Figure 3 FoxO1 expression patterns during neuronal differentiation. (a) Endogenous level of miR-9 was determined by quantitative real-time PCR (qRT-PCR) analysis at
indicated time points during NSPC differentiation. Pr, proliferating NSPCs. (b) Western blot analysis of FoxO1 and neural markers during NSPC differentiation. Cells were
harvested at the indicated time points. GAPDH (glyceraldehyde 3-phosphate dehydrogenase) was used as a loading control. (c—f) The coexpression of FoxO1 with neural
markers was determined. FoxO1 staining is shown in green and neural markers, Nestin (¢), GFAP (d), Alli-tubulin (e) and DCX (f), are shown in red. Nuclear DAPI (4',6-diamidino-
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FoxO1 and Notch functionally interact during neuronal
differentiation. To evaluate the antagonistic mechanism of
FoxO1 during neurogenesis, we compared the transcriptome
of control and FoxO1-knockdown LN319 heterologous glioma
cells. Notably, the expression levels of several genes involved
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in the Notch pathway were significantly changed (Figure 6a).
The evaluation with the GSEA algorithm also suggested the
functional association between FoxO1 and the Notch path-
ways (Figure 6b). The Notch signaling pathway has an
important role in the cell fate decision of stem/progenitor
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cells, including embryonic stem cells,®" hematopoietic stem
cells®233 and other tissue-specific stem cells.®*° It has been
reported that the Notch pathway is essential for the
maintenance of neural stem cells, and neuronal and glial
differentiation was suppressed by expressing an active form

of Notch1.%® Previously, the Notch ligand was shown to
stimulate the neural specification of human ES cells,®®
suggesting that the Notch pathway has a crucial role in
neural system maintenance. To confirm whether the Notch
pathway restricts the spread of NSPC differentiation, we used
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expression in vehicle-treated or DAPT-treated, differentiated NSPCs. Reduction in Hes1 protein expression was used to demonstrate the inhibition of the Notch signaling. (e) CSL-
induced luciferase reporter activity was measured in (left) FoxO1“- NSPCs infected with Ade-Cre or Ade-emp, or (right) Ade-emp- or Ade-FoxO1-infected NSPCs, with or without
5 uM DAPT treatment. (f) Quantitative real-time PCR (qRT-PCR) of Hes1 mRNA in (left) FoxO1“~ NSPCs infected with Ade-Cre or Ade-emp, or (right) Ade-emp or Ade-FoxO1

infected NSPCs. *P<0.05, **P<0.01 and **P<0.001

a y-secretase inhibitor (DAPT) that blocks Notch signaling.
Upon DAPT treatment, the cell morphology was clearly
changed compared with control (Figure 6¢). The action of
DAPT was confirmed by the Hes1 expression level. Notably,
DAPT treatment downregulated Nestin expression under

proliferating conditions and highly upregulated the Slll-tubulin
level under differentiating conditions (Figure 6d).

Previously, FoxO1 was reported to interact directly with
CSL, a transcription factor of Notch downstream genes,
and this FoxO1-Notch cooperation regulates myogenic
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differentiation.®” Based on this, we measured the CSL-
induced Notch reporter activity in the presence or absence
of FoxO1. Consistent with the previous report, FoxO1
deficiency caused a marked reduction in the luciferase activity
(Figure 6e). Similarly, the overexpression of FoxO1 caused a
significant increase in the luciferase activity, and it was clearly
decreased by DAPT treatment. To confirm the FoxO1-Notch
cooperation, we analyzed the expression level of Hes1, one of
the major target genes of the Notch pathway. Hes1 expression
was significantly reduced by FoxO1 deficiency and upregu-
lated by FoxO1 overexpression (Figure 6f). Next, we tested
whether miR-9 modulates Notch signaling by suppressing
FoxO1. Consistent with our prediction, enforced miR-9
expression significantly reduced CSL-induced reporter activity
(Figure 7a). To determine whether miR-9-mediated Notch
pathway regulation is FoxO1-dependent, we compared Notch
reporter activity in both wild-type and FoxO1-knockout
NSPCs, either mock or miR-9-encoding retrovirus infected.
Notably, miR-9-mediated reduction of Notch reporter activity
was abolished by FoxO1 deficiency (Figure 7b). These data
suggest that FoxO1 is necessary for miR-9 regulation of Notch
signaling. In addition, we performed a rescue experiment to
confirm that FoxO1 is a functional target of miR-9 during
neuronal differentiation. Overexpression of miR-9 enhanced
BllI-tubulin and reduced Hes1 mRNA levels. This effect was,
however, abolished by the expression of activated FoxO1
(Figure 7c).

Based on the consensus binding sequence for CSL within
the Hes1 promoter was already determined,®® we checked
whether FoxO1 is bound to the CSL element in the Hes1
promoter using a chromatin immunoprecipitation (ChIP) assay
(Figure 7d). We found that there was significant enrichment of
the binding of FoxO1 in the CSL binding region of the
Hes1 promoter (Region 1). In addition, we identified CSL-
independent FoxO1 binding site within the Hes1 promoter
(Region 2). This result raises a possibility that FoxO1 may
regulate Hes1 expression and NSPC differentiation in Notch
and CSL-independent manner. In conclusion, our data are
consistent with the notion that FoxO1 cooperates with the
Notch pathway and this functional interaction contributes to
the inhibition of NSPC differentiation.

Discussion

Our results provide several pieces of evidence suggesting that
FoxO1 has a suppressive role in the neuronal differentiation of
NSPCs. As we reported previously, FoxOs regulate genes
that are essential for neural stem cell homeostasis.?’ In the
absence of FoxO-dependent homeostatic processes, there
was significant decrease in the NSC pool and accompanying
neurogenesis in the adult mouse brain. In the present study,
we posit that FoxO1 is an important switch for NSPC
differentiation, and cooperation between FoxO1 and Notch
pathway controls neural stem cell fate.

Several reports have demonstrated that FoxO1 is devel-
opmentally regulated and involved in the cell fate decision. For
instance, FoxO1 is abundantly expressed in murine white and
brown adipose tissues and a gain-of-function FoxO1 mutant
inhibits the differentiation of preadipocytes.®® During B-cell
development, early FoxO1 depletion caused a substantial
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block at the pro-B-cell stage, whereas deficiency of FoxO1 in
late pro-B cells led to an arrest at the pre-B-cell stage.* In
addition, constitutively active FoxO1 expression prevented
myoblast differentiation through the interaction with the Notch
signaling pathway.®” Endothelial-specific FoxO1 knockout
showed defective vasculature remodeling and lethality at
E10.5, suggesting that endothelial FoxO1 is essential to
cardiovascular development.*' Interestingly, FoxO3, another
member of the FoxO family, was reported to regulate neuronal
differentiation. In adult neural precursor cells, ASCL1, a
proneuronal bHLH transcription factor, shares common
targets with FoxO3 and FoxO3 could inhibit ASCL1-
dependent transcription of neurogenic genes.*? The occu-
pancy of FoxO3 and ASCL1 was especially enriched for Notch
pathway target genes, such as DIl1 and Hes6, suggesting that
there is crosstalk between Notch signaling and FoxO83. In this
study, we demonstrated for the first time that FoxO1 regulates
adult neural stem cell differentiation, cooperating with Notch.
However, the role of FoxO1 in astroglial differentiation is still
unclear. In our result, both loss and gain of function of FoxO1
reduced GFAP expressions. Our working hypothesis is that
FoxO1 is necessary for maintaining undifferentiated state of
NSPCs. Once differentiation initiates, FoxO1 is selectively
silenced in neuroblasts and remains in astroglial cells.
Consistent with this hypothesis, our results demonstrated that
constitutive expression of hyperactivated FoxO1 reduced
overall differentiation (both neuronal and glial). FoxO1-
knockout NSPCs, on the other hand, have significantly
increased neuronal commitment at the expense of glial
differentiation. This suppressive effect of constitutively active
FoxO1 in progenitor differentiation and lineage commitment
was previously reported in adipogenesis.3®

Although accumulating evidence has indicated that miR-9
favors neuronal differentiation over progenitor proliferation, it
remains unclear how miR-9 induces neuronal differentiation,
especially in mammalian adult neural system. We found that
miR-9 had higher expression levels in type A cells compared
with that in type B/C cells in adult SVZ, and FoxO1 was
identified as a target of miR-9 during neurogenic differentia-
tion. Although many target genes were already predicted and
some of them were tested for miR-9-dependent expression,
including TLX, REST, FoxG1 and Hes1,'®4* few have
been evaluated. Our study clearly demonstrated that miR-9
regulates FoxO1 in the neural stem cell fate decision.
However, we cannot rule out the possibility that the coregula-
tion of other miR-9 targets is necessary for eliciting the
aberrant differentiation pattern observed in FoxO1-
deficient NSPCs.

One interesting observation of this study is that the FoxO1
protein level was rapidly decreased in the early phase
of in vitro NSPC differentiation, but it was restored after
differentiation (Figure 3b). These data were consistent with
in vivo observation that the protein level of FoxO1 is decreased
during transition from type B/C to A cells in the SVZ
(Figures 2a and b), but it is constitutively expressed in a
subset of mature neurons.?” These data indicate that FoxO1
has a functional role in differentiated neurons, as well as in
neural stem cells, and that the rapid downregulation of FoxO1
at the initiation of NSPC differentiation serves as a molecular
switch. Also, our results suggest that miR-9-mediated FoxO1
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Figure 7 miR-9 regulates Notch pathway through FoxO1. (a) CSL-induced luciferase reporter activity was measured in control or miR-9-overexpressed NSPCs. (b) Same
experiment as in (a) was performed in wild-type (Ade-emp) or FoxO1-knockout (Ade-Cre) NSPCs. (¢) Quantitative real-time PCR (qRT-PCR) analysis of Alll-tubulin and Hes1
mRNA in Ade-emp- or Ade-FoxO1-infected NSPCs, with or without miR-9 overexpression. (d) The FoxO1 occupancy of the Hes1 promoter in NSPCs was determined by
chromatin immunoprecipitation (ChIP). (Upper) Predicted FoxO1 binding in the Hes1 promoter. TSS: transcription start site. (Lower) gPCR against two regions in the Hes1
promoter. (¢) Western blot analysis of Alll-tubulin and Hes1 expression in Ade-empty- or Ade-Cre-infected FoxO1“ NSPCs, with (D) or without (V) treatment of 5 M DAPT,
(f) gRT-PCR analysis of glll-tubulin and Hes1 mRNA in Ade-empty- or Ade-Cre-infected FoxO1“* NSPCs, with or without DAPT treatment. *P<0.05 and **P<0.01.
(g) A graphical presentation of miR-9 and FoxO1 interaction on Notch target gene regulation

regulation may depend on its threshold level and is then In this study, we proposed that the functional interaction
uncoupled over the course of differentiation or there may be an between FoxO1 and Notch pathway is a mechanism for the
independent regulatory mechanism on FoxO1, which requires suppression of neuronal differentiation. Interestingly, we also
further investigation. observed that there was an additive effect between FoxO1
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deletion and DAPT-mediated Notch inhibition on gllI-tubulin
and Hes1 expressions (Figures 7e and f). This raises the
possibility that FoxO1 may regulate NSPC differentiation and
Hes1 expression in a Notch-independent manner. Indeed, we
found CSL-independent binding of FoxO1 in Hes1 promoter
(Region 2; Figure 7d). We summarized our findings as a
schematic model (Figure 7g).

Functional interaction between FoxO1 and Notch was
reported in other tissue systems. It is required for Notch target
gene induction to control the myogenic program.®” Addition-
ally, FoxO1 and Notch coordinately regulate hepatic glucose
metabolism,*® gluconeogenesis and maintenance of mouse
embryonic stem cell self-renewal.*” We observed this inter-
action in mammalian adult SVZ neurogenesis. Our findings
may be used to develop therapeutic strategies for acute brain
injury or long-term degenerative conditions by regulating adult
neurogenesis.

Materials and Methods

Neural stem cell culture and differentiation. Primary NSPCs were
isolated from the brain of neonatal FoxO1“* mice or wild-type mice and processed
with Neural Tissue Dissociation Kits (Miltenyi Biotec, San Diego, CA, USA). NSPCs
were maintained in a medium supplemented with 20 ng/ml EGF and bFGF. To
induce the recombination and deletion of FoxO1, NSPCs were infected with Adeno-
CMV-Cre or Adeno-empty virus (Ade-emp; Vector Biolab, Malvern, PA, USA).
For differentiation, NSPCs were dissociated into single cells using TrypLE
(Life  Technologies, Carlsbad, CA, USA), and plated on polyornithine and
fibronectin-coated plates in NSPC culture medium including B-27 Supplements
(Life Technologies). Cells were harvested at indicated time points for further
analysis.

Transfection and reporter assays. For Notch reporter plasmid transfec-
tion, NSPCs were dissociated and plated in NSPC culture medium, concurrent
with the infection of Adeno-CMV-Cre (Ade-Cre for loss of function)/Adeno-FoxO1
(Ade-FoxOf1 for gain of function) or Ade-emp. After 24 h incubation, the medium was
replaced with NSPC culture medium including EGF and bFGF (for a proliferation
condition) or B-27 supplement (for a differentiation condition). CSL-Notch reporter
Plasmid DNA (kindly provided by Dr Jan Kitajewski) was transfected using
Lipofectamine 3000 (Life Technologies) according to the manufacturer's instruction.
After 48 h, cells were harvested and luciferase activity was measured. The relative
luciferase activity was determined as the ratio of firefly to Renilla activity. For data
presentation, the luciferase activity of pGL3 mock-negative control vector was set to
1. For miR-9-dependent FoxO1 mRNA level, DNA fragment encoding the mouse
FoxO1 3'-UTR was subcloned into a pGL4 luciferase vector (Promega, Madison,
WI, USA).

ISH-IHC. The miR-9 probes were 3’-end labeled with digoxigenin (DIG)-ddUTP
with terminal transferase using the DIG-3'-End Labeling Kit (Roche, Indianapolis,
IN, USA). Paraffin-embedded sections were hydrated and hybridized at 65 °C
overnight and washed. After blocking, sections were labeled with anti-DIG
antibody (Roche) at 4 °C overnight and washed, stained with BM purple (Roche).
Sections were processed for immune detection of neural markers using Vector
Elite Kit (Vector Laboratories, Burlingame, CA, USA) and developed with DAB
substrate.

Quantitative real-time RT-PCR. Total RNA was isolated from primary
NSPCs using RNA Purification Kit (Thermo Scientific, Waltham, MA, USA). Five
hundred nanograms of total RNA was treated with RNase-free DNase (Sigma-
Aldrich, St. Louis, MO, USA) for 15 min. After inactivation of DNase with EDTA and
heating, RNA was reverse transcribed using First Strand cDNA Synthesis Kit
(Thermo Scientific) according to the manufacturer's instructions. Quantitative RT-
PCR was performed on cDNA samples using the Power SYBR Green Master mix
and was performed the gPCR on the StepOnePlus Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA). The relative mRNA level was
presented as values of 27(Ct(s-actin) — Ct(gene of interest)). The sequences of the
forward and reverse primers are as follows: Nestin, 5-GGAAGAAGTTCCCAGGC
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TTC-3' and 5'-ATTAGGCAAGGGGGAAGAGA-3'; Hes1, 5'-CCAGCCAGTGTCAAC
ACGA-3' and 5-AATGCCGGGAGCTATCTTTCT-3; Tubb3 (Alll-tubulin), 5'-T
AGACCCCAGCGGCAACTAT-3" and 5-GTTCCAGGTTCCAAGTCCACC-3'; Dcx,
5-CATTTTGACGAACGAGACAAAGC-3' and 5-TGGAAGTCCATTCATCCGTGA
-3’; FoxO1, 5-TTCAATTCGCCACAATCTGTCC-3' and 5-GGGTGATTTTCCG
CTCTTGC-3'. For quantification of miRNA miScript Kit and primers (Qiagen,
Valencia, CA, USA) were used.

Chromatin immunoprecipitation. Chromatin immunoprecipitation was
performed as previously described.*® In brief, five milions of NSPCs were
crosslinked with 1% formaldehyde followed by quenching with 125 mM glycine. The
cells were lysed in lysis buffer containing 1% SDS, 10 mM EDTA and 50 mM Tris
(pH 8.1), and then sonicated 15 times for 30s. The sheared DNA was diluted in
dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCI (pH
8.1) and 167 mM NaCl), precleared and incubated with anti-rabbit IgG and anti-
FoxO1 IgG overnight at 4 °C and collected with protein G gamma plus sepharose
beads. Precipitates were washed sequentially and DNA was purified. TRANSFAC
algorithm was used to predict the FoxO1 binding site on regulatory region of target
genes (up to 2kb upstream of TSS) with minimal false-positive stringency.
Enrichment was calculated based on Ct values of gPCR and plotted as fraction of
total input. For negative control, we used Hes1 promoter region, which was not
predicted as FoxO1 binding element and the sequences of primers are as follows:
control, 5-GCCTGGCCACAAAAGAAATA-3’ and 5'-CGGAGGCTACAACGTCAATC
-3’; Hes1 Region 1, 5’- CCTCCCATTGGCTGAAAGT-3" and 5'-CAGCTCCAGATC
CTGTGTGA-3’; Hes1 Region 2, 5-TAGAGAGAGTGGCGGAGGAA-3’ and 5'-TT
CGGAGCAAGGTGTCTTTT-3'.

Protein preparation and immunoblot analysis. For immunoblotting,
cells were disrupted directly with Laemmli buffer, followed by sonication and heat
denaturation. Immunoblot analyses were performed with anti-pllil-tubulin,
(Abcam, Cambridge, MA, USA), anti-FoxO1, anti-GAPDH (Cell Signaling, Danvers,
MA, USA), anti-Nestin (EMD Millipore, Billerica, MA, USA), anti-a-tubulin (DHSB,
lowa City, IA, USA). The signals were detected with Supersignal West Pico
Chemiluminescent Substrate (Pierce, Rockford, IL, USA).

Retrovirus production and purification. In total, 1.5x10” 293T cells
were seeded in 150 mm tissue culture dishes. After 24 h, the medium was replaced
and cells were transfected with 22.5 g of MDH1-PGK-GFP-miR-9 (Addgene,
Cambridge, MA, USA; no. 25036) or pBabe-puro-miR-9 sponge (Addgene; no.
25040) along with 22.5 ug of pCL-Ecotrophic retrovirus packaging vector using
polyethylenimine (Polysciences, Warrington, PA, USA; no. 23966-2). The medium
containing retrovirus particles were collected at 48 and 72 h after transfection. To
precipitate retrovirus particles, polyethylene glycol solution was added to four
volumes of the medium and incubated at 4 °C overnight, followed by centrifugation
at 3000 r.p.m. for 1 h. Viral particles were resuspended in the media and titered
before the infection of NSPCs.

Statistical analysis. The unpaired two-tailed Student's ttest was used for
experiments comparing two sets of data unless noted. Otherwise, one-way analysis
of variance was conducted with Tukey's HSD as a post-test for significant
differences as noted.
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