GLI2 in osteosarcoma

Animal model

Xenograft experiments were performed as previously
described [20]. Briefly, control or GLI2 shRNA-
transfected 143B cells (1 x 10%) were suspended in
100 pl Matrigel (BD, NJ, USA). Cell suspensions were
subcutaneously inoculated in 5 week-old nude mice.
Tumour size was calculated weekly, using the for-
mula LW?/2 (where L and W represent the length and
width of the tumour). Mice were randomly treated with
GANT61 (50 mg/kg) or an equal volume of DMSO as
control. GANT61 or DMSO was also injected subcu-
taneously. Injection of GANTG6! started 1 week after
inoculation of 143B cells. Treatments with GANT61
or DMSO were performed every other day. All ani-
mal experiments were performed in compliance with
the guidelines of the Institute of Laboratory Ani-
mal Sciences, Graduate School of Medical and Den-
tal Sciences, Kagoshima University. Every effort was
employed to minimize the number of animals used and
animal pain.

Cell cycle analysis

Cells were harvested with trypsin—EDTA. The cells
were rinsed with PBS, fixed with 70% ethanol for
2 hr at 4°C, washed three times with cold PBS
and resuspended with 500 pL staining buffer con-
taining PBS, pH 7.4, RNase A and 50 pg/ml pro-
pidium iodide (Wako). DNA content was examined
by flow cytometry, using FACS Vantage SE (Becton-
Dickinson, Franklin Lakes, NJ, USA) or CyAn"™ ADP
(Beckman Coulter, CA, USA) with FlowJo software
(Tree Star) and Summit software (Beckman Coulter),
respectively.

Statistical analysis

All experiments were performed three times unkess
otherwise stated, and samples were analysed in trip-
licate. Results are presented as mean (SD). The statis-
tical difference between groups was assessed by apply-
ing Student’s 7-test for unpaired data, using Microsoft
Office Excel (Microsoft, Albuquerque, NM, USA) and
Statistica (StatSoft, Tulsa, OK, USA).

Results

Activation of Hedgehog pathway in human
osteosarcoma

We previously reported that several genes of the
Hedgehog pathway were increased in five osteosar-
coma cell lines and nine osteosarcoma biopsy spec-
imens [21]. In the present study, we examined the
expression of SMO, PTCHI and GLI2 in three addi-
tional osteosarcoma biopsy tissues. We found that SMO
expression was up-regulated in all osteosarcoma patient
tissues, from 7.3- to 183-fold (Figure 1A). Similarly,
the expression of PTCHI] and GLI2 was up-regulated
in all three biopsy samples, from 8.6- to 72.3-fold
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and from 1.6- to 45.6-fold, respectively (Figure 1A).
In agreement with these results, recombinant Sonic
Hedgehog activates a reporter gene carrying 8 x 3’ Gli-
BS—351Lucll (GLI-Luc) in 143B and Saos-2 human
osteosarcoma cells (Figure 1B) [17,18]. These findings
corroborate our previous findings and indicate that the
Hedgehog pathway is active in human osteosarcoma
[21].

Inhibition of GLI prevents osteosarcoma cell
proliferation

To examine the effects of GLI inhibition, we used
GANTG61, a pharmacological agent known to effec-
tively block GLI transcription [22]. The MTT assay
revealed that GANT61 dose-dependently inhibited
the proliferation of 143B, Saos-2 and HOS cells
(Figure 2A—C). In contrast, the same concentration of
GANT61 did not affect the proliferation of normal
human osteoblasts (NHOst) (Figure 2D). These find-
ings suggest that inhibition of GLI prevents osteosar-
coma proliferation in vitro.

Knockdown of GLI2 prevents osteosarcoma
proliferation in vitro

In order to evaluate the function of GLI in osteosar-
coma, we knocked down GLI expression by using
siRNA; scrambled siRNA was used as a negative
control. MTT assay revealed that knockdown of
GLI! did not affect the osteosarcoma cell prolifer-
ation (data not shown). On the other hand, MTT
assay showed that knockdown of GLI2 inhibited the
proliferation of 143B and Saos-2 cells (Figure 3B).
To rule out the possibility of an artifact due to
off-target effects, we transfected the cells with two
other shRNA sequences and obtained results com-
parable to those observed with GLI2 siRNA (data
not shown). We next examined the effects of GLI2
knockdown on anchorage-independent osteosarcoma
growth. The colony formation assay revealed that
knockdown of GLI2 reduced the number of colonies
formed in soft agar (Figure 3C). These findings
revealed that GLI2 knockdown inhibits osteosarcoma
growth.

GLI2 knockdown prevents cell cycle progression
of human osteosarcoma cells

We next examined the role of GLI2 in the regulation of
cell cycle. In 143B cells, following GLI2 knockdown
by GLI2 shRNA, the proportion of cells in G; phase
increased from 74.2% to 80.4% (Figure 4A). In Saos-
2 cells, following GLI2 knockdown by GLI2 shRNA,
the proportion of cells in G; phase increased from
60.5% to 68.7% (see Supporting information, Figure
S1A), indicating that knockdown of GLI2 promoted
cell cycle arrest. We further examined the expression
of cell cycle-related genes. Real-time PCR revealed
that knockdown of GLI2 decreased the expression
of cell cycle accelerators, such as cyclin DI and
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Figure 1. Activation of the Hedgehog pathway in human osteosarcoma. (A) Total RNA obtained from osteosarcoma biopsy tissues was
examined by real-time quantitative PCR. Comparative Ct (*4 Ct) analysis was performed to evaluate fold changes of mRNA expression
using GAPDH or ACTB. All three human osteosarcoma biopsy specimens showed increased expression of SMO (7.3-183.0-fold), PTCH1
(8.6-72.3-fold) and GLI2 (1.6-45.6-fold). (B) 143B and Saos-2 cells were co-transfected with 8 x 3’ Gli-BS-851Lucll (GLI-Luc), 8 x m3’
GLI-BS-851Lucll (mutant-Luc) and internal control luciferase vector. The cells were treated with recombinant sonic hedgehog (rSHH). The
luciferase activity was analysed after 24 h transfection and normalized to internal control luciferase activity. Values represent mean £ SD

(n=3).

SKP2 (Figure 4B). In mammals, cell cycle regula-
tors are short-lived proteins that are regulated by pro-
tein degradation. Western blot analysis further con-
firmed that knockdown of GLI2 decreased the pro-
tein levels of cyclin D1, pRb and SKP2 (Figure 4C).
We next examined the expression of p21°P! a neg-
ative regulator of cell cycle progression. Western
blot analysis revealed that p21°P' was up-regulated
following knockdown of GLI2 (Figure 4C). Taken
together, these findings indicate that knockdown of
GLI2 promoted cell cycle arrest in G; phase by
inhibiting the progression of the cycle from G; to S
phase.

Over-expression of GLI2 accelerates mesenchymal
stem cell proliferation

To examine the role of GLI2 in the pathogenesis
of osteosarcoma, we over-expressed GLI2. Although
the origin of osteosarcoma is still controversial, it is
believed that it originates from osteoblasts or mes-
enchymal stem cells [23]. In this regard, we studied
the effects of GLI2 over-expression in the immor-
talized human mesenchymal stem cell line (YKNK-
12) [14]. We assessed the proliferation of YKNK-12
cells following transfection with the GLI2AN expres-
sion vector, which exhibits potent transcriptional activ-
ity in vivo [24]. The MTT assay showed that forced
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Figure 2. Inhibition of GLI prevents osteosarcoma cells proliferation. (A-C) GANT61 dose-dependently inhibited the growth of 143B,
Saos-2 and HOS cells at 72 h (*p < 0.01). (D) At the same time point, GANT61 did not affect the growth of normal osteoblast cells (NHOst)

(n > 3; error bars indicate SD).

expression of GLI2ZAN promoted YKNK-12 prolifera-
tion to a greater extent than transfection with control
vector (Figure 5B). These findings suggest that GLI2
promotes mesenchymal stem cell proliferation. We also
examined the role of GLI2 in regulating cell cycle in
mesenchymal stem cells. Following forced expression
of GLI2ZAN, 62.9% of the cells were in G; phase,
12.5% were in S phase and 22.9% were in the G,—M
phase, whereas 72.0%, 9.8% and 17.0% of cells were
in Gy, S and G,—M phases, respectively, following
transfection with the control vector (Figure 5C). These
findings suggest that GLI2 accelerates cell cycle pro-
gression of mesenchymal stem cells.

GLI2 knockdown inhibits osteosarcoma growth
in nude mice

To confirm the role of GLI2 knockdown in osteosar-
coma growth, we tested the effects of GLI2 knockdown
in nude mice. Inoculation of 143B cells, previously
transfected with GLI2 shRNA, resulted in a statisti-
cally significant reduction of tumour growth as com-
pared with inoculation of 143B cells transfected with
control shRNA (Figure 6A). Kaplan—Meier analysis
revealed that knockdown of GLI2 in 143B cells pro-
vided a statistically significant survival benefit in mice

(Figure 6B). These findings show that GLI2 knock-
down inhibits osteosarcoma cell growth in nude mice.

Discussion

Our findings demonstrate that GLI2 transcription factor
significantly contributes to the growth of osteosarcoma
cells. Our findings thus suggest that GLI2 might be
an attractive target for therapeutic intervention, par-
ticularly in patients with high-grade and/or metastatic
osteosarcoma. Small-molecule inhibitors of GLI tran-
scription factors, such as GANT61, that efficiently
inhibit the proliferation of prostate cancer cells have
recently been identified [22]. MTT assay showed that
GANTG6! effectively inhibited osteosarcoma cell pro-
liferation in vitro. We used 50 mg/kg GANT61 to
inhibit GLI in a mouse xenograft model as previ-
ously described [22]. All injections were performed
at a distance of 2-3 cm from the tumour site. We
found no differences in osteosarcoma growth between
the GANT61- and the control DMSO-treated groups
(see Supporting information, Figure S1B). One possi-
ble explanation for this discrepancy is given by the
difference in cell viability or permeation of GANT61
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Figure 3. GL/2 knockdown inhibits proliferation of osteosarcoma cells. (A) Transfection of GL/2 siRNA resulted in a >70% knockdown
efficiency of GLI2 [error bars represent mean (SD)]. 24 Ct analysis was performed to evaluate the fold change in GL/2 mRNA expression,
using GAPDH or ACTB. (B) Growth at 72 h of 143B and Saos-2 cells was inhibited by GL/2 siRNA. The experiment was performed in triplicate
with similar results (*p < 0.01) [error bars represent mean (SD)]. (C) A reduced number of colonies was observed in soft agar following
GLI2 knockdown. These experiments were performed in triplicate with similar results (*p < 0.01; **p < 0.05) [error bars represent mean

(SD)].

between the osteosarcoma and prostate cancer cells
in vivo. Nonetheless, these two studies independently
suggest that low-molecular-weight compounds can
inhibit malignant tumours in vitro. Moreover, these
findings suggest that other GLI-specific inhibitors may
have a powerful therapeutic potential for the manage-
ment of osteosarcoma and other malignancies char-
acterized by constitutive activation of the Hedgehog
signalling pathway.

For invivo GLI2Z RNA interference studies, we
inoculated 143B osteosarcoma cells that had been
previously transfected with GLI2 shRNA. Although
knockdown of GLI2 by shRNA significantly inhibited

osteosarcoma growth in nude mice, this method is
not clinically applicable. Recently, the potential clin-
ical usefulness of RNA interference in mammalian
cells has been demonstrated, with no reported inter-
feron activation [25]. In addition, Davis er al [26]
reported a human phase I clinical trial involving the
systemic administration of siRNA to patients with solid
cancers; they demonstrated that siRNA administered
systemically to a human can inhibit a specific gene.
These findings strongly suggest that administration of
GLI2 siRNA might be a promising new treatment for
osteosarcoma.
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Figure 4. Knockdown of GLI2 promotes cell cycle arrest in the G phase. (A) Following transfection of GLI2 shRNA, the efficacy of
GLI2 knockdown was >75%. A& Ct analysis was performed to evaluate the fold change in mRNA expression, using GAPDH or ACTB.
(B) When 143B cells were transfected with control ShRNA, 74.29% of them were in Gy phase, while when they were transfected with GLI2
ShRNA, 80.4% of the cells were in Gy phase (*p < 0.01; **p < 0.05). (B) Real-time PCR was employed to examine the expression of cell
cycle-related genes. AL Ct analysis was performed to evaluate fold changes of mRNA expression, using GAPDH or ACTB. Knockdown of
GLI2 decreased the expression of the cell cycle accelerators, cyclin D1 and SKP2 [error bars represent mean (SD)]. (C) Western blot analysis
revealed that knockdown of GLI2 decreased the protein levels of cyclin D1, pRb and SKP2. Western blot analysis revealed that knockdown
of GLI2 increased the expression of p21°P1, a negative requlator of cell cycle progression.

We previously reported that inhibition of SMO by  Further examinations should be done to elucidate the
cyclopamine or by SMO RNA interference reduced  molecular mechanisms of GLI2 up-regulation.
the growth of osteosarcoma via cell cycle regulation We showed that knockdown of GLI2 decreased the
[21]. Compared to several potential mutational targets expression of SKP2 [33,34]. In addition, we found
within the Hedgehog pathway downstream of SMO  that knockdown of GLI2 increased the expression of
already dlscovgred, the group of tumours that‘would p2 |Cipl | SKP2 is a subunit of the SCESKP2 complex,
benefit from direct GLI inhibition is substantial and
likely to increase. For instance, it has been reported
that inhibition of GLI, but not SMO, induced apoptosis
in chronic lymphocytic leukaemia cells [27].

In order to examine the molecular mechanisms of
GLI2 up-regulation, we examine genomic amplification 1 i
of the GLI2 locus. We performed cytogenetic studies cesses of embryonic development. Recently, it has been
in three osteosarcoma specimens. FISH analysis using clarified that these pathways also play important roles
specific probes for the GLI2 locus revealed no chromo- in the pathogenesis of malignant tumours (reviewed in
comal abnormalities in our osteosarcoma biopsy dssues  [35]). In addition, it has been shown that there is a
(data not shown); this region of the genome is known  direct interaction or crosstalk among these key path-
to be amplified in some tumour specimens [28-32].  ways (reviewed in [36]). We previously reported that
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Figure 5. Over-expression of GLI2 accelerates mesenchymal stem cell proliferation. (A) Western blot analysis revealed that cells transfected
with the GLI2AN expression vector reacted positively with the anti-GLI2 antibody. (B) We assessed the proliferation of YKNK-12 cells
following transfection with the GLI2AN expression vector, which exhibits a potent transcriptional activity. The MTT assay showed that
forced expression of GLI2AN promoted YKNK-12 cell proliferation to a greater extent than transfection with control vector (*p < 0.01)
[error bars represent mean (SD)]. (C) Cell cycle analysis of YKNK-12 cell revealed that 62.9% and 72.0% of the cells were in Gy phase
following forced expression of GLI2AN and transfection with control vector, respectively. Furthermore following forced expression
of GLI2AN, 12.5% and 22.9% of the cells were in the S and G,-M phase, respectively, whereas 9.8% and 17.0% of the control
vector-transfected cells were in the S and G, -M phase, respectively (*p < 0.01; **p < 0.05).

the Notch pathway is activated in human osteosar- osteosarcoma cell growth. Further studies are needed
coma and that its activation promotes osteosarcoma  to establish the role of GLI2 activation in response
cell growth [37]. In turn, activation of the Notch path-  to paracrine and autocrine Hedgehog signalling in
way promotes transcription of SKP2. SKP2 might thus  osteosarcoma cells.

mediate the crosstalk between the Notch and Hedge- The hypothesis that malignant tumours are generated

hog pathways. Further studies are needed to elucidate by rare populations of tumour-initiating cells (TICs),
the role of interaction between these pathways in the also called cancer stem cells, that are more tumouri-
pathogenesis of osteosarcoma. genic than other cancer cells, has gained increas-

Several recent studies have demonstrated that the  ing credence [22,45]. We and others have reported
anti-tumour effects of Hedgehog pathway inhibitors that some bone and soft tissue sarcomas are gener-
are mediated by their effects on tumour stromal  ated by TICs [16.46]. The Hedgehog pathway has
cells [38,39]. Other studies have demonstrated that been implicated in the maintenance of normal stem
Hedgehog pathway inhibitors directly affect cancer  cell or progenitor cells in many tissues. including the
cells [21,22,40-44]. Our findings showed that both  epithelia of many internal organs and brain [47]. Mag-
GLI inhibition and GLI2 knockdown directly inhibit  ali er a/ [48,49] reported that inhibition of Hedgehog
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Figure 6. GLI2 knockdown inhibits osteosarcoma growth in nude mice. (A) Following transfection of control shRNA or GLI2 shRNA, 1 x 108
143 B cells were subcutaneously inoculated in nude mice. Tumour size was calculated weekly by using the formula LW?/2 (where Land W
represent the length and width of tumours). Seven days after inoculation, tumour volume was set as 1 and the increase in tumour volume
was calculated at different time points, using the above formula. GLI2 shRNA-transfected cells demonstrated a significant inhibition of
tumour growth as compared with control shRNA-transfected cells (n=6; *p < 0.01) [error bars represent mean (SD)]. Kaplan-Meier
analysis revealed that knockdown of GLI2 provided a significant survival benefit (n = 6; *p < 0.01).

signalling depletes TICs, whereas constitutive activa-
tion of Hedgehog signalling increases the number of
TICs and accelerates tumour progression. These find-
ings suggest that inhibition of the Hedgehog path-
way might decrease the proportion of osteosarcoma
TICs. The presence of a high aldehyde dehydroge-
nase (ALDH) activity has been used to identify TICs in
malignant tumours [50—52]. Recently, Wang et al [53]
reported that TICs obtained from osteosarcoma can be
identified by a high ALDH activity. In this regard, we
determined the proportion of cells with a high ALDH
activity following GLI2 siRNA transfection. At base-
line, 30.6% of 143B cells showed a high ALDH activ-
ity. Seven days after GLI2 siRNA transfection, there
was no change in the proportion of cells with a high
ALDH activity (data not shown). Further studies are
needed to determine the impact of Hedgehog pathway
inhibition on the proportion of TICs in other osteosar-
coma cell lines or using other methodologies to identify
TICs. Tn conclusion, our findings demonstrate that inhi-
bition of GLI2 prevents osteosarcoma growth. These
finding improves our understanding of osteosarcoma
pathogenesis and suggest that inhibitions of GLI2 may
be regarded as an effective treatment for patients with
osteosarcoma.
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In the present study, we demonstrated that insulin is produced not only in the
mammalian pancreas but also in adult neuronal cells derived from the hippo-
campus and olfactory bulb (OB). Paracrine Wnt3 plays an essential role in
promoting the active expression of insulin in both hippocampal and OB-derived
neural stem cells. Our analysis indicated that the balance between Wnt3, which
triggers the expression of insulin via NeuroD1, and IGFBP-4, which inhibits the
original Wnt3 action, is regulated depending on diabetic (DB) status. We also
show that adult neural progenitors derived from DB animals retain the ability to
give rise to insulin-producing cells and that grafting neuronal progenitors into the
pancreas of DB animals reduces glucose levels. This study provides an example of
a simple and direct use of adult stem cells from one organ to another, without
introducing additional inductive genes.

INTRODUCTION

There are considerable similarities between the genes expressed
in the developing brain and pancreas in mammals (Edlund,
2002; Habener et al, 2005; Hori et al, 2005). In Drosophila,
insulin is produced by neurons within the brain (Brogiolo et al,
2001; Rulifson et al, 2002). Clusters of these insulin-producing
cells in flies and vertebrate pancreatic islet B cells were
considered functional analogues and evolved from a common
ancestral insulin-producing neuron (Rulifson et al, 2002).
Insulin signalling plays important roles in the proliferation
and differentiation of cells in both developmental and adult
stages (Hsieh et al, 2004; McMorris and Dubois-Delcq, 1986).
Insulin, IGF-1 and IGF-2 provide instructive signals for
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regulating cell fate choice of adult neural stem cells (NSCs) in
the hippocampus (HPC) (Hsieh et al, 2004). Interestingly,
diabetes impairs hippocampal learning and memory in diabetic
(DB) rats and mice, thus indicating its detrimental effects on
neurogenesis and synaptic neuronal plasticity (Stranahan et al,
2008). Moreover, diabetes increases the risk of clinical
depression and dementia (Greenwood and Winocur, 2005;
Messier 2005).

Mammalian neurogenesis occurs throughout adulthood in
the subventricular zone (SVZ) of the forebrain lateral ventricles
and the HPC. In the SVZ, NSCs migrate within the rostral
extension of the SVZ along the rostral migratory stream,
eventually reaching the olfactory bulb (OB). Multipotent
NSCs can be isolated from the easily accessible OB (Bédard
and Parent, 2004; Gritti et al, 2002; Hayakawa et al, 2007;
Pagano et al, 2000). Extensive studies on adult hippocampal
neurogenesis have revealed that it can be modulated by
physiological and behavioural events, such as aging, stress,
disease, seizures and learning. In the HPC, new neurons are
continuously generated from self-renewing NSCs in the dentate
gyrus (DG) (D’Amour and Gage, 2003; Gage, 2000; Suh et al,
2007), a process promoted by Wnt3 released from underlying
astrocytes (Lie et al, 2005). Therefore, local inhibition of
Wnt signalling in the DG reduces the number of newborn
neurons (Jessberger et al, 2009; Kuwabara et al, 2009; Lie et al,
2005).
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We demonstrated that adult hippocampal Wnt/B-catenin
signalling triggers NeuroD1 expression (Kuwabara et al, 2009).
NeuroD1, a basic helix-loop-helix (bHLH) transcription factor,
has been shown to play an important role in both developing
pancreas and brain (Liu et al, 2000; Miyata et al, 1999; Naya
et al, 1997, 1995). NeuroD1-deficiency in mice causes severe
diabetes and perinatal lethality because NeuroD1 is required for
insulin gene expression (Naya et al, 1997, 1995). Similar to the
loss of Wnt/p-catenin signalling (Lee et al, 2000), NeuroD1
deficiency during hippocampal development leads to a complete
loss of DG formation in mice (Liu et al, 2000; Miyata et al, 1999).
Despite their separate developmental origins, the gene expression
programs for developing neurons and B cells are remarkably
similar (Edlund, 2002; Haberer et al, 2005). However, insulin
expression in the adult brain and the underlying regulatory
mechanism, have not been demonstrated.

Here, we provide evidence that adult granule neurons
natively express insulin. This insulin expression during
neuronal differentiation was observed not only in hippocampal
NSCs (HPC NSCs) but also in adult NSCs isolated from the OB
(OB NSCs). Wnt3 played an important role in up-regulating
endogenous NeuroDl expression, which in turn activated
insulin gene expression by the direct association of NeuroD1
with the insulin promoter in both HPC and OB NSCs. Although
the contribution of Wnt3 to insulin expression was apparent,
inhibitory mechanisms also played a role. Insulin-like growth
factor-binding proteins (IGFBPs), which acted as inhibitory
factors of Wnt-mediated promotion, were up-regulated upon
neuronal differentiation. In DB animals, IGFBP-4 expression
was further up-regulated, whereas, Wnt3 and NeuroD1
expression declined. Importantly, adult HPC and OB NSCs
derived from DB animals retained the ability to generate insulin-
producing cells. Ex vivo culture with Wnt3a ligand and a
neutralizing antibody against IGFBP-4 significantly promoted
insulin production, and grafted adult HPC and OB NSCs from DB
animals became efficient sources of de novo insulin biosynthesis
in vivo. Our results confirm the strong functional similarity
between adult neurons and p cells and suggest possible
approaches to cell replacement therapy for diabetes.

RESULTS

. Hippocampal neurons express insulin and C-peptide

We first investigated insulin-1 mMRNA expression in adult HPC
by in situ hybridization. Positive insulin-1 mRNA signals were
detected at granule cell layers (GCL) in DG (Fig 143 negative
controls are shown in Fig S1A of Supporting information).
Strong signals were observed in neuronal layers but were not
found in cells at the inner layer of the DG where astrocytes and
undifferentiated NSCs reside. Signals were also detected in CAl
and CA3 pyramidal neuron layers (Fig S1B of Supporting
information).

The expression of insulin-1 proteinin adult HPC and pancreas
was examined in parallel by enzyme-linked immunosorbent
assay (sandwich enzyme-linked immunosorbent assay; ELISA).
Although the insulin expression level was significantly higher in

Tomoko Kuwabara et al.

the pancreas than in the brain (>10-fold), adult brain and HPC
contained released insulin (Fig S2 of Supporting information).
Insulin expression was also analysed immunohistochemically
(THC). Insulin-producing cells were clearly detected in granule
neurons in DG, and these cells expressed p-tubulin m (Tull,
Fig 1B). Insulin was expressed in the cell body and extensively in
neurites extending from neurons (Fig 1B; molecular layer).
Neurons in the CAL pyramidal region, cortex and substantia nigra

were also positive (Fig 53 of Supporting information). Adult

pancreatic islet f cells were TUJ1+ (Fig S3B of Supporting
information), suggesting similar gene expression between B cells
and neurons. In DG neurons, de novo insulin production was
confirmed by the simultaneous detection of C-peptide (Fig 10),
similar to that in pancreatic islets (Fig S3C of Supporting
information). From these in situ hybridization, ELISA and IHC
data, we confirmed that adult hippocarmpal neurons endogen-
ously expressed insulin to a lesser extent than pancreatic islets.

Pancreatic « cells release Wnt3, and its level is decreased in
diabetic rats

Because neurons produced insulin (Fig 1), we were interested in
the niches that supported neuronal differentiation. Astrocytes
define the HPC niche (Song et al, 2002), and astrocyte-secreting
wWnt3 factors (Fig S4A of Supporting information) have
instructive effects in promoting adult neurogenesis (Lie et al,
2005). Glial fibrillary acidic protein (GFAP) is an astrocyte
marker, and GFAP-expressing (GFAP+) cells were detected in
pancreatic o cells (Fig S4B of Supporting information).
Interestingly, THC revealed that the pancreatic GFAP+ cells
co-localized with Wnt3-+ cells (Fig 2A), indicating that o cells
release the neurogenic Wnt3 as do hippocampal astrocytes.

In diabetes, deficits in insulin secretion influence the
pancreatic endocrine system and HPC function (Stranahan
et al, 2008). To determine Wnt3 expression under physiological
changes, we compared the Wnt3+ cell population between
wild-type and DB rats. In both streptozotocin (STZ)-induced
type 1 DB and type II DB Goto-Kakizaki (GK) rats, marked
reductions in Wnt3+ cells were observed in the pancreas Fig 2B,
left; p < 0.001, data represent +s.d. 1= 06 per group), which was
also observed in the HPCs of DB rats (Fig 2B, right). Following
the reduction in Wnt3+ cells in DB rats, the expression of wnt3
mRNA was down-regulated consistently in both pancreatic
islets and the HPC (Fig 2C and D). Insulin, IGF-1 and IGF-2 were
also down-tegulated. Interestingly, IGFBP-4 expression was up-
regulated in DB rats (Fig 2C and D).

A family of IGF-binding proteins (Firth and Baxter, 2002)
modulates the bioactivity of IGF and impairs Wnt/p-catenin
signalling (Zhu et al, 2008). The most potent canonical Wnt
inhibitor in the IGFBP family is IGFBP-4 (Zhu et al, 2008). In
diabetes, potent competitors (IGF-1 and IGF-2) of IGFBP-4 were
down—regulated and the Wnt3 inhibitor IGFBP-4 was present in
higher levels; further, the HPC and pancreas expressed lower
levels of Wnt3.

Adult neural progenitor cells from the HPC and OB
Manipulating endogenous NSCs or transplanting the progeny
of exogenously expanded neural progenitors may lead to
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Figure 1. Adult hippocampal neurons express insulin.

A. In situ hybridization of proinsulin 1 mRNA in adult rat HPC. In situ hybridization of insulin and DAPI staining in the DG region are shown. Cells in the white
square region are magnified and shown in separate panels at right. Proinsulin 1, red; DAPI, blue.

B. Immunohistochemistry analysis of insulin in DG of adult HPC. Insulin-immunoreactive cells (red) were detected in both the GCL and molecular layer of HPC,
and they also expressed  tubulin 1l (TUJ1, green). Cells in the white square region are magnified and shown in separate panels at right. Insulin, red; TUJ1,
green; DAPI, blue.

C. Detection of C-peptide in adult granule neurons in DG of HPC. C-peptide is generated when proinsulin is split into insulin and C-peptide. C-peptide, red; Insulin,
green; DAPI, blue.
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Figure 2. Wnt3, released from pancreatic o
& Pancreas Hippocampus cells, decreases in diabetes.
e s A. Detection of Wnt3 in the pancreatic « cells
expressing GFAP. A confocal image of IHC of
Wnt3 and GFAP in adult pancreatic islet is
shown. Cells in the white square region are

>
w

w

nN
T

magnified and shown in separate panels at

right. Wnt3, red; GFAP, green; DAPI, blue.
B. Comparison of the number of Wnt3-positive

cells in pancreas (left) and in DG of HPC

(right) obtained from wild-type and diabetes

rats. White bars, wild-type Fisher 344 rats
o (10-week old, male); grey bars, STZ-induced
STZ Typell WT  STZ Typell type | DB rats (10-week old, male); type || DB

GK rats (10-week old, male). p<0.01 and

c Pancreatic islets D Hippocampus *'p<0.001.

WT STZ WT STZ WT STZ WT STZ C. Comparison of mRNA levels of Wnt3, insulin,
|GEs and IGFBP-4 between wild-type and DB

animals (STZ-induced DB rats) in the pan-
creas.
Insulin . == |cpo e T Insulin ™™ IGF-2 = — D. Comparison of MRNA levels of Wnt3, insulin,
IGFs and IGFBP-4 between wild-type and DB
animals (STZ-induced DB rats) in the HPC.
Relative levels of mRNA were normalized to
O wr g wr GAPDH in the following Q-PCR analysis and
sT1Z W sz

are plotted at bottom.
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successful cell replacement therapies for various diseases. The IHC revealed that rat OB mneurons were insulin+ natively
discovery of insulin expression in neurons prompted us to use (Fig S3D of Supporting information), consistent with the
adult NSCs without exogenous gene induction as sources of microarray data. Pax3, an early developmental stage neural
insulin-producing cells from the patient’s own organs to treat crest marker was not detectable. Another neural crest marker,
diabetes. HPC NSCs are well established and have been studied Sox10, was expressed in these cells, but the levels were
extensively, whereas, OB NSCs are of potential interest because unchanged upon neuronal differentiation. These data suggested
of their easily accessible location (Curtis et al, 2007; Liu and that insulin was up—regulated in neurons derived from adult
Martin, 2003; Pagano et al, 2000; Zhang et al, 2004). NSCs in both the HPC and OB and that its regulation in adult
HPC NSCs were round and retained this shape when neuronal lineages could be distinguished from the commitment
expanded as a monolayer (Fig 34, left). OB NSCs grew as event in embryonic neural crest lineages.
heterogeneous forms with adherent property and neurosphere In the pancreatic lineage, insulin gene expression is regulated
morphologies (Fig 34, right). Under neuron differentiation by several transcription factors abundant in islets such as
conditions, the cell morphologies changed markedly: both HPC NeuroD1, neurogenin 3 Pdxl and MafA (Melloul et al, 2002;
and OB NSCs extended prolonged neurites (Fig 3B). Gene Sander and German, 1997; Servitja and Ferrer, 2004). MafA
expression profiles were measured using Agilent rat genome and MafB are co-expressed in insulin+ P cells during
microarrays (Table 1 of Supporting information). HPC NSC, OB embryogenesis, whereas, in the adult pancreas, only MafA
NSC and HPC and OB neuron expression profiles were grouped is produced in P cells and MafB in glucagon+ o cells
by hierarchical clustering, and correlation coefficients were (Nishimura et al, 2006). Our microarray analysis revealed that
computed for all pair-wise comparisons (Fig S5 of Supporting neither HPC nor OB neurons expressed MafA, Pdx1 or
information). Both HPC NSCs and OB NSCs expressed the NsC neurogenin 3, which are necessary to activate the insulin gene
marker Sox2, the radial glial cell marker nestin and the neural in pancreatic B cell lineages. Quantitative real-time RT-PCR
progenitor markers Olig2 and SoxI (NSC lineage; Fig 3C). analysis confirmed that insulin-1 mRNA induction was
NSC marker gene expression was down-regulated in HPC and correlated with NeuroD1 mRNA up-regulation in both the
OB neurons (HPC Neu and OB Neu in Fig 3C), and neuronal HPC and OB (Fig 3D). The insulin-1 mRNA induction resulting
marker gene expression was up-regulated (mature neuron from NeuroD1 siRNA transfection led to its down-regulation in
marker; Fig 3C), indicating their successful commitment neurons, whereas, MafA, Pdx1 or neurogenin 3 siRNAs had no

into neuronal lineages. influence (Fig 3E). These data suggested that NeuroD1
Importantly, insulin-1 and insulin-2 expression increased expression is required for insulin expression in adult NSCs
extensively in HPC and OB neurons (pancreatic genes; Fig 30). in vitro.
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Regulation of insulin expression in OB and HPC neurons

Neuronal insulin expression required NeuroD1 but not MafA,
Pdx1 or neurogenin 3 (Fig 3). For NeuroD1 induction, paracrine
Wnt3 plays an essential role in HPC. We determined that OB
NSCs and HPC NSCs responded similarly and in a dose-
dependent manner to Wnt3a ligands (Fig S6A of Supporting
information). Moreover, the Wnt antagonist Dickkopfl (Dkk1)

HPC NSC OB NSC HPC Neu OB Neu E.

1 _ES
Pax3

Figure 3. Adult NSCs derived from HPC and OB give

rise to neurons expressing insulin.

A. The adult NSCs isolated from HPC and OB. Culture
image of the proliferating hippocampal NSCs (HPC
NSC, left) and NSCs derived from OB (OB NSC, right) of
7- to 8-week-old female Fisher 344 rats.

B. In vitro differentiated adult HPC- and OB neurons.
When the culture was exposed to neuron differen-
tiation conditions (RA+ FSK + KCl), both HPC and OB
cells extended neuritis (HPC neuron, left; OB neuron,
right).

C. Gene expression profiles of HPC NSC, OB NSC, HPC
neuron and OB neuron that were measured using
Agilent rat genome microarrays. Typical genes for
neuronal cell lineages, neural crest marker, pancreatic
genes and mature neuron marker were analysed and
the heat map using average-linkage hierarchical
clustering is shown.

D. Induction of expression levels of insulin in HPC- and

OB NSCs differentiating into neurons. The expression

levels of proinsulin 1 and NeuroD1 were determined

by Q-PCR analysis. Each mRNA value was normalized
to GAPDH and then plotted.

Down-regulation of the neuronal expression of

proinsulin 1 mRNAs with NeuroD1 siRNA. The

neuronal induction of proinsulin 1 mRNA using siRNAs
for NeuroD1, MafA, Pdx1 or Neurogenin 3 in HPC and

OB neurons was examined in gRT-PCR analysis. Contol

siRNA (scrambled siRNA) was transfected similarly.

For quantification, the level of the control siRNA in

NSCs group was set at 1, and the experimental siRNAs

in neurons were then normalized accordingly.
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down-regulated the expression of the TCF/LEF reporter (Fig S6A
of Supporting information). These data suggested that canonical
Wnt signalling is regulated analogously in both adult HPC and
OB NSCs in vitro.

We detected IGF-binding proteins in the comparative profile
analysis of adult NSCs and neurons (Fig S5 of Supporting
information and Tables 1-5 of Supporting information). Thus,
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IGFBP-2, IGFBP-3, IGFBP-4, IGFBP-5 and IGFBP-7 were
expressed at high levels in pboth HPC and OB neurons (Fig
S6B of Supporting information). The up-regulation of TCF/LEF
reporter activity by the Wnt3a liga‘nd Was significantly inhibited
by IGFBP-4 (Fig S6Cof Supporting information). Treatment with
an IGFBP-4 (anti-IGFBP-4) -neutralizing antibody attenuated the

IGFBP-4-dependent reduction of TCF/LEF-reporter expression '

(Fig S6C of Supporting information). We did not detect clear
effects of IGF-2, suggesting a specific inhibitory effect of IGFBP-4
on Wnt signalling.

Wnt3a treatment induced activation of the NeuroD1 promoter
(Fig S6D of Supporting information). The reporter assay
revealed the negative action of IGFBP-4 against Wnt3a on the
NeuroD1 promoter (Fig S6D of Supporting information). The
activation of the insulin-1 promoter by Wnt3a and anti-IGFBP
activity was confirmed in both adult OB and HPC NSCs (Fig'SGE
of Supporting information). Chromatin immunoprecipitation
(ChIP) analysis indicated that Sox2, HDACI, dimethylation of
histone H3 lysine 9 (Met-K9) and heterochromatin protein-1
(HP1) were associated on the endogenous NeuroD1 promoter,
suggesting a repressive chromatin state in NSCs (control,
Fig S6F of Supporting information). In contrast, acetylated
histone H3 (Ac-H3) was detected bound to the NeuroD1
promoter locus upon the introduction of Wnt3a and anti-
IGFBP-4 (Fig SGF of Supporting information). The treatment led
to associations of B-catenin, TCF4, dimethylation of histone H3
lysine 4 (Met-K4) and CREB-binding protein (CBP), indicating
active NeuroD1 mRNA expression (Fig S6F of Supporting
information). Similar complexes were detected in studies on
chromatin remodelling of the E-box sequence region (Nayé etal,
1997) on the insulin promoter (Fig S6G of Supporting
information). Furthermore, the association of NeuroD1 with
the insulin promoter was detected (Fig S6G of Supporting
information). These data indicate that Wnt signalling
promoted insulin-1 expression via NeuroD1 activation in HPC
and OB NSCs.

Wnt/B-catenin-signalling adult NSCs are required to
generate pancreatic insulin-producing cells

Although neurons prepared in vitro and the native HPC and OB
neurons expressed insulin, questions remained about whether
adult NSCs can survive and potentially produce insulin within
the pancreas;Although Wnt3 was produced in pancreatic o cells
(Fig 2A), itis unknown whether adult NSCs respond to the Wnt3
in the pancreas. We, therefore, transplanted adult NSCs into the
pancreas. We employed the Rosa-GFP mouse line to trace the
fate of transplanted cells, which were transduced with
Sox2CGFP (retrovirus-encoding Sox2 promoter-driven Cre/
GFP: Fig S7A of Supporting information). Furthermore, to
examine Wnt signalling, we prepared adult HPC NSCs from
B-catenin—ponditional “floxed’ mice (Fig S7A of Supporting
information). A retrovirus encoding Sox2C"GFP was infected to
trace the fate of Sox2-+ adult NSCs.

Adult NSCs were microinjected into adult mouse pancreas.
Three weeks later, mice were injected with BrdU daily for
10 days. In the control (Control NSC TP), Sox2“°GFP+ cells
co-localized with insulin (Fig 4A), C-peptide (Fig S7B of
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Supporting information) and NeuroD1 (Fig $7C of Supporting
information). Interestingly, we found that Sox2“"*GFP+ cells
expressed MafA (Fig 4C) and pancreas transcription factor 1a
(Ptfla; Fig 4D). In microarray analysis (Fig 3C), adult NSCs did
1ot express pancreatic B cells markers such as MafA. During
embryonic development, lineage cor‘nmitme'nt‘ of endocrine
pyro'g'enitokrys requires PTFla (Kawaguchi. et al; 2002). NSCs
graited in the pancreas, expressed B cell-specific markers such
as PTF1a and MafA, suggesting that adult NSCs possessed the
intrinsic ability to express these @ cell-specific markers and that
their expression levels were modulated by extracellular factors.
 In B-catenin cKO NSC transplants (B-catenin cKO NSC TP),
GFP+ cells decreased compared to that in control NSC TP mice

(Fig 4F). Although Sox2“°GFP+ cells were ‘detected, they did

not_express insulin (Fig 4B). Marker-positive cells with
NeuroD1, PTFla and MafA were rare in p-catenin cKO NSC
TP mice (Fig 4G and Fig S7E of Supporting information).
Sixty percent of Sox2“"°GFP+ cells became insulin+ and C-
peptide-+ (control, Fig 4H). The proportion of (BrdU+ GFP+)/
total GFP+ cells was higher in controls than in B-catenin
¢KO NSC TP mice (Fig 41). Furthermore, the proportion of
(insulin+ GFP+) /total GFP+ cells in B-catenin cKO NSC TP
mice was 86% less than that in controls (Fig 4G). Some
downstream B-catenin cKO NSC cell lineages were nestin+
(Fig 4E) and GFAP+ (Fig S7D of Supporting information}. Since
nestin is a neural progenitor marker (e.g. radial stem-like cells)
and astrocytes specifically express'GFAP, we hypothesized that
grafted adult’ NSCs lacking the ability to respond to Wnt
signalling remained. in an undifferentiated state or possibly
underwent glial differentiation.

Because GFP+ and BrdU+ GFP+ cell numbers in B-catenin
cKO NSC TP mice were decreased (Fig 4F and H), we evaluated
the presence of dead/dying cells by determining caspase 3 (AC3)
expression by THC. Apoptotic AC3+ cells were more abundant
in B-catenin cKO NSC TP mice (Fig 47 and Fig S7F of Supporting
information), indicating that Wnt/ p-catenin signalling in Sox2+
NSCs was important for their survival. These data demonstrated
that transplanted adult NSCs generated insulin-producing cells
in the pancreas and that Wnt/B-catenin signalling played a
critical role in the cell survival and function of de novo insulin
biosynthesis in adult NSCs microinjected into the pancreas.

Diabetes therapy by transplanting adult NSCs :
Next, we examined the potency of NSCs for treating diabetes
in vivo. In the Control TP experiment (Fig4J), AC3 was detected
in microinjected adult HPC NSCs. Therefore, a collagen sheet
was preparéd to avoid needle wounds within the digestive
pancreas. Adult NSCs were sticcessfully maintained on the
collagen sheet (Fig S8A of Supporting information), and we
detected insulin expression in neuronal progenitdrs (NPs, cells
committed to the neuronal lineage by 24 h culture under neuron
differentiation conditions, Fig S8B of Supporting information}.
To analyse whether glucose regulated insulin secretion (i.e.
C-peptide release), we treated cells with low or high glucose
concentrations (2.5 or 27.5mM, respectively). Intracellular
C-peptide levels were detectably increased in both HPC and OB
NSCs (Fig S8C of Supporting information).
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Figure 4. Transplantation of adult NSCs into the pancreas.

A.

Adult HPC NSCs grafted into pancreas express insulin. IHC of tracing Sox2“"*GFP cells. In control NSCs transplantation (Control NSC TP), Sox2“"*GFP+ cells
co-localized with insulin.

. Adult HPC NSCs grafted into pancreas express insulin. IHC of tracing Sox2°"GFP cells. In B-catenin cKO NSCs transplantation (8-catenin cKO NSC TP),

Sox2°"GFP+ cells were insulin-negative. Cells in the white square region are magnified and shown in separate panels at right. Insulin, red; Sox2<"°GFP,
green; DAPI, blue.

. Detection of MafA-positive cells in grafted adult HPC NSCs into pancreas. IHC of MafA and Sox2°"®GFP in control NSC TP is shown. MafA, red; Sox2“"GFP, green;

DAPI, blue.

D. Ptfla-expressing cells in grafted adult HPC NSCs into pancreas. Ptfla, red; Sox2“"GFP, green; DAPI, blue.

m

- Tom

. IHC of tracing Sox2“"GFP cells in B-catenin cKO NSC TP. The B-catenin cKO NSCs remained in the nestin+ progenitor stage. Nestin, red; Sox2“"°GFP, green;

DAPI, blue.
Numbers of GFP+ cells in the pancreas of control TP mice (white bars) and B-catenin cKO NSC TP mice (black bars).

. The phenotypic characterization of the grafted adult NSCs of control TP mice and B-catenin cKO NSC TP mice.
. Numbers of marker and GFP double-positive cells in the grafted pancreas of control TP mice and B-catenin cKO NSC TP mice.

Percentages of BrdU and GFP double-positive cells in the grafted pancreas of control TP mice and B-catenin cKO NSC TP mice.
Numbers of AC3 and GFP double-positive cells in the grafted pancreas of control TP mice and B-catenin cKO NSC TP mice.
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Adult HPC and OB NSCs were prepared from type I (STZ-
induced DB rats) and type II DB rats (GK/slc DB rats) and were
transplanted back into the pancreases of type I and type Il DB
rats, respectively. During 2 weeks ex vivo culture of NSCs,
insulin expression was examined following Wnt3a and anti-
IGFBP-4 addition. Although the HPC of DB animals contained
higher IGFBP-4 and lower Wnt3 levels than wild-type (Fig 2D),
Wnt3a and anti-IGFBP-4 treatment during the ex vivo culture
rescued insulin expression (Fig SA). These HPC and OB NPs
were infected with a retroviral CAG promoter-driven EGFP
expression vector to trace the grafted cells (Zhao et al, 2006).
GFP+ NPs were transplanted into the pancreas of 8-week-old DB
rats. Three to five collagen sheets were stacked and grafted near
the splenic lobe among the three pancreatic lobes (i.e. the
splenic, gastric and duodenal lobes, n = 8 per group), and blood
glucose levels were recorded. Seventeen weeks after the
transplantation, rats were injected with BrdU daily for 10 days.

The blood glucose levels of GFP-labelled HPC NP DB and OB
NP DB transplants on collagen sheets were significantly reduced
(Fig SB and Fig S8F of Supporting information) and accom-
panied by up-regulated plasma and pancreatic insulin levels
(Fig S8D and E of Supporting information). Nineteen weeks
after transplantation, grafted OB NP DBs were insulin+ (Fig 5C,
white arrows indicate GFP+ insulin+ grafts, and the arrowhead
indicates an endogenous islet expressing low levels of insulin).
We removed stacked cell sheets from splenic lobes 15 or
19 weeks after transplantation (Explant; Fig 5B and Fig S8F of
Supporting information) to verify that the grafted GFP NPs were
solely responsible for reducing blood glucose levels. We found
that blood glucose levels increased (n=4 per group of explant
surgery), demonstrating that the grafted NPs produced insulin in
DB rats.

To determine whether grafted adult NPs contributed to
regulating glucose metabolism, we compared the animals’
responses to glucose by measuring blood glucose level kinetics
after transplantation. Animals transplanted with HPC NP DB
and OB NP DB efficiently cleared glucose (Fig 5D). Furthermore,
GFP+ cells expressing insulin were labelled by BrdU (Fig 5E),
suggesting that the grafted cells proliferated. These data
indicated that regulated insulin secretion by the grafted adult
NPs from DB HPC and OB contributed to glucose homeostasis in
the host DB rats.

DISCUSSION

Redundancy is a key feature of evolution that enables the
conservation of efficient mechanisms; the most common
manifestation of redundancy is exemplified by proteins that
serve multiple purposes within the same cells at different
developmental stages or in different cell types or tissues. Our
analysis revealed that adult NSCs became insulin+ in the adult
brain and in NSC-injected pancreas. The grafted NSCs reduced
blood glucose and up-regulated insulin levels. NPs derived from
OB and HPC produced insulin functionally via the support of
Wnt3 (Fig 5). In embryonic pancreatic development, GFAP
expression, representing the « cell population, was observed in
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cells derived from embryonic day 11 (E11) murine pancreatic
buds (Fig S9A of Supporting information, left panel), where no
TUJ1-positive cells, representing a B cell population, were
detected. This indicated dominant o cell generation. In E17,
TUJ1-positive cells (B cells), were generated on the « cell layer
(Fig S9A of Supporting information, right panel), indicating that
a cell generation preceded B cell generation in pancreatic
development. In contrast, most cells derived from E11 murine
brain stained positive for TUJ1 (Fig S9B of Supporting
information, left panel). GFAP expression was restricted almost
completely to the Ell brain, indicating that neuronal cell
generation predominated, consistent with another report
(Namihira et al, 2009). In E17, both TUJ1- and GFAP-positive
cells were found (Fig S9B of Supporting information, right
panel). Delayed gliogenesis in the embryonic brain has been
demonstrated to result from methylation of the GFAP promoter
(Takizawa et al, 2001). ChIP analysis indicated that GFAP
expression responded to LIF stimulation (Nakashima et al,
1999) in E11 pancreatic buds but not in the E11 embryonic brain
(Fig S9D of Supporting information). In E17, GFAP promoter
methylation was detected at low levels in both the embryonic
brain and pancreatic buds (Fig S9C of Supporting information).
In adults, restricted GFAP expression was not observed in either
HPC or pancreas (Fig S9C and D of Supporting information).
These data suggest that the regulatory mechanisms that create
Wnt3-secreting astrocyte or o cell niches are similar in the
pancreas and HPC, at least in the adult stages, whereas,
embryonic lineage commitment differs.

Our present study also suggested that the balance between the
stimulatory actions of Wnt3 and the inhibitory actions of IGFBP-
4 was regulated by DB status. IGFBPs modulate bioactivities of
IGFs (Firth and Baxter, 2002), and IGF-1 and IGF-2 have been
suggested to stimulate pancreatic islet cell growth (Le Roith,
2003; Liu, 2007). In the adult HPC, insulin/IGF expression
facilitates NSC differentiation into the oligodendrocyte lineage
(Hsieh et al, 2004) and enhances neuronal survival (Cheng and
Mattson, 1992; Doré et al, 1997; Lindholm et al, 1996). IGF
overexpression in transgenic mice results in brain enlargement
and an increase in its myelin content (Carson et al, 1993; Ye et al,
1995). IGFs attenuate IGFBP-4 function when exogenously
supplied to differentiating cardiomyocytes (Zhu et al, 2008). In
diabetes, IGF-1 and IGF-2 were down-regulated along with Wnt3
in both adult HPC and the pancreas (Fig 2C and D). These
findings suggest that IGFBP-4 competitors (IGF-1 and IGF-2)
were down-regulated in diabetes. Under normal conditions,
insulin was expressed with the help of Wnt3, although IGFBP-4
was present. We hypothesize that endogenously expressed
IGF-1 and IGF-2 control IGFBP-4 under normal conditions in
both tissues. However, when DB status proceeds to a point
where up-regulated IGFBP-4 and reduced IGF-1 and IGF-2 are
observed, each factor likely further inhibits Wnt3-mediated
signal transduction.

NeuroD1 is among the critical target genes of Wnt/B-catenin
signalling in the adult stage. Sox2+ adult NSCs cannot express
insulin when Wnt/B-catenin signalling is blocked endogenously
(Fig 4), since adult NSCs with deleted g-catenin cannot trigger
NeuroD1 expression. The deletion of NeuroDI1 in adult HPC
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Figure 5. Therapeutic treatment of diabetes by adult NSC transplantation.

A.

Insulin expressions in HPC and OB NSCs derived from DB rats. Insulin promoter activity was measured by using the luciferase reporter construct in adult HPC
and OB NSC cultures that were prepared from type Il DB rats [GK/slc rats, male; HPC from DB (blue bars) and OB from DB (red bars)]. The effect of Wnt3a ligand
and anti-IGFBP-4 on the reporter was assessed in both undifferentiated NSCs and the NP cells. *p < 0.01 and **p < 0.001.

. The effect of the grafted adult NPs in DB animals. HPC and OB NPs from type Il diabetes rats were prepared ex vivo under treatment with Wnt3a and

anti-IGFBP-4, and the resultant HPC NP DB and OB NP DB were transplanted into the pancreas of diabetes rats. Open circles, normal rats control; blue squares,
HPC NP DB; red squares, OB NP DB; closed circles, diabetes GK/slc rats.

. IHC of tracing CAG promoter driven EGFP cells (OB NP DB) in type Il GK/slc DB rats. Co-localizing cells for insulin and GFP are indicated by white arrows. The

preexisting islet expressing insulin at lower levels is indicated by the white arrowhead. Insulin, red; CAG-GFP, green; DAPI, blue.

. Average of blood glucose levels in the response to intraperitoneal glucose tolerance test. Eighteen weeks after the implantation of adult NPs into rat pancreas,

blood glucose levels were measured to glucose administration. Open circles, wild-type rats; blue squares, HPC NP DB grafts into DB rats; red squares, OB NP DB
grafts into DB rats; closed circles, GK//c| DB rats. n=4 per each group.

. IHC of tracing HPC NP DB cells in DB rats. Cells in the white square region are magnified and shown in separate panels at right. Insulin, red; CAG-GFP (GFP),

green; BrdU, blue.
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results in decreased survival and maturation of newborn
neurons (Gao et al, 2009). The diabetes-dependent impairments
of adult hippocampal neurogenesis and synaptic plasticity might
result from the diminished Wnt signalling that leads to NeuroD1
down-regulation. Because NeuroD1 is important for activating
insulin mRNA expression, the decline in Wnt/B-catenin
signalling in diabetes may impair de novo insulin mRNA
expression by attenuating NeuroD1 expression.

Our present study revealed that adult HPC and OB NSCs
possess the intrinsic ability to generate insulin-producing cells
via Wnt/B-catenin signalling. Since the successful isolation of
NSCs from human adult OB was first reported, OB NSCs have
attracted considerable attention as an accessible source of NSCs
for studying various diseases. Adult HPC and OB NSCs derived
from DB animals retained the ability to produce insulin in ex vivo
culture (Fig 5). We further determined that the best source of
insulin supply for transplantation into DB animals was adult
NPs that had been committed into early neuronal lineage and
had been treated with anti-IGFBP4 and Wnt3a to rescue their
impaired Wnt signalling in DB animals. Grafted adult HPC and
OB NPs reduced blood glucose levels for more than 2 months in
DB rats (Fig 5B).

Various cell-based approaches have been explored for diabetes
treatment: (1) differentiation to the B cell lineage from embryonic
stem cells and/or induced pluripotent stem cells (iPS cells)
(Lumelsky et al, 2001; Tateishi et al, 2008; Zhang et al, 2009), (2)
direct conversion of differentiated cells into 8 cells (Thorel et al,
2010; Zhou et al, 2008) and (3) trans-differentiation of adult
progenitor cells (Seaberg et al, 2004). This study provides an
example of the direct use of adult stem cells from one organ to
another without introducing inductive genes. Using adult NSCs
for treating diabetes is potentially advantageous because donors
are not required, the introduction of inductive genes is not
necessary, and extracellular and endogenous regulation suitably
resembles that employed by adult islet endocrine cell lineages.
Although further studies, including the validation of other adult
NSCs, should be forthcoming, the basic strategy outlined here
should be useful for preliminary treatment of diabetes using the
patient’s own NSCs before the disease progresses.

MATERIALS AND METHODS

Cell preparation and culture

Female 7- to 8-week-old Fisher 344 rats with a body weight of 100~
150 g were used (Charles River Japan, inc). All animal procedures were
performed according to a protocol approved by the Institutional
Animal Care and Use Committee (IACUC) of the National Institute of
Advanced Industrial Science and Technology. Adult NSCs were
prepared and maintained as described previously (Dictus et al,
2007; Gage et al, 1995). The studies are described in more detail in
the Supporting information.

In situ hybridization

Brains were dissected from freshly euthanized Fisher 344 rats and put
in ice-cold saline until blocking. Brains were then placed in plastic
blocks in insulin OCT (TissueTek) and frozen. Sections were cut at
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15 wm by cryostat (LEICA CM1850. Leica). Brain sections on the slide-
glass were hybridized with labelled riboprobes as described in more
detail in the Supporting information.

Enzyme-linked immunosorbent assay of insulin

The insulin content of brain, HPC, femoral muscle, pancreatic head
and pancreatic tail was measured by ELISA. Liquid nitrogen snap-
frozen tissues of each age (7-week-old and 16-month-old Fisher 344
rats) were immediately homogenized and immunoreactive insulin was
determined using rat insulin ELISA kit (Shibayagi, Gunma, Japan)
according to the manufacturer’s protocol: For details, see the
Supporting information.

DNA Microarray

Total RNA from HPC/OB was extracted using ISOGEN (NipponGene)
and labelled with Cy3. Samples were hybridized with Whole Rat
Genome Microarray (G4131F, Agilent). Each sample was hybridized
with the one colour protocol. Arrays were scanned with a G2505C
Microarray Scanner System (Agilent). Data analysed by using Gene-
Spring GX11.0 software (Agilent). Two normalization procedures were
applied; first, signal intensities less than 1 were set to 1. Then each
chip was normalized to the 75th percentile of the measurements
taken from that chip. Baseline transformation of those data did not
perform. Genes with ‘present’ and ‘marginal’ flag value in all samples
were used for analyses (32,622 genes). GO terms enriched with p-
value cut off of 0.1 are extracted. The raw microarray data were
submitted to the Gene Expression Omnibus (GEQO) microarray data
archive (http://www.ncbi.nlm.nih.gov/geo/) at the NCBI (accession
numbers GSE27956).

Immunohistochemical analysis (IHC)

Immunofluorescence studies were primarily performed as described
previously (Kuwabara et al, 2009): mouse monoclonal-beta tubulin-li
(TUJ1; 1:500; Promega), guinea pig anti-insulin (1:300; Sigma), goat
anti-C-peptide (1:250; Linco Research), goat anti-NeuroD (1:100;
Santa Cruz), guinea pig anti-GFAP (1:500; Advanced Immunochemical
Inc), mouse anti-glucagon (1:300; Immuno), goat antibody to Wnt3
(1:100, Everest), mouse antibody to nestin (BD Biosciences), rat anti-
BrdU (1:250; Abcam) and DAPI (Wako). All secondary antibodies were
obtained from Jackson ImmunoResearch. The images were analysed
using a Carl Zeiss LSM confocal imaging system (LSM 510; Carl Zeiss,
Tokyo, Japan) or Olympus FV1000-D confocal microscope (Olympus
Corporation, Tokyo, Japan).

Microscopic analysis and quantification

Microscopic analysis and quantification were completed as previously
described (Kuwabara et al, 2009). Slides were coded during IHC
analysis, and the code was not broken until after analysis was
complete. Briefly, quantification of cell number within the DG of HPC
was performed using the 20X objective of a Carl Zeiss LSM confocal
imaging system (LSM 510; Carl Zeiss) or Olympus FV1000-D confocal
microscope (Olympus Corporation) by an observer blind to experi-
mental groups. Wnt3+, Insulin+, GFP+ BrdU+ and AC3+ cell
quantification and morphology phenotyping were completed in every
12th 40-pm coronal section throughout the SGZ and outer portion of
the GCL of the DG (bregma, —0.80 to —4.20 mm). Phenotypic analysis
and co-localization of GFP+ cells with various markers in the DG were
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done on randomly assigned coronal sections throughout the SGZ
using a confocal microscope (Carl Zeiss LSM confocal imaging system;
40X objective). Carl Zeiss Confocal Software was used for scanning,
optical sectioning in the Z plane and 3D rendering.

Chromatin immunoprecipitation (ChIP) and gRT-PCR

ChiP was performed essentially according to the manufacturer’s
protocol by using a commercial kit (Upstate). Briefly, DNA was cross-
linked to protein with formaldehyde. Cellular lysate was obtained by
scraping, followed by pulse ultrasonication to shear cellular DNA.
Immunoprecipitations were performed with 1.0 ug of antibodies and
bound DNAs were purified by phenol:chloroform extraction. Resultant
purified DNAs were analysed using quantitative PCR as described
above. For details, see the Supporting information.

Animals

For the IHC analysis, we used 8- to 10-week-old C57/BL6 mice, 7- to
12-week-old adult female Fisher 344 rats, 3- to 4-week old young
adult Fisher 344 rats, GK/slc type Il DB rats and STZ- (70 mg/kg
injectable dose; Wako) induced diabetic Fisher 344 rats (Type |
diabetes model; 10-week-old females). The studies are described in
more detail in the Supporting information.

Statistics

Experiments were analysed for statistical significance using a Student’s
t test, with all error bars expressed as + standard error of mean (s.e.m.).
Values of p < 0.05 or p < 0.001 were considered significant.
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