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Abstract: Evidence indicates that after brain injury, neurogenesis is enhanced in regions such as hippocampus, striatum, and cortex. To study the role of hypoxia-

inducible factor-1 (HIF-1a) and Wnt signaling in cerebral ischemia/hypoxia-induced proliferation of neural stem cells (NSCs), we investigated the proliferation of
NSCs, expression of HIF-1a, and activation of Wnt signaling under conditions of pathologic hypoxia in vitro. NSCs were isolated from 30-day-old Sprague—Daw-
ley rats and subjected to 0.3% oxygen in a microaerophilic incubation system. Cell proliferation was evaluated by measuring the diameter of neurospheres and by
bromodeoxyuridine incorporation assays. Real-time quantitative PCR and Western blotting were used to detect mRNA and protein levels of HIF-1a, B-catenin,
and cyclin D1 in the NSCs. The results showed that hypoxia increased NSC proliferation and the levels of HIF-1a, B-catenin, and cyclin D1 (p < 0.05). Blockade
of the Wnt signaling pathway decreased hypoxia-induced NSC proliferation, whereas activation of this pathway increased hypoxia-induced NSC proliferation (p
< 0.05). Knockdown of HIF-1a with HIF-1a siRNA decreased B-catenin nuclear translocation and cyclin D1 expression, and inhibited proliferation of NSCs (p <
0.05). These findings indicate that pathologic hypoxia stimulates NSC proliferation by increasing expression of HIF-1a and activating the Wnt/B-catenin signaling
pathway. The data suggest that Wnt/B-catenin signaling may play a key role in NSC proliferation under conditions of pathologic hypoxia.
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Introduction tor FZD1 is mainly expressed in NSCs and serves to
amplifyprogenitors and immature neurons (17). These
Data have shown that after brain injury, neurogene- findings provide evidence that the Wnt pathway is in-
sis is enhanced in various regions, such as hippocampus, volved in adult stem cell maintenance and neurogenesis.
striatum, and cortex(1). Experimental evidence indicates Oxygen (O,) is an important energy source for cell
that endogenous neural stem cells (NSCs) are activated metabolism, and its concentration is tightly regulated
in response to cerebral ischemia in both rodents and in the central nervous system. Studies have implica-
humans (2-5) and that activated NSCs may participate ted O, and its signal transduction pathways in control-
in neurologic recovery after an ischemic/hypoxic insult ling cell proliferation, fate, and morphogenesis during
(6-11). However, the mechanisms responsible for NSC brain development. At low O, tensions, hypoxia-indu-
proliferation under conditions of pathologic hypoxia are cible factor-la (HIF-1a) facilitates signal transduction
unclear. pathways that promote self-renewal (e.g., Notch), and
One particular proliferation pathway that has been inhibits pathways that promote NSC differentiation or
well described is the Wingless-type (Wnt) pathway. The apoptosis (e.g., bone morphogenetic proteins) (18).
Wnt pathway regulates embryonic NSC patterning, cell One study indicated that O, availability has a direct
fate determination, and cell proliferation (12). Additio- role in stem cell regulation through HIF-1a modulation
nally, Wnt signaling was observed to regulate adult rat of Wnt/B-catenin signaling during brain development
hippocampal neurogenesis. Indeed, Wnt3a mutant mice (19). Hypoxia-inducible factor-1a acts upstream of the
exhibit underdevelopment of the hippocampus because Wnt/B-catenin pathway and also may contribute to the
of lack of proliferation (13). Wnt family members are production of VEGF (20).
expressed in hippocampal astrocytes, whereas hippo- Cerebral ischemia leads to hypoxia and activates
campal stem/progenitor cells express receptors and si- HIF-1a (21-23). Cerebral ischemia/hypoxia also en-
gnaling components for Wnt proteins (14). Exogenous hances endogenous neurogenesis (7, 24). However, the
expression of Wnt3a enhances neurogenesis in the hip- role of HIF-1a and Wnt signaling in cerebral ischemia/
pocampus and retina (15). Furthermore, Wnt signaling hypoxia-induced neurogenesis remains unclear. Pre-
was observed in adult mouse subventricular zone (SVZ) viously, we reported that hypoxia stimulates prolife-
NSCs (16) and in adult dentate gyrus. The Wnt recep- ration of NSCs that were cultured from cortex of fetal
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Sprague-Dawley (SD) rats on embryonic day 5.5 and
that hypoxia increases cyclin D1 expression through
activation of the JNK signaling pathway (25).In the
present study, we used cultured NSCs isolated from
the SVZ of 30-day-old SD rats and mimicked patholo-
gic hypoxia in a microaerophilic incubation system to
determine the proliferation of NSCs and expression of
HIF-1a after hypoxia, and to explore the relationship of
Wnt signaling activation by the HIF-1a protein.

Materials and Methods

NSC culture

SD rats were housed in the Experimental Animal
Center of Xi’an Jiaotong University School of Medi-
cine (Certificate No. 22-9601018). All animal experi-
ments were carried out in accordance with the Natio-
nal Institutes of Health Guide for the Care and Use of
Laboratory Animals (NIH Publications No. 80-23).
Experimental protocols were approved by the Animal
Care and Use Regulations of Xi’an Jiaotong University
School of Medicine. All efforts were made to minimize
the number of animals used and their suffering. NSCs
were isolated from the SVZ of 30-day-old SD rats and
propagated with the neurosphere method as described
previously (26).In brief, fresh SVZ formation was mi-
crodissected, cut into small pieces, and incubated in a
digestion solution (trypsin 0.01%, EDTA 200 mM, glu-
cose 0.6%, MgCl, 1 mM in PBS [all from Sigma, St.
Louis, CA, USA]) at 37 °C for 10 min. Then, the tis-
sues were mechanically dissociated into single-cell sus-
pensions. The single-cell suspension was resuspended
in serum-free DMEM/F12 (Dulbecco’s modified Eagle
medium and Ham’s F12 [1:1], 10 ng/ml basic fibroblast
growth factor, 20 ng/ml epidermal growth factor, 1%
penicillin, 1% streptomycin, 1% N2, 2% B27 supple-
ment [all from Invitrogen, Carlsbad, CA, USA], and 2.5
pg/ml heparin [Sigma]). Cells were plated at an initial
concentration of 100,000 cells/ml in 50 ml cell culture
flasks at 37°C with 5% CO,. After 5-7 days in vitro, the
primary neurospheres were passaged. The neurospheres
were dissociated with 0.05% trypsin and 200 uM EDTA
for 10 min at 37 °C and mechanically triturated into a
single-cell suspension. The single cells were cultured at
a density of 50,000 cells/ml for 5 days, when neuros-
pheres of 90-120 pum in diameter had been propagated
(passage 1 neurospheres). Passage 1 neurospheres were
processed for experiments as described below, and at
least three independent experiments were performed for
each assay.

NSC hypoxia exposure

Passage 1 NSCs were placed into a microaerophilic
incubation system (BUGBOX-M; Ruskinn, Bridgend,
UK) in a humidified environment with 0.3% O,/94.7%
N,/5% CO, (27). The cells were cultured in the incuba-
tor at 37 °C for different durations (3, 6, 12, 24, and 48
h). We chose 12 h of hypoxia for experimental condi-
tions based on our preliminary findings and reports from
others (28, 29). After 12 h of hypoxia, the cells were re-
turned to normoxic conditions consisting of humidified
95% air/5% CO, for 1-3 days. The control groups were
continuously maintained under normoxic conditions for
the full duration.

siRNA synthesis and transfection

For HIF-1a gene silencing, HIF-1a siRNA (sense:
5’-GGG CCGUUCAAU UUA UGA ATT-3’; antisense:
5’-UUC AUA AAU UGA ACG GCC CTT-3") and ne-
gative control siRNA (NC-siRNA, sense: 5’-UUC UCC
GAA CGU GUC ACG UTT-3’; antisense: 5’-ACG
UGA CAC GUU CGG AGA ATT-3’) were chemically
synthesized by GenePharma Corporation (Shanghai,
China). Lipofectamine 2000 (Invitrogen) was used to
optimize siRNA transfection. All siRNA transfections
were performed in serum-free DMEM/F12. Lipofecta-
mine-siRNA complexes were initially formed with 500
nM siRNA and diluted to the desired concentrations.
Lipofectamine and siRNA were diluted in serum-free
DMEM/F12 and incubated for 5 min at room tempe-
rature. After the two solutions had been gently mixed,
the mixture was incubated for 15 min at room tempe-
rature. Finally, the complexes were diluted to the desi-
red transfection concentrations and added to the plated
cells. Transfection efficiency of siRNA was analyzed by
flow cytometry.

Measurement of neurosphere diameter

Neurosphere diameter was measured by the methods
previously described with some modifications (30).
While being monitored under an inverted phase contrast
microscope, passage 1 neurospheres (60-90 um dia-
meter) were individually transferred with a sterile ca-
pillary tube into the wells (10 neurospheres/well) of
non-adherent 96-well plates with 200 pl of serum-free
medium and incubated for 2 days. After the NSCs were
incubated with Lipofectamine-siRNA complexes (50
nM) for 4 h, Wnt inhibitor DKK-1 (200 ng/ml; R&D
Systems, Inc., USA) DKK-1 was first identified as an
inhibitor of Wnt signalling pathway in 1999 (31) or Wnt
pathway activator lithium chloride (32) (LiCl, 6 mM;
Sigma) for 4 h, they were placed in the microaerophilic
incubation system for 12 h, followed by 1, 2, or 3 days
of normoxic culture. At the end of the culture period, we
measured the neurosphere diameter using a BX-51 fluo-
rescence microscope and DP71 camera with Image-Pro
Express software (version 5.1; Olympus, Tokyo, Japan).
Results were collected as the average of more than three
independent experiments. The percentage increase in
diameter was calculated as follows: (diameter at harvest
— diameter on day 1 before treatment) x 100/diameter
on day 1 before treatment. Data were analyzed and the
growth rates of neurospheres under different conditions
were compared (normoxia vs. hypoxia; LiCl treatment
vs. control; DKK-1 treatment vs. control).

BrdU incorporation, immunofluorescence, and im-
munocytochemistry staining

We investigated the effect of hypoxia on the prolife-
rative activity of NSCs by bromodeoxyuridine (BrdU,
Sigma) incorporation. Passage 1 NSCs were cultured
for 2 days before being exposed to hypoxic conditions
for 6, 12, or 24 h. Next, the NSCs were treated with
Lipofectamine-siRNA complexes (50 nM siRNA) for
4 h, cultured under hypoxic conditions for 12 h, and
allowed to recover in normoxia for 1, 2, or 3 days. The
neurospheres were labeled with 10 pM BrdU for 4 h
and then dissociated into single cells and plated onto
poly-L-lysine—coated coverslips at a concentration of

Cell Mol Biol (Noisy le Grand) 2017 | Volume 63 | Issue 7

13



C.Qietal

Hypoxia and neural stem cell proliferation.

50,000/ml per well in 24-well plates. After 6 h of attach-
ment, the cells were fixed in 4% paraformaldehyde in
PBS and processed for immunofluorescence staining. In
brief, the cells were incubated in 2 N hydrochloric acid
for 30 min at 37 °C and 0.1 M sodium borate (pH 8.5)
for 10 min. Cells were incubated overnight with mouse
monoclonal anti-BrdU antibody (1:200; Chemicon, Bil-
lerica, MA, USA) in PBS containing 0.1% Triton X-100
and 2% bovine serum albumin at 4 °C. The cells were
reacted with FITC-conjugated anti-mouse IgG (1:200)
for 1 h at room temperature. Labeled cells were coun-
terstained with 50 pg/ml propidium iodide (PI, Sigma)
and mounted. BrdU-labeled cells were counted by using
fluorescence microscopy and normalized to the total
number of propidium iodide-stained cells. For HIF-1a
and P-catenin immunofluorescence staining, we used
neurospheres or dissociated single cells prepared as
described above. Cells were incubated overnight with
mouse monoclonal anti-HIF-1a (1:100; Neomarker,
Fremont, CA, USA) or rabbit polyclonal anti-f-catenin
(1:1000; Cell Signaling Technology, Inc., Danvers, MA,
USA) in PBS containing 0.1% Triton X-100 and 2% bo-
vine serum albumin at 4 °C. The cells were reacted with
Cy3-conjugated anti-mouse IgG (1:200) for 1 h at room
temperature. Labeled cells were counterstained with 20
pug/ml 4'6-diamidino-2-phenylindole (DAPI, Sigma)
and mounted, and images were collected on a BX-51
fluorescence microscope (Olympus, Tokyo, Japan).
It has been shown that cyclin D1 lies downstream of
-catenin proteins and is important for the regulation of
NSC proliferation during embryonic life (33-35) . The-
refore we also performed cyclin D1 immunocytoche-
mistry staining of neurospheres and dissociated single
cells. Cells were incubated overnight with mouse mono-
clonal anti-cyclin D1 (1:500; Neomarker) and then with
anti-mouse biotin-conjugated IgG secondary antibody
for 2 h. Avidin-biotin enzyme reagent (Vector Labs,
Burlingame, CA, USA) and DAB (Sigma) were used to
visualize the positive signal.

Real-time quantitative PCR analysis

At the time point of interest, we collected the cells
and extracted total RNA using Trizol reagent (Invi-
trogen) according to the manufacturer’s protocol. RNA
was quantified by spectrophotometry (Nanodrop, Ther-
moFisher, Grand Island, NY, USA). The RNA was re-
verse transcribed to cDNA with a reverse transcriptase
kit (PrimeScript RT Reagent Kit; TaKaRa, Japan). Rela-
tive abundance of each mRNA sample was quantified
by performing quantitative PCR with specific primers
and the SYBR Premix Ex Taq (TaKaRa). Primers for
HIF-1a (forward: 5’-CCA GAT TCA AGA TCA GCC
AGCA-37;reverse: 5’-GCT GTC CACATC AAA GCA
GTA CTC A-3’), B-catenin (forward: 5’-AAG TTC
TTG GCT ATT ACG ACA-3’; reverse: 5’-ACA GCA
CCTTCA GCA CTCT-3’), cyclin D1 (forward: 5°-CTA
ATG TAA AGC CAG CCG CAA TG-3’; reverse: 5°-
TGG ACA CAG CAG CCC TCA AG-3’), and B-actin
(forward: 5’-GGA GAT TAC TGC CCT GGC TCC TA-
3’; reverse: 5’-GAC TCA TCG TAC TCC TGC TTG
CTG-3’) were designed and synthesized by TaKaRa
Biotechnology. Real-time PCR was carried out by using
an iQ Multicolor Real-Time PCR Detection System
(Bio-Rad, Hercules, CA, USA). Cycle threshold values

were obtained from the Bio-Rad iQ5 2.0 Standard Edi-
tion Optical System software (Bio-Rad). Data were
analyzed with the AACt method, and B-actin served as
an internal control (36, 37). Data are presented as the
mean + SD of three separate experiments carried out in
duplicate.

Western Blot analysis

Cells were collected at the time point of interest and
then lysed in RIPA lysis buffer. Using the ProteoJET™
Cytoplasmic and Nuclear Protein Extraction Kit (Fer-
mentas, Grand Island, NY, USA), we extracted cytoplas-
mic and nuclear proteins separately, subjected them to
electrophoresis on 10% SDS-polyacrylamide gels, and
transferred them to a nitrocellulose membrane (38, 39).
After blocking the membrane for 2 h with 5% nonfat
dry milk in TBST (10 mM Tris-HCI and 0.05% Tween
20), we incubated it with primary antibodies overnight
at 4 °C and then with secondary antibody for 2 h at
room temperature. The primary antibodies included
mouse monoclonal anti-HIF-1a (1:200; Neomarker),
rabbit polyclonal anti-B-catenin (1:2000; Cell Signaling
Technology, Inc.), mouse monoclonal anti-cyclin D1
(1:1000; Neomarker), mouse monoclonal anti-B-tubulin
(1:5000; Neomarker), and rabbit polyclonal anti-B-actin
(1:5000; Santa Cruz Biotechnology, Dallas, TX, USA).
The membranes were incubated in the dark with ECL
(Amersham, Piscataway, NJ, USA). The luminescent
signal was recorded and quantified with the Syngene G
Box. The data were sent to the computer for analysis
and documentation.

Statistical analysis

Data are expressed as means + SD. Statistical ana-
lyses were carried out with SPSS 13.0 software. The
Student's t-test was used to compare values between
two groups, and one-way ANOVA followed by Tukey's
post hoc test was used to compare values among more
than two groups. A value of p < 0.05 was considered
statistically significant.

Results

Hypoxia increases the expression of HIF-1a and Wnt
signaling components

To explore the effects of hypoxia-induced NSC
proliferation on signaling pathways, we used immuno-
fluorescence staining, immunohistochemical staining,
real-time PCR, and Western blot analysis to evaluate
the expression of HIF-1a, B-catenin, and cyclin D1 at
both mRNA and protein levels. Immunofluorescence
staining showed HIF-1a localization in the cytoplasm
of normoxic cells. Nuclear expression of HIF-1a was
enhanced after hypoxia exposure and was greater at 12
h than at 6 h (Fig. 1 A). We found that the levels of HIF-
la mRNA (Fig. 1 B) and protein (Fig. 1 C, D) increased
significantly after 6, 12, and 24 h of hypoxia compared
with levels in normoxic cells (p < 0.05) and reached a
peak at 12 h (p < 0.01; Fig. 1 B, D). Furthermore, the
mRNA levels of both B-catenin (Fig. 2 C) and cyclin D1
(Fig. 2 F) were significantly greater after 6, 12, and 24
h of hypoxia than in cells that remained normoxic. The
immunofluorescence staining showed both cytoplasmic
and nuclear expression of B-catenin in neurospheres
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Figure 1. Hypoxia increases HIF-la expression. (A) g; . HE .
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Immunofluorescence staining showed expression of HIF-1a (red) g, % 0
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and DAPI labeled nucleus (blue) in conditions of normoxia (a), 2, g2
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6 h hypoxia (b), and 12 h hypoxia (c). HIF-1a was expressed in
the cytoplasm of normoxic cells, but nucleus expression increased
with hypoxia exposure and was greater at 12 h than at 6 h of
hypoxia. Scale bar = 20 pm. (B) Real-time g-RT PCR results
show that the levels of HIF-1a mRNA increased after 6 to 24 h
of hypoxia compared with levels in normoxic cells and peaked at
12 h. Data is represented as mean + SD, *p < 0.05, **p < 0.01
vs. normoxic group, n = 3, one way ANOVA followed by Tukey
post-hoc test was used. (C, D) Western blot results showed HIF-1a
protein expression increased after 6 to 24 h of hypoxia compared
with expression in the normoxic group and peaked at 12 h. Data
is represented as mean + SD, *p < 0.05, **p < 0.01 vs. normoxic
group, n = 3, one way ANOVA followed by Tukey post-hoc test
was used.

and dissociated into single cells (Fig. 2 A, D). Staining
showed that B-catenin expression was localized in the
cytoplasm under normoxic conditions but increased in
the nucleus after hypoxia. Nuclear expression was grea-
ter after 12 h of hypoxia than after 6 h of hypoxia. Wes-
tern blotting results showed that total protein expression
of B-catenin (cytoplasmic and nuclear) increased after
hypoxia, but quantitative analysis showed that total pro-
tein did not differ between the different hypoxia groups.
Interestingly, the nuclear expression of B-catenin in-
creased significantly with increased duration of hypoxia
(p <0.05at 6 and 12 h; p <0.01 at 24 h; Fig. 2 B, E).
Immunohistochemical staining showed nuclear expres-
sion of cyclin D1 in NSCs (Fig. 2 H), and quantitative
analysis showed that cyclin D1 expression increased in
NSCs after hypoxia exposure (Fig. 2 G). The changes
in protein level of B-catenin in nucleus and of cyclin D1
were consistent with their mRNA changes.

Whnt signaling pathway regulates hypoxia-induced
NSC proliferation

To explore whether the Wnt signaling pathway is
involved in hypoxia-induced NSC proliferation, we ac-
tivated or blocked the pathway with LiCl and DKK-1,
respectively. Western blot analysis showed that hypoxia
increased P-catenin expression (p < 0.05; Fig. 3 A, B).
Pretreatment with LiCl further increased B-catenin ex-
pression under both normoxic and hypoxic conditions
(p <0.05; Fig. 3 A). However, pretreatment with DKK-
1 decreased B-catenin expression under hypoxia (p <
0.05; Fig. 3 B). Furthermore, pretreatment with LiCl en-
hanced neurosphere diameter under conditions of both
normoxia and hypoxia followed by reoxygenation for 1

R
Figure 2. Hypoxia increases the expression of Wnt signaling
components in neural stem cells (NSCs). (A) Representative image
of immunofluorescence staining shows expression of f-catenin
(red) and DAPI labeled nucleus (blue) in conditions of normoxia
(a), 6 h hypoxia (b), and 12 h hypoxia (c). B-catenin was localized
in cytoplasm of normoxic NSCs, but nucleus expression increased
with hypoxia exposure and was significantly increased at 12 h than
at 6 h of hypoxia. Scale bar = 20 um. (B) Representative image
of Western blotting shows B-catenin expression in cytoplasm and
nucleus. (C) Real time q-RT PCR results showed mRNA level of
B-catenin was elevated after 6 to 24 h of hypoxia compared with
that in normoxia-treated cells. Data is represented as mean + SD,
*p <0.05, **p <0.01 vs. normoxic group, n = 3, one way ANOVA
followed by Tukey post-hoc test was used. (D) Representative image
shows immunofluorescence staining of neurospheres that express
B-catenin (red) and DAPI-labeled nucleus (blue). Scale bar = 20
um. (E) Quantitative results of Western blot analysis showed that
hypoxia increased the total protein level of B-catenin (cytoplasm
and nucleus) compared with that in the normoxic group. *p < 0.05
vs. normoxic group. Hypoxia also increased the nuclear protein
level of B-catenin compared with that in the normoxic group. # p <
0.05, ## p < 0.01 vs. normoxic group. Three independent repeated
experiment, Data is represented as mean + SD, one way ANOVA
followed by Tukey post-hoc test was used. (F) Real time q-RT
PCR results showed hypoxia increased the mRNA level of cyclin
D1 compared with that in the normoxic group. Data is represented
as mean £ SD, *p < 0.05, **p < 0.01 vs. normoxic group, n = 3,
one way ANOVA followed by Tukey post-hoc test was used. (G)
Quantitative results of Western blot analysis showed that hypoxia
increased the protein level of cyclin D1 compared with that in the
normoxic group. Data is represented as mean + SD, *p < 0.05,
**p <0.01 vs. normoxic group, n = 3, one way ANOVA followed
by Tukey post-hoc test was used. (H) Representative image of a
neurosphere shows immunohistochemical staining of cyclin D1
(brown) and Nissl-labeled nucleus (blue). Scale bar =20 pum.

day (p <0.05; Fig. 3 C). Interestingly, pretreatment with
LiCl enhanced neurosphere diameter not only under hy-
poxic conditions but also under normoxic conditions. In
contrast, pretreatment with DKK-1 significantly stunted
the increase in neurosphere diameter after hypoxia and
reoxygenation for 1, 2, and 3 days (p < 0.05; Fig. 3 D).
Pretreatment with DKK-1 under normoxic conditions
reduced the growth rate of neurospheres compared with
that in the control group. Interestingly, pretreatment
with DKK-1 under hypoxic conditions significantly
reduced the growth rate of neurospheres compared with

Cell Mol Biol (Noisy le Grand) 2017 | Volume 63 | Issue 7

15



C.Qietal

Hypoxia and neural stem cell proliferation.

A Normoxia Hypoxia B Normoxia Hypoxia

B-catenin e o > B-catenin — ——  —

BAUDUIIN e - —— —— B-tubulin . S S
LiCl - + DKK-1 - +
#

- +
3 Normoxia
El Hypoxia

*
]

. +
[ Normoxia
Wl Hypoxia

s

-
LS

1.0

4
©

Ratio of B-catenin/[ -tubulin
o
@

0.0

LiCl(-) LiCl(+) DKK-1(-) DKK-1(+)

0 Normoxia

B [yporiasoKK.A
Il Normoxia+DKK-1

Ji]
g
£
H
(=)

(9]

Percentage of diamoter increase (%)

po
BB Hypoxia+LiCl

* % Wl NormoxiasLiCl L *
70

80
50
40
30
2

0
[}

Percentage of diameter increase (%)

1d 24 34
Day after reoxygenation

3d

d zd
Day after reoxygenation

Figure 3. The Wnt signaling pathway regulates hypoxia-induced
neural stem cell (NSC) proliferation. (A, B) Western blot analysis
of nucleus f-catenin. (A) Hypoxia increased protein expression in
the presence (+) and absence (-) of LiCl. *p < 0.05, #p < 0.05
vs. the respective normoxia group. Pretreatment with LiCl (6
mM) increased p-catenin expression under normoxic and hypoxic
conditions, *p < 0.05 LiCl (+) vs. LiCl (-). (B) Hypoxia also
increased B-catenin protein expression in the presence and absence
of DKK-1. *p <0.05, # p <0.05 vs. the respective normoxia group.
However, B-catenin expression was lower in NSCs pretreated with
DKK-1 (200 ng/ml) than in NSCs not exposed to DKK-1. 5p <0.05
DKK-1 (+) vs. DKK-1 (-). (C) Pretreatment with LiCl enhanced
neurosphere diameter growth rate under conditions of normoxia
and hypoxia followed by reoxygenation for 1, 2, and 3 days. *p
< 0.05 vs. normoxic group; #p < 0.05 vs. normoxia LiCl (+). (D)
Hypoxia increased neurosphere diameter; *p < 0.05 vs. normoxic
group. Pretreatment with DKK-1 reduced neurosphere diameter
growth rate after hypoxia followed by reoxygenation for 1, 2,
and 3 days; #p < 0.05 hypoxia vs. hypoxia DKK-1 (+). All data
are represented as mean + SD, from three independent repeated
experiment, one way ANOVA followed by Tukey post-hoc test was

used.

that in the control group (p < 0.05; Fig. 3 D).

Inhibition of HIF-1a depresses Wnt/B-catenin signa-
ling and hypoxia-induced NSC proliferation

To determine whether hypoxia-induced NSC pro-
liferation is related to the activation of Wnt signaling,
which is initiated by HIF-lo, we treated passage 1
neurospheres with HIF-1a gene-silencing siRNA un-

der hypoxic and normoxic conditions. HIF-1o siRNA

significantly decreased the percentages of BrdU-posi-
tive cells (Fig. 4 A, B) and reduced neurosphere dia-
meter (Fig. 4 C, D) after hypoxia followed by 1, 2, and
3 days of reoxygenation (p < 0.05; Fig.4 B, D). There
was no significant difference in the percentage of Br-
dU-positive cells (Fig. 4 B) or neurosphere diameter
growth rate (Fig. 4 D) between the group treated with
NC-siRNA and the group treated with hypoxia alone
(p > 0.05). Furthermore, HIF-1a siRNA significantly

decreased the mRNA levels and protein expression of

HIF-1a (p < 0.05; Fig. 4 E, F, G). Western blot analy-
sis showed that the total protein expression of f-catenin
(cytoplasmic and nuclear) increased after hypoxia, but
quantitative analysis showed no difference in total pro-
tein among the hypoxic groups treated without HIF-1a

siRNA, with HIF-1a siRNA, and with NC-siRNA (Fig.
5A, B). However, HIF-1a siRNA treatment significantly
reduced the protein expression of B-catenin in the nu-
cleus (p < 0.05; Fig. 5 A, B). HIF-1a siRNA also signi-
ficantly reduced the cyclin D1 expression (p < 0.01; Fig.
5 C, D). However, there was no significant difference
in the mRNA and protein levels of B-catenin and cyclin
D1 between the group treated with NC-siRNA and the
control group (no siRNA) after hypoxia.

Discussion

In the present study, we investigated the regulation
of NSC proliferation by analyzing the expression of
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with HIF-1a siRNA [siRNA(+)], with negative control siRNA
(NC-siRNA), or without siRNA [siRNA(-)] after hypoxia and
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HIF-1a siRNA decreased the percentage of BrdU-positive NSCs
after exposure to hypoxia and reoxygenation for 1, 2, and 3 days.
Data is represented as mean + SD, *p < 0.05 vs. negative control
group (NC-siRNA), n = 3, one way ANOVA followed by Tukey
post-hoc test was used. (C) HIF-1a siRNA slowed neurosphere
enlargement when NSCs were exposed to hypoxia followed by
reoxygenation for 1, 2, and 3 days. Scale bar = 50 um. (D) HIF-
lo siRNA reduced the growth rate of NSC neurospheres. Data is
represented as mean = SD, *p < 0.05 vs. negative control group
(NC-siRNA), n =3, one way ANOVA followed by Tukey post-hoc
test was used. (E) Real-time q-RT PCR showed that HIF-1a siRNA
reduced the mRNA levels of HIF-1a. *p <0.05 vs. negative control
group (NC-siRNA). (F and G) Western blot analysis showed that
treatment with siRNA hypoxia inhibition the protein expressed of
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Figure 5. HIF-1a siRNA depresses the expression of Wnt signaling
components in neural stem cells (NSCs). (A) Representative image
of Western blot shows B-catenin expression in the cytoplasm and
nucleus. (B) Quantification of Western blot analysis showed that
hypoxia increased the total protein level of B-catenin (cytoplasm
and nucleus) compared with that in the normoxic group. *p <
0.05 vs. normoxic group. However, the total protein expression in
the siRNA (+), siRNA (-), and NC-siRNA groups did not differ.
Hypoxia increased the nucleus fB-catenin protein level compared
with that in the normoxic group. # p < 0.05 vs. normoxic group.
HIF-1a siRNA reduced the protein expression of nuclear -catenin
compared with levels in the control group [siRNA (-)] and negative
control group (NC-siRNA). » p < 0.05 vs. siRNA (-); ¢p < 0.05
vs. NC-siRNA. (C) Representative image of Western blot shows
cyclin D1 expression in NSCs pretreated with HIF-1a siRNA. (D)
HIF-1a siRNA reduced the protein expression of cyclin D1. ##
p <0.01 vs. NC-siRNA group. However, NC-siRNA and siRNA
(-) control groups maintained high expression of cyclin D1 after
hypoxia. ** p <0.01 vs. normoxic group. All data are represented
as mean + SD, from three independent repeated experiment, one
way ANOVA followed by Tukey post-hoc test was used.

HIF-1a and activation of Wnt signaling in cell cultures
exposed to pathologic hypoxia. The results showed that
hypoxia induced increases in NSC proliferation and
elevations in the mRNA and protein levels of HIF-1a,
B-catenin, and cyclin D1. Blockade of the Wnt signa-
ling pathway decreased hypoxia-induced NSC prolife-
ration, whereas activation of the Wnt signaling pathway
increased hypoxia-induced NSC proliferation. Using
siRNA to inhibit HIF-1a signaling in hypoxia-exposed
NSCs, we observed that repression of HIF-1a decreased
B-catenin nuclear translocation, cyclin D1 expression,
and NSC proliferation. Taken together, the results sug-
gest that pathologic hypoxia stimulates NSC prolifera-
tion through HIF-1a modulation of the Wnt/B-catenin
signaling pathway.

It is known that the proliferation of many types of
cultured stem cells, including NSCs (40) is enhanced
after prolonged exposure to low, but physiologic O,
concentrations of about 1.5-3% (41). After focal cerebral
ischemia, tissue oxygen concentration approaches 0%
in the ischemic core (42, 43). On this basis, one of our
main questions was to clarify whether this pathologic
anoxia or hypoxia favors NSC proliferation. By micros-
copic observation and neurosphere diameter measure-
ment, we found that mimicking pathologic hypoxia en-
hanced self-renewal and proliferation of cultured NSCs
in vitro. HIF-1 is a key transcription factor that responds
to hypoxia. The increase in HIF-1 activity is primarily
due to the hypoxia-induced stabilization and activation

of HIF-1a (44).In our study, the expression of HIF-1a
mRNA in NSCs increased from 6 h to 12 h during expo-
sure to 24-h hypoxia. It has been shown that overex-
pression of HIF-1a induces proliferation of NSCs under
normal oxygen conditions and under hypoxia. Zhang et
al. (45) found that when NSCs were cultured in a 3%
O, environment for 3 days, the levels of HIF-14a mRNA
expression did not change as compared with those in
cells grown under normal conditions. However, HIF-1a
protein expression was greater after 3 to 72 h of hypoxia
than it was under normoxic conditions. We found that
when siRNA was used to downregulate HIF-1a genes,
proliferation of NSCs was inhibited under both hypoxic
and normoxic conditions, indicating that HIF-1a is in-
volved in hypoxia-induced NSC proliferation.

The Wnt signaling pathway controls many events
during embryonic development and regulates prolifera-
tion, morphology, motility, and cell fate at the cellular
level. Activation of the Wnt/B-catenin pathway is cha-
racterized by 1) stabilization of cytoplasmic f-catenin
after receptor engagement by Wnt ligands; 2) -catenin
nuclear translocation, 3) B-catenin interaction with lym-
phoid enhancer-binding factor-1/T-cell factor-1 (LEF/
TCF) transcription factors; and 4) stimulation of target
genes (46-48). A study also has shown Wnt family gene
mRNA expression in NSCs that were isolated from rat
SVZ (49). In non-neuronal cell types, Wnt/B-catenin
signaling is downregulated after hypoxia, leading to
enhanced growth and impaired differentiation (50, 51).
In immunofluorescence staining assays, we observed
B-catenin localization and expression in cytoplasm
and nucleus, and enhanced nuclear expression after
hypoxia. We also demonstrated increased expression
of B-catenin protein and cyclin D1. As one of the tar-
get genes of the canonical Wnt/B-catenin pathway(52),
cyclin D1 functions to regulate the cell cycle and is
associated with hypoxia-induced NSC proliferation.
Furthermore, treatment with DKK-1, a Wnt signaling
pathway blocker, decreased B-catenin nuclear translo-
cation and inhibited hypoxia-induced NSC prolifera-
tion. Conversely, activation of Wnt signaling with LiCl
increased hypoxia-induced NSC proliferation, though it
did not alter B-catenin nuclear translocation. Although
we observed the NSCs from 30-day-old rats and mimic-
ked pathologic hypoxia with 0.3% O,, our results are
consistent with the findings that Wnt/B-catenin activity
is closely associated with low O, regions in the subgra-
nular zone of the hippocampus and that hypoxia (1.5%
0O,) activates cell proliferation and Wnt/B-catenin signa-
ling in mouse embryonic cells. These findings suggest
that the Wnt signaling pathway activated by hypoxia is
important for regulating NSC proliferation during brain
development and during hypoxia that mimics ischemic
stroke.

Although previous studies have indicated that HIF-
la potentiates Wnt signaling during brain development
(19), this pathway has not been well studied under pa-
thologic conditions such as cerebral ischemic stroke.
Using siRNA to inhibit HIF-1a signaling in NSCs ex-
posed to pathologic hypoxia, we found that suppression
of HIF-1a signaling reduced B-catenin nuclear translo-
cation, reduced cyclin D1 expression, and retarded NSC
proliferation. It has been reported that B-catenin induces
hippocampal NSC proliferation under hypoxic condi-
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tions partly via cyclin D1 (35). Recently, studies (19,
53) have reported that in embryonic stem cells and iso-
lated embryonic NSCs, fibroblast growth factor 2 and
Whnt signals promote NSC self-renewal via B-catenin
accumulation, which leads to the promotion of prolife-
ration by LEF/TCF-mediated cyclin D1 expression. Our
data support the idea that HIF-1a activates the Wnt/p-
catenin signaling pathway in adult NSCs maintained
under conditions of pathologic hypoxia (0.3% oxygen),
and that this pathway leads to increased expression of
cyclin D1 and proliferation of NSCs.

This study provides evidence that pathologic hy-
poxia stimulates NSC proliferation through increases
in expression of HIF-la and activation of the Wnt/
B-catenin signaling pathway. Hypoxia activates HIF-1
signaling, which induces the cytoplasmic accumulation
of B-catenin and its translocation to the nucleus, where
it regulates the expression of Wnt target genes like cy-
clin D1, ultimately resulting in proliferation of NSCs.
These results reveal a potential mechanism of neural
repair that should be further explored in conditions of
pathologic hypoxia, like cerebral ischemia in vivo.
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