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Necdin Controls Proliferation and Apoptosis of Embryonic
Neural Stem Cells in an Oxygen Tension-Dependent Manner

Zhenyu Huang, Kazushiro Fujiwara, Ryohei Minamide, Koichi Hasegawa, and Kazuaki Yoshikawa
Laboratory of Regulation of Neuronal Development, Institute for Protein Research, Osaka University, Suita, Osaka 565-0871, Japan

Neural stem cells (NSCs) reside in vivo in hypoxic environments, and NSC proliferation is enhanced in vitro under hypoxic conditions.
Various adaptive responses to hypoxia are mediated by hypoxia-inducible factors (HIFs), a family of basic helix-loop- helix Per-Arnt-
Sim (PAS) transcription factors. Necdin, a MAGE (melanoma antigen) family protein, is expressed abundantly in postmitotic neurons
and possesses potent antimitotic and antiapoptotic activities. We here report that hypoxia induces degradation of the necdin protein in
primary NSCs by HIF-mediated ubiquitin-proteasome system. Necdin was expressed in primary NSCs prepared from the ganglionic
eminences of mouse embryos. Hypoxia enhanced neurosphere formation of NSCs, in which the necdin protein level was significantly
reduced. Primary NSCs prepared from necdin-deficient mice exhibited higher rates of proliferation and apoptosis than those from
wild-type mice in normoxia, whereas there were no significant differences in the proliferation and apoptosis rates between necdin-
deficient and wild-type NSCs in hypoxia. HIF-2a was predominantly expressed in hypoxic NSCs, where expression of HIF-responsive
genes was upregulated. HIF-2« interacted with necdin via its PAS domain, which enhanced necdin ubiquitination. Lentivirus-mediated
expression of the PAS domain in primary NSCs promoted necdin degradation and enhanced NSC proliferation in normoxia, whereas a
small-molecule inhibitor of HIF-2« translation stabilized the necdin protein and reduced NSC proliferation in hypoxia. These results
suggest that oxygen tension regulates the necdin protein level in NSCs through HIF-2a-mediated proteasomal degradation to modulate

their proliferation and apoptosis.

Introduction
The mammalian brain is the most metabolically active organ and
requires large amounts of oxygen for its physiological function.
Oxygen availability is crucial for the energy metabolism in neu-
rons, where a large amount of ATP is used for their function and
survival. However, the oxygen levels in the brain are considerably
lower than the atmospheric levels (Ereciska and Silver, 2001). In
embryonic brain in vivo, oxygen tensions are particularly low in
the ventricular zone, where neural stem cells (NSCs) reside (Mu-
toh etal., 2012). An accumulating body of evidence suggests that
hypoxia enhances the expansion of embryonic NSCs or neuronal
progenitors in vitro (Morrison et al., 2000; Studer et al., 2000;
Chen et al., 2007, 2010; Zhao et al., 2008; Clarke and van der
Kooy, 2009; Rodrigues et al., 2010). These observations raise the
possibility that hypoxia is indispensable for the high proliferation
activity of NSCs.

Cellular responses to hypoxia are often mediated by hypoxia-
inducible factors (HIFs), which regulate oxygen-dependent tran-

Received Dec. 12, 2012; revised May 13, 2013; accepted May 15, 2013.

Author contributions: ZH., K.F., K.H., and K.Y. designed research; Z.H., K.F., R.M., and K.H. performed research;
Z.H.and K.Y. analyzed data; Z.H. and K.Y. wrote the paper.

This work was supported by a Grant-in-Aid for Scientific Research B2 (24300134; to K.Y.) from the Japan Society
for the Promotion of Science. We thank Drs. T. Ohkumo and H. Miyoshi for research materials and Ms. K. Imada for
technical support.

The authors declare no competing financial interests.

Correspondence should be addressed to Kazuaki Yoshikawa, Institute for Protein Research, Osaka University, 3-2
Yamadaoka, Suita, Osaka 565-0871, Japan. E-mail: yoshikaw@protein.osaka-u.ac.jp.

DOI:10.1523/JNEUR0SCI.5682-12.2013
Copyright © 2013 the authors ~ 0270-6474/13/3310362-12%15.00/0

scription of various genes involved in oxygen and energy
homeostasis (Greer et al., 2012). HIF-1a and HIF-2« are basic
helix—loop—helix Per-Arnt-Sim (PAS) transcription factors that
share a high degree of sequence identity. HIF-1« influences the
expansion and cell fate switching of NSCs during development
(Zhao et al., 2008; Panchision, 2009; Mazumdar et al., 2010; Mu-
toh et al., 2012). However, the molecular mechanisms whereby
HIF proteins are involved in the regulation of NSC proliferation
remain elusive at the present time.

Necdin is a pleiotropic protein expressed abundantly in post-
mitotic neurons (Maruyama et al., 1991; Uetsuki et al., 1996).
Necdin interacts with many regulatory proteins and serves as a
hub of protein—protein interaction networks (Lavi-Itzkovitz et
al., 2012). Ectopic expression of necdin strongly suppresses the
proliferation of cell lines (Hayashi et al.,, 1995; Taniura et al.,
1998, 2005; Kuwako et al., 2004). Necdin, like retinoblastoma
protein, targets cellular E2F transcription factors (Taniura et al.,
1998; Kobayashi et al., 2002). Furthermore, necdin suppresses
oxidative damage-induced neuronal apoptosis by interacting
with p53 (Taniura et al., 1999; Hasegawa and Yoshikawa, 2008).
Necdin also interacts with HIF-1a and promotes its degradation
(Moon et al., 2005; Friedman and Fan, 2007), suggesting that the
interaction between necdin and HIF-1« affects cell proliferation
and apoptosis under hypoxic conditions.

Several lines of evidence indicate that necdin is expressed in
multipotent stem cells or committed progenitors of mesodermal/
mesenchymal origin, such as mesoangioblast stem cells (Brunelli
et al., 2004), brown adipocyte precursors (Tseng et al., 2005),
skeletal muscle satellite cells (Deponti et al., 2007), hematopoietic
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stem cells (Kubota et al., 2009; Liu et al., 2009), and mesenchymal
stem cells or preadipocytes in white adipose tissues (Fujiwara et
al., 2012). However, little is known about the expression and
function of necdin in mammalian NSCs.

Using primary NSCs prepared from mouse embryos, we dem-
onstrate that hypoxia promotes degradation of the necdin pro-
tein in primary NSCs via HIF-2a-mediated ubiquitination to
enhance their proliferation. The present findings provide insights
into the molecular mechanism that controls the proliferation
rates of NSCs under different oxygen tensions.

Materials and Methods

Animals. Necdin gene (Ndn) mutant mice (Ndn were generated
and maintained as described previously (Kuwako et al., 2005). Heterozy-
gous male mice (Ndn Ty [>20 generations in ICR (Institute for Cancer
Research) background] were crossed with wild-type female mice
(Ndn™*'™) to obtain wild-type (Ndn +m/*P) and paternal Ndn-deficient
(Ndn*™ ~P) littermates. Genotypes of all mice were analyzed by PCR
for mutated Ndn locus. Experiments using gene-targeted mice were ap-
proved by the Recombinant DNA and Animal Experiment Committees
of the Institute for Protein Research, Osaka University, and performed in
accordance with institutional guidelines and regulations.

NSCs. Primary NSCs were prepared from striatal primordia [also
known as ganglionic eminences (GEs)] of mice at embryonic day (E) 14.5
(Reynolds et al., 1992). GEs from wild-type and necdin-deficient
(Ndn ™ ~P) mice were dissected, incubated for 5 min at 37°C in Ca>*/
Mg?*-free glucose-supplemented HBSS with 0.05% trypsin, dissociated
in DMEM supplemented with 10% fetal bovine serum, and centrifuged
at 200 X g for 3 min. The cell pellet was resuspended and incubated for
6 d at 37°C under humidified 5% CO, conditions in DMEM/F12 me-
dium (Invitrogen) supplemented with 14 mm sodium bicarbonate, 1 mm
[scap] N-acetyl-L-cysteine, 33 mM D(+)-glucose, 1 mg/ml bovine serum
albumin (Sigma-Aldrich), 2 mm 1-glutamine, 20 ng/ml EGF (Pepro-
Tech), 20 ng/ml FGF (PeproTech), and B27 (Invitrogen). Floating
spheres were collected and used as primary NSCs for the following ex-
periments. For cultures in hypoxic conditions, primary NSCs were incu-
bated at 37°C under 2% O,/5% CO, conditions in a multigas incubator
(MCO-5M, Panasonic). For differentiation, primary neurospheres were
dissociated with StemPro Accutase (Invitrogen) and plated onto poly-L-
ornithine-coated coverslips in growth factor-deprived DMEM/F12 me-
dium for 5 d.

Immunostaining. Frozen 12 um-thick tissue sections were prepared
from ICR mouse embryos at E14.5 and immunostained as described
previously (Kuwajima et al., 2004). For immunocytochemistry, primary
NSCs, dispersed NSCs, and differentiated cells were fixed with 10% for-
malin solution at room temperature for 20 min and then permeabilized
with methanol at room temperature for 20 min. Samples were incubated
at 4°C overnight with primary antibodies and fluorescence dye-
conjugated secondary antibodies at room temperature for 90 min. Pri-
mary antibodies used are as follows: rabbit polyclonal antibodies against
necdin (NC243; 1:1000), nestin (ST-1; 1:000) (Aizawa et al., 2011),
guinea pig polyclonal antibody against necdin (GN1; 1:1000) (Kuwako et
al., 2005), and DIx2 (GDIx2, 1:3000; Kuwajima et al., 2006), mouse
monoclonal antibodies against Sox2 (1:500; R&D Systems), BIII-tubulin
(1:1000; Promega), and GFAP (1:1000; gift from Dr. Seiichi Haga, Tokyo
Metropolitan Institute of Medical Science). Secondary antibodies are as
follows: anti-rabbit, anti-guinea pig, and anti-mouse IgGs conjugated
with cyanine 3 and cyanine 2 (1:500; Jackson ImmunoResearch). Chro-
mosomal DNA was detected with 3.3 um Hoechst 33342 (Sigma-
Aldrich). The images were observed with a fluorescence microscope
(MZ16 F, Leica Microsystems) or a fluorescence microscope (BX-50-34-
FLADI, Olympus Optical), taken by charge-coupled device camera sys-
tem (DP70, Olympus Optical), and processed using Adobe PhotoShop
CSs.

Western blot analysis. Cells were homogenized with a lysis buffer con-
taining 10 mm Tris-HCI, pH 8.0, 150 mm NaCl, 1 mm EDTA, 1% Nonidet
P-40, 10% glycerol, and a protease inhibitor mixture (Complete, Roche).
The protein concentration was determined by the Bradford method
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(Bio-Rad). Proteins (10 pg/lane) were separated by 10% SDS-PAGE, and
electroblotted to polyvinylidene difluoride membranes (Immobilon,
Millipore). Membranes were blocked with skim milk in PBS/0.05%
Tween 20, and incubated with primary antibodies against necdin
(NC243; 1:3000), actin (JLA20; 1:200; Developmental Studies Hybrid-
oma Bank), B-tubulin (1:1000; MP Biomedicals), Sox2 (1:500; R&D Sys-
tem), CD133 (1:500; eBioscience), HIF-1a (1:500; R&D Systems),
HIF-2a (sc-28706; 1:400; Santa Cruz Biotechnology). Flag (M2; 1:500;
Sigma-Aldrich), Myc (9E10; 1:10), proliferating cell nuclear antigen
(PCNA; PCI10; 1:500; Santa Cruz Biotechnology), ubiquitin (FK2;
1:1000; Enzo Life Sciences), and Cdc2 (sc-54; 1:300; Santa Cruz Biotech-
nology). The membrane was incubated with horseradish peroxidase-
conjugated IgG (Cappel). Proteins were visualized by Western Lightning
Plus-ECL (PerkinElmer). Signal intensities were quantified with an im-
age analyzer (LAS-1000 Plus, Fuji Film) and Image] 1.44 software. Ly-
sates of hypoxic HEK293A cells treated with 100 um CoCl, and 10 um
MG132 (Peptide Institute) for 12 h were used as controls of HIF proteins.

Neurosphere assay. The efficiency of neurosphere formation was deter-
mined on the basis of the study described previously (Reynolds and
Weiss, 1996). Briefly, primary NSCs were treated with StemPro Accutase,
dispersed into single cells, and resuspended in DMEM/F12 medium with
the supplements described above. Dispersed cells (150 cells per well)
were plated in 96-well plates (Thermo Fisher Scientific) and cultured for
5 d in normoxia or hypoxia. Neurospheres were observed with an in-
verted microscope (Olympus IX70), and images were captured. The di-
ameters of individual neurospheres were measured using Image] 1.44
software. Neurospheres of >20 um in diameter were counted and di-
vided into three categories (20—40, 40— 60, and >60 wm in diameter).
To inhibit endogenous HIF-2« expression, NSCs cultured for 6 d were
treated with HIF-2« Translation Inhibitor (Calbiochem; Zimmer et al.,
2008) under hypoxic conditions for 3 d (for Western blot analysis) or for
5 d (for neurosphere assay).

Purification of NSCs. NSCs were purified using anti-CD133 antibody-
coupled microbeads because CD133 (also known as prominin) has often
been used to isolate neural stem cells (Uchida et al., 2000; Pfenninger et
al., 2007). After dissection, cells were centrifuged at 300 X g for 10 min
and washed with PBS containing 0.5% BSA (AlbuMAX, Invitrogen) and
2 mM EDTA. Pellets were suspended with 80 ul of wash buffer and mixed
with anti-CD133-coupled microbeads (2 pl for 1 X 10° cells; Miltenyi
Biotec). The mixture was incubated for 15 min at 4°C and separated on a
magnetic column (Miltenyi Biotec). Cells bound to the microbeads
(CD133+) and unbound cells (CD133—) were resuspended in DMEM/
F12 containing 2 mM L-glutamine, B27, 20 ng/ml EGF, and 20 ng/ml FGF,
incubated for 5 d, and subjected to the neurosphere assay.

Cell proliferation assay. For BrdU incorporation assay, primary NSCs
(6 d culture) were incubated in hypoxic conditions for 24 h, labeled with
10 uM BrdU for 4 h, dissociated into single cells, and plated onto the
poly-L-ornithine-coated coverslips in 24-well plates (5 X 10* cells per
well). BrdU incorporation assay was performed as described previously
(Taniura et al., 1999; Fujiwara et al., 2012). Cells were incubated with
mouse monoclonal anti-BrdU antibody (1:30, Roche) and anti-nestin
(ST-1; 1:1000) antibody for 1 h at room temperature, and incubated with
second antibody against IgGs conjugated with cyanine 2 and cyanine 3,
respectively, and counterstained with Hoechst 33324. BrdU-labeled cells
among nestin-immunopositive cells were counted by fluorescence
microscopy. For cell proliferation assay in vivo, pregnant mice were
injected intraperitoneally with ethynyl deoxyuridine (EdU; Invitro-
gen; 50 mg/kg body weight) at gestational day 14.5, and embryonic
forebrain tissues were fixed 2 h later. Incorporated EAU was detected
using Click-iT EdU Alexa Fluor Imaging Kit (Invitrogen). The fluo-
rescence intensity was quantified by fluorescence microphotometry
as described previously (Hasegawa et al., 2012). Briefly, fluorescence
images (12-bit digital monochrome images) were captured with a
CCD camera (CoolSNAP monochrome, Nippon Roper). EAU fluo-
rescence intensity in the GE ventricular/subventricular zone was an-
alyzed using fluorescence image analysis software (Fluoroimage Cool
V, Mitani). The background intensity of the equal-sized adjacent area
without EdU signals was subtracted from the intensity of EQU signal-
containing area.
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Apoptosis assay. Nuclear DNA fragmenta-
tion was analyzed by terminal deoxynucleoti-
dyl transferase-mediated biotinylated UTP
nick end labeling (TUNEL) visualized with
Texas Red (Gavrieli et al., 1992; Uetsuki et al.,
1999). Primary NSCs (6 d culture) were dis-
persed and incubated in normoxic (20% O,) or
hypoxic conditions (2% O,) for 24 h. NSCs
were dispersed, plated onto poly-L-ornithine-
coated coverslips in 24-well plates (5 X 10*
cells per well), fixed 6 h after plating, and sub-
jected to TUNEL analysis. Chromosomal DNA
was counterstained with 3.3 um Hoechst
33342. TUNEL analysis in brain tissues was
performed as described previously (Kuwako et
al., 2005). TUNEL-positive cells in the prolif-
erative zone of dorsal GE were counted and
quantified as the number in the equal-sized
area.

Quantitative RT-PCR. Total RNA was ex-
tracted from NSCs with phenol and guanidine
thiocyanate mixture (TRI Reagent, Molecular
Research Center), and genomic DNA was di-
gested with RQ1 RNase-free DNase (Pro-
mega). cDNA was synthesized from total RNA
(2 ug) using Transcriptor First Strand cDNA
Synthesis Kit (Roche). cDNA (10 ng) was used
as a template for PCR. Primers used for real-
time PCR are as follows: HIF-1« (forward, 5’-
ggacaagtcaccacagga-3'; reverse, 5'-ggagaaaatc
aagtegtg-3'); HIF-2a (forward, 5'-ccaaggggca
ggtggtat-3'; reverse, 5'-cacgtcgttcttctcgatctca-
3"); Vegf (forward, 5'-ccccgacgagatagagta-3';
reverse, 5'-gctttggtgaggtttgat-3'); Glutl (for-
ward, 5’-tcaacacggcecttcactg-3'; reverse, 5'-cacg
atgctcagataggacatc-3'); Cyclin D1 (forward, 5'-
ccaacaacttcctctectge-3'; reverse, 5'- agaccagect
cttectecac-3"); erythropoietin (forward, 5'-catc
tgcgacagtcgagttctg-3'; reverse, 5'-cacaacccatcg
tgacattttc-3'); Cdc2 (forward, 5'-caaaatagagaa
aattggagaaggtac-3'; reverse, 5'-agattttgaggtttta
agtctctgtga-3'). RT-PCR products were
quantified using a real-time PCR instrument
(LightCycler, Roche) and FastStart DNA Master-
PLUS SYBR Green I kit (Roche). Melting curves
were analyzed to confirm a single species of each
PCR product. a-Actin cDNA was used as an in-
ternal standard to quantify the relative expression
of each cDNA. Values of HIF-1«a and HIF-2«
were corrected with PCR efficiencies using
equal amounts of full-length HIF-1a and
HIF-2a cDNAs.

Coimmunoprecipitation. HEK293A cells were
transfected with expression vectors and harvested
24 h later. Cell lysates were subjected to coimmu-
noprecipitation assay as described previously
(Hasegawa et al., 2012). cDNA encoding mouse
full-length HIF-2« was cloned from NSCs cul-
tured under hypoxic conditions. For Myc-tagged
protein expression, full-length HIF-2, the PAS
domain (HIF-2« 97-341), TAD (transactivation
domain; HIF-2a 490-874), and ODD (oxygen-
dependent degradation) domain (HIF-2« 516-
686) were subcloned into 6xMyc-pcDNA3.1.
cDNA encoding the N-terminal domain (necdin

1-100) and the MAGE (melanoma antigen) homology domain (necdin
101-300) of necdin were subcloned into p3xFLAG-CMV14 (Sigma-
Aldrich). Expression vectors for necdin and Myc-tagged p53 were described
previously (Taniura et al., 1999). The cells were harvested 24 h after trans-
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Figure 1.  Expression patterns of necdin in embryonic brain and primary NSCs. A, Double immunostaining for necdin and DIx2.
Frozen forebrain sections of E14.5 mouse embryo were double-stained for necdin and DIx2. Necdin (green) and DIx2 (red) images
were merged (yellow). CX, cortex; LV, lateral ventricle; SP, septum. B, €, Inmunostaining for nestin, necdin, and DIx2 in primary
NSCs. NSCs (6 d culture) in primary neurospheres were immunostained for nestin (green) and necdin (red; B) or DIx2 (red; €), and
two images were merged (yellow). D, Expression of necdin in NSC markers. Primary neurospheres were dispersed, fixed 2 h later,
and double-stained for necdin and nestin, Sox2, or DIx2. Insets, magnified images of representative cells (arrowheads). Quantita-
tive data arein Results. E, Immunostaining for Blll-tubulin and GFAP in differentiated cells. Primary cultured NSCs were induced to
differentiate in the growth factor-deprived medium for 5 d. The cells were immunostained for BllI-tubulin (green) and GFAP (red).
Chromosomal DNA was stained with Hoechst 33342 (DNA; A-E). Scale bars: A, 500 wum (top), 100 m (bottom); B, €, 50 um; D,
E, 25 pum.

fection and lysed in the lysis buffer. Proteins in the lysates (150 ug) were
incubated at 4°C for 2 h with antibodies against Flag (M2; 1:50; Sigma-
Aldrich), Myc (9E10; 1:4) and necdin (NC243; 1:100), pelleted with protein
A-Sepharose (GE Healthcare), and detected by Western blotting. For detec-
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Necdin deficiency and hypoxia enhance neurosphere formation. 4, Necdin expression in primary NSCs. Expression of

necdin and actin in NSCs was analyzed by Western blotting using E14.5 mouse forebrain (FB) and primary neurons (Neuron) as
positive controls. B, C, Necdin protein levels in normoxic and hypoxic NSCs. Primary NSCs (6 d culture) prepared from wild-type
(WT) and Ndn-mutant mice (KO) were incubated for 3 d in 20% 0, (Normoxia) and 2% O, (Hypoxia). The cell lysates were analyzed
by Western blotting using antibodies to necdin and 3-tubulin (B). The necdin level was quantified by densitometry and normal-
ized to the B-tubulin level (C). UD, undetectable. D-F, Neurosphere formation assay. NSCs (6 d culture) were subjected to
neurosphere formation assay in normoxia or hypoxia for 5 d. Representative images of NSCs from WT and KO mice are shown (D).
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tion of endogenous complex of necdin and HIF-
2a, nuclear lysates (1 mg) of E14.5 mouse
forebrain were incubated with guinea pig anti-
necdin antibody (GN1; 1:100; Kuwako et al.,
2005), pelleted with Dynabeads Protein A (Invit-
rogen), separated by 7.5% SDS-PAGE, and de-
tected by Western blotting with antibodies
against HIF-2a, PCNA (PC10; Santa Cruz Bio-
technology; 1:500) and necdin (NC243; 1:3000).

In vitro binding assay. pMALC2 plasmids
carrying cDNAs for HIF-2a and its deletion
mutants were constructed for the MBP fusion
proteins. In vitro binding assay was performed
as described previously (Hasegawa and Yo-
shikawa, 2008). Briefly, MBP-HIF-2a fusion
proteins were affinity purified with amylose resin
(New England Biolabs). Purified MBP-HIF-2«
fusion protein (2 ug) bound to amylose resin was
incubated with purified His-tagged necdin (200
ng) at 4°C for 30 min in 0.5 ml of binding buffer
(20 mm Tris-HCI, pH 7.5, 200 mm NaCl, and 1
mm EDTA). The resin was washed with the bind-
ing buffer, and bound proteins were eluted
with 20 mm maltose. His-tagged necdin was
detected by Western blotting.

Ubiquitination assay. HEK293A cells were
transfected with expression vectors for Myc-
tagged proteins, necdin, and Flag-ubiquitin by
the calcium phosphate method and harvested
24 hlater following treatment with 10 um MG132
for 3 h before harvest. Flag-ubiquitin-conjugated
necdin was immunoprecipitated with anti-
necdin antibody (NC243; 1:100) and detected by
immunoblotting with anti-Flag monoclonal an-
tibody (M2; 1:500; Sigma-Aldrich). For detecting
endogenous necdin ubiquitination, NSCs were
infected with lentivirus vectors, incubated for 6 d,
and harvested. Ubiquitin-conjugated necdin was
immunoprecipitated with anti-necdin antibody
(NC243; 1:100), separated by 10% SDS-PAGE,
and detected by Western blotting with anti-
ubiquitin antibody (FK2).

Recombinant lentiviruses. Recombinant lenti-
viruses were produced by HEK293FT cells
transfected with viral DNA and two helper
plasmids as described previously (Miyoshi et
al., 1998; Fujiwara et al., 2012). cDNAs for
Flag-tagged HIF-2a PAS and ODD domains
were subcloned into pENTRIA entry vector
(Invitrogen) to construct the destination vector
CSII-CMV-RfA-PAS-IRES2-DsRed-Express2,
in which DsRed-Express2 (Clontech) was in-
serted as an expression indicator. For viral infec-
tion, lentiviral particles (multiplicity of infection,

<«

Scale bar, 200 pem. The total number of neurospheres (>20
min diameter; E) and the numbers of three groups (20 - 40,
40-60, >60 m in diameter; F) were presented. G, Expres-
sion of necdin and Sox2 in (D133 * NSCs. Dispersed forebrain
cells (FC) were purified using anti-CD133 antibody-coupled
microbeads, and unbound (CD133 ~) and bound (CD133 *)
cells were cultured for 6 d to obtain NSCs. Protein levels were
analyzed by Wester blotting. H, Neurosphere assay. (D133
NSCs were subjected to neurosphere assay in normoxia or hyp-
oxia for 5 d. The numbers of three groups (20 —40, 40— 60,
>60 wm in diameter) were presented. C, E, F, H, mean *
SEM (n = 3).%p < 0.05.
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Figure 3.  Necdin-deficient NSCs show high rates of proliferation and apoptosis. A, BrdU

incorporation assay. Primary NSCs prepared from WT and KO mice were incubated in normoxia
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30) were added to the dissociated GE cell suspension or isolated CD133 *
NSCs, which were subsequently incubated for 6 d.

Statistical analysis. Statistical significance was tested using an unpaired
Student’s ¢ test or one-way ANOVA followed by Tukey’s post hoc test. A
significance of p < 0.05 was required for rejection of the null hypothesis.

Results

Necdin is expressed in primary NSCs

We first examined the expression patterns of necdin and DIx2, a
homeodomain protein required for GABAergic interneuron dif-
ferentiation, in the GEs of E14.5 mouse by immunohistochemis-
try (Fig. 1A). Necdin was strongly expressed in the septum and
cortical marginal zone, whereas the necdin immunoreactivity
was very weak in the GE and neocortical ventricular zone, where
most of NSCs are located. Double-immunostaining analysis re-
vealed that the GEs contained strongly DIx2-immunoreactive
cells. These expression patterns of necdin and DIx2 in mouse
forebrain are consistent with the previous observations (Kuwa-
jima et al., 2006).

We then examined the expression pattern of necdin in NSCs
prepared from the GEs in E14.5 mouse forebrain. Primary NSCs,
which were prepared by culturing the GE cells in the presence of
growth factors for 6 d, were immunopositive for both necdin and
nestin, a neural stem cell marker, and most of the necdin-
immunopositive cells overlapped with nestin-immunopositive
cells (Fig. 1 B). NSCs expressing both DIx2 and nestin were also
observed (Fig. 1C). To characterize the necdin-expressing NSCs,
primary neurospheres were dispersed and double-stained for
necdin and nestin, Sox2 (another NSC marker), or DIx2 (Fig.
1 D). Necdin was expressed in almost all primary NSCs, whereas
fewer cells were immunopositive for nestin, Sox2, and DIx2 than
were immunopositive for necdin (necdin, 97 = 1%; nestin, 86 =
2%; Sox2, 91 = 2%; DIx2, 67 £ 1%; 150 cells analyzed; mean *+
SEM; n = 3). In most of the NSCs, the necdin immunoreactivity
in the cytoplasm was stronger than that in the nucleus. The pop-
ulation of necdin */Sox2 * cells was the largest among those of
double-positive populations (necdin ¥/Sox2 ¥, 94 = 3%; nec-
din "/nestin *, 88 * 2%; necdin /DIx2 ¥, 68 = 1%; 150 cells
analyzed; n = 3). Upon withdrawal of the growth factors from the
culture medium, most of the GE-derived NSCs differentiated
into neurons and astrocytes as judged by the expression of BIII-
tubulin and GFAP, respectively (Fig. 1E), indicating that these
NSCs are multipotent. These results suggest that necdin is ex-
pressed in embryonic NSCs capable of differentiating into neu-
ronal and glial lineages.

Necdin deficiency and hypoxia enhance

neurosphere formation

We then examined whether the necdin protein level was changed
in NSCs cultured in hypoxic conditions. Western blot analysis

<«

or hypoxia for 24 h, labeled with BrdU for 4 h, and stained for BrdU and chromosomal DNA.
BrdU-positive cells (>150 cells analyzed; n = 3) were counted. B, Apoptosis assay. Primary
NSCs were incubated in normoxia or hypoxia for 5 d, and subjected to TUNEL assay. TUNEL-
positive cells (>300 cells analyzed; n = 3) were counted. 4, B, mean = SEM (n = 3). *p <
0.05; **p < 0.01. €, EdU incorporation assay. Pregnant mice were injected intraperitoneally
with EdU at gestational day 14.5, and embryonic forebrain tissues were prepared 2 h later.
Incorporated EdU in the forebrain section was observed by fluorescence microscopy. Fluores-
cence intensity of 12-bit digital monochrome images (MCl) inside the solid line (1.1 X 10°
um?) was quantified by fluorescence microphotometry. D, Apoptosis assay. Apoptotic cells in
forebrain sections of E14.5 mouse were detected by TUNEL. Arrowheads point to representative
TUNEL ™ cells. TUNEL ™ cells inside the square area (4.8 > 10* m2) shown in chromosomal
DNA images (DNA) were counted. Quantitative data (C, D) are in Results. LV, lateral ventricle.
Scale bars: €, 100 m; D, 200 em (top), 50 um (bottom).
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revealed that a ~42 kDa necdin protein was detected in the NSCs
(Fig. 2A). Primary NSCs, which were cultured for 6 d at atmo-
spheric 20% O,, were incubated for another 3 d at 2% (hypoxia)
and 20% O, (normoxia). The necdin protein level in hypoxic
NSCs was significantly reduced to 42% of those in normoxic
NSCs (Fig. 2B,C). On the other hand, the necdin protein was
undetected in NSCs prepared from paternal Ndn-mutant mice.
We then compared the expansion rates of wild-type NSCs cul-
tured under different O, conditions by neurosphere assay. The
total neurosphere number of necdin-deficient NSCs was signifi-
cantly larger than that of wild-type NSCs in normoxia, whereas
no significant difference in the total cell number was noted be-
tween wild-type and necdin-null NSCs in hypoxia (Fig. 2D, E),
suggesting that endogenous necdin suppresses NSC proliferation
only in normoxia. Analysis of neurosphere size distribution re-
vealed that necdin-deficient NSCs had four times the frequency
of large neurospheres (>60 um in diameter) compared with
wild-type NSCs. In contrast, no significant difference in each size
group was noted between necdin-null and wild-type NSCs in
hypoxia (Fig. 2 F).

To ascertain whether endogenous necdin modulates prolifer-
ation of NSCs, we purified NSCs using anti-CD133 antibody-
coupled microbeads, cultured for 6 d, and subjected to the
neurosphere assay. CD133 © NSCs showed a much higher neu-
rosphere formation efficiency than CD133~ NSCs (CDI133 ™
NSCs, 3 = 0; CD133" NSCs, 17 = 2; p < 0.01), which is in
agreement with the previous findings that CNS-derived CD133 "
cells show characteristics of neural stem cells (Uchida et al., 2000;
Pfenninger et al., 2007). Necdin and Sox2 were strongly expressed
in both CD133 * NSCs and CD133 ~ NSCs (Fig. 2G). Analysis of
neurosphere size distribution revealed a significant increase in
neurosphere formation was seen only in large neurospheres (>60
wm in diameter) of necdin-deficient CD133 © NSCs under nor-
moxic conditions (Fig. 2 H). These results suggest that hypoxia-
induced reduction of endogenous necdin protein level facilitates
the proliferation of NSCs.

Necdin-deficient NSCs show high proliferation and

apoptosis rates

Necdin-deficient NSCs had more BrdU-positive cells when cul-
tured under normoxic conditions, whereas there was no signifi-
cant difference between wild-type and necdin-deficient NSCs
cultured under hypoxic conditions (Fig. 3A). This indicates that
both hypoxia and necdin deficiency enhance the proliferation
rates of NSCs. On the other hand, the number of TUNEL-
positive apoptotic cells was also increased in necdin-deficient
NSCs in normoxia (Fig. 3B). Hypoxia markedly decreased the
numbers of apoptotic cells in both wild-type and necdin-
deficient NSCs. There was no significant difference in apopto-
tic cell population between wild-type and necdin-deficient
NSCs in hypoxia. These results suggest that hypoxia-induced
reduction of endogenous necdin protein level facilitates the
proliferation of NSCs.

To examine whether proliferation and apoptosis rates are also
increased in the GE in vivo, we performed the proliferation assay
using EdU, a thymidine analog incorporated into nuclear DNA of
proliferative cells. The EdU incorporation was increased in the
proliferative zones of the GE and cerebral cortex at E14.5 (Fig.
3C). Quantification using fluorescence microphotometry re-
vealed a significant increase of EQU incorporation in the GE pro-
liferative zone of necdin-deficient mice (relative fluorescence
density: wild-type, 1.0 = 0.0; necdin-deficient, 1.3 = 0.1; p <
0.025, 7 = 3). The number of TUNEL-positive cells in the GE was
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Figure4. Expression of HIF-1acand HIF-2cvin NSCs. A, HIF-1ccand HIF-2ce mRNA levels

in NSCs. Primary NSCs (6 d culture) were incubated in 20% 0, (Normoxia) or 2% 0,
(Hypoxia) for 3 d. HIF-Tcc and HIF-2c mRNA levels were analyzed by quantitative RT-PCR.
Values were normalized with B-actin mRNA level and corrected with PCR efficiencies. B,
Expression of HIF-1«, HIF-2cx, and necdin proteins. Primary NSCs (6 d culture) prepared
from wild-type (WT) and necdin-null mice (KO) were incubated in normoxia (N) or hypoxia
(H) for 3 d. Protein levels were analyzed by Western blotting. CT (control), hypoxic
HEK293A cell lysate. C, Expression of Vegf, Glut1, Cyclin D1 (CycD1), and Cdc2 mRNAs.
Primary NSCs (6 d culture) were incubated in normoxia or hypoxia for 3 d. Expression of
each mRNA was analyzed by quantitative RT-PCR. 4, C, mean == SEM (n = 3).*p < 0.05;
*p < 0.01.
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Expression of erythropoietin, another HIF-
regulated gene, was very weak compared
with the expression levels of above genes,
but was significantly increased in hypoxia
(values relative to actin mRNA level:
0.0057 = 0.0006 in normoxia; 0.0101 *
0.0005 in hypoxia, p < 0.05). Expression
of Cdc2, a gene downregulated by necdin
(Kurita et al., 2006), in hypoxic NSCs was
3.2 times the normoxic level. These data
suggest that the HIF-2a protein is stabi-
lized and activates its downstream genes
in hypoxic NSCs.

Figure 5.

Necdin interacts with HIF-2« via the

PAS domain

To examine the association between necdin and HIF-2«, we per-
formed the coimmunoprecipitation assay using transfected
HEK293A cells. We first examined the interactions between HIF-2«
and necdin using p53 as a positive control. Necdin was coprecipi-
tated with HIF-2«, which was conversely coprecipitated with necdin
(Fig. 5A). HIF-2a bound to necdin via the MAGE homology do-
main (amino acids 101-300), whereas the N-terminal domain
(amino acids 1-100), whose sequence is unique to necdin, failed to
bind to HIF-2« (Fig. 5B).

To locate the necdin-interacting domain of HIF-2q, deletion
mutants, including the Myc-tagged PAS domain, ODD, TAD,
and full-length HIF-2c, were coexpressed with necdin in
HEK293A cells for coimmunoprecipitation assay (Fig. 5C). The

Necdin interacts with HIF-2¢c via the PAS domain. A, Interaction between necdin and HIF-2cx. HEK293A cells were
transfected with expression vectors for necdin, Myc-tagged HIF-2c« (Myc-HIF-2cx), and Myc-tagged p53 (Myc-p53, positive con-
trol), and lysates were immunoprecipitated (IP) andimmunoblotted (IB) with anti-Myc (Myc) and anti-necdin (Necdin) antibodies.
B, HIF-2x-binding domains of necdin. Expression vectors for Flag-tagged necdin full-length 1-325 (Flag-FL), N-terminal domain
1-100 (Flag-NT), and MAGE homology domain 101-300 (Flag-MHD) were cotransfected with HIF-2c: cDNA into HEK293A cells,
and cell lysates were immunoprecipitated and immunoblotted with anti-Myc (Myc) and anti-Flag (Flag) antibodies. €, Necdin-
binding domains of HIF-2cx. Combinations of expression vectors for necdin, Myc-tagged HIF-2cc PAS domain (Myc-PAS), transac-
tivation domain (Myc-TAD), oxygen-dependent degradation domain (Myc-0DD), and full-length (Myc-FL) were transfected into
HEK293A cells, and cell lysates were immunoprecipitated and immunoblotted with anti-necdin and anti-Myc antibodies. D, In vitro
binding assay. Bacterially synthesized MBP-HIF-2c: domains immobilized on amylose resin were incubated with His-tagged
necdin (His-necdin). Bound His-necdin was detected with anti-necdin antibody (top). Recombinant proteins were stained with
Coomassie Brilliant Blue (bottom). Input, 10% His-necdin. E, Coimmunoprecipitation assay for endogenous complex containing
necdin and HIF-2cx. Forebrain nuclear lysates (Lysate; 1 mg) from E14.5 wild-type (WT) and necdin-deficient (KO) mice were
immunoprecipitated with GN1 antibody (cNecdin IgG) and detected with antibodies against HIF-2cx, PCNA, and necdin.

HIF-2a PAS domain and full-length HIF-2a were coimmuno-
precipitated with necdin, whereas neither ODD nor TAD bound
to necdin. We then examined the direct interaction between nec-
din and HIF-2a PAS using MBP-fused HIF-2a domains (ex-
pressed in bacteria) and His-tagged necdin (expressed in insect
cells; Fig. 5D). Necdin bound substantially to HIF-2a PAS do-
main and weakly to the HIF-2ae ODD domain. We failed to pre-
pare an intact TAD fragment in the bacterial expression system.
These data indicate that necdin interacts directly with HIF-2«
PAS domain.

To examine whether an endogenous complex containing nec-
din and HIF-2« is present under physiological conditions, coim-
munoprecipitation assay was performed using nuclear extracts of
E14.5 mouse forebrain. HIF-2a was coimmunoprecipitated
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Figure 6.

Necdin, HIF-2c, and 3-tubulin levels were analyzed by Western blotting.

with necdin, whereas PCNA, a negative control, failed to be
coprecipitated with necdin. These data suggest that endoge-
nous necdin forms a stable complex with HIF-2« in the mouse
forebrain (Fig. 5E).

HIF-2a promotes necdin degradation via the

proteasome pathway

To examine whether HIF-2a promotes necdin degradation, we
transfected necdin and HIF-2ae cDNAs into HEK293A cells and
analyzed the necdin protein levels (Fig. 6 A). HIF-2« reduced the
necdin protein level in a dose-dependent manner (Fig. 6 A, lanes
2—4). Using the proteasome inhibitor MG132, we also examined
whether HIF-2a-dependent decrease in the necdin protein oc-
curs by the proteasome degradation pathway (Fig. 6 B). HIF-2«
markedly decreased the necdin level (Fig. 6 B, lane 4), whereas
MG132 increased the levels of both necdin and HIF-2« (Fig. 6 B,
lane 2). These data suggest that HIF-2« targets necdin for protea-
somal degradation.

We then analyzed endogenous levels of necdin and HIF-2« in
hypoxic NSCs (Fig. 6C). When primary NSCs were incubated in
hypoxia for 24, 48, and 72 h, the necdin protein level was mark-
edly reduced at 72 h, when HIF-2 was clearly detectable (Fig. 6C,
lane 4). The necdin protein level in hypoxic NSCs was increased
when cultured in the presence of MG132 (Fig. 6 D, lanes 3 and 4).
The necdin level in normoxic NSCs was also increased by MG132
(Fig. 6 D, lanes 1 and 2). These data suggest that necdin is targeted
for proteasomal degradation in primary NSCs, and that necdin
undergoes proteasomal degradation even in normoxia.

Necdin is degraded via the proteasome pathway. A, HIF-2c-dependent necdin degradation. Expression vectors for
necdin (0.5 wg) and Myc-tagged HIF-2cc cDNA (Myc-HIF-2cx; amounts in micrograms) were transfected into HEK293A cells.
Necdin, HIF-2c, and B-tubulin levels were analyzed by Western blotting. B, Proteasome-mediated degradation of necdin.
HEK293A cells transfected with expression vectors for necdin and Myc-HIF-2« were harvested 24 h later following MG132 treat-
ment for 3 h before harvest. Necdin, Myc, and 3-tubulin were analyzed by Western blotting. DMSO, vehicle control. C, Time-
dependent necdin degradation. NSCs were prepared and incubated for 24, 48, and 72 h in 2% 0, (Hypoxia) or for 72 hin 20% 0,
(CT). Necdin, HIF-2cx, and B-tubulin levels were analyzed by Western blotting. D, Effects of proteasome inhibition. Primary NSCs
(6 d culture) were incubated in normoxia or hypoxia for 72 h, treated with () or without (—) MG132 for 24 h before harvest.

length HIF-2c.

To examine whether the PAS domain
promotes necdin ubiquitination in pri-
mary NSCs, we ectopically expressed the
PAS domain in NSCs using lentivirus vec-
tors (Fig. 7C). Polyubiquitinated necdin
bands were detected even in PAS (—) con-
trol, suggesting that endogenous necdin is
ubiquitinated in normoxic NSCs. When
the PAS-expressing lentivirus was in-
fected into primary NSCs, polyubiquiti-
nated necdin bands at larger molecular
sizes (>100 kDa) were enhanced.

3 4

The PAS domain promotes both necdin degradation and
NSC proliferation
Because the PAS domain is resistant to oxygen-dependent degra-
dation in normoxic conditions, we examined whether lentivirus-
mediated expression of the PAS domain in normoxic NSCs
induces changes similar to those seen in hypoxic NSCs (Fig. 8 A).
More than 90% of NSC spheres were infected with lentivirus
vectors. The necdin protein level in PAS-expressing NSCs was
significantly decreased to 58 and 54% of those in empty (DsRed)
and ODD-expressing NSCs, respectively, in normoxic condi-
tions, whereas the Cdc2 level in PAS-expressing NSCs was 1.6 and
1.4 times those in NSCs expressing DsRed and ODD, respectively
(Fig. 8 B,C). We then examined whether the PAS domain per se
modulates neurosphere formation of CD133* NSCs in nor-
moxic conditions (Fig. 8 D). The total neurosphere number of
PAS-expressing NSCs was increased to 1.5 and 1.4 times those of
NSCs expressing DsRed only and ODD, respectively (Fig. 8 D).
The numbers of small (20—40 um in diameter) and large (>60
wm in diameter) neurospheres in the PAS-expressing NSCs were
significantly larger than those in ODD-expressing NSCs (Fig.
8E). These data suggest that ectopic expression of the PAS do-
main mimics the HIF-2a-induced changes seen in hypoxic NSCs,
such as ubiquitin-mediated degradation of necdin and enhanced
NSC proliferation, even in normoxic conditions.

To examine the effects of HIF-2a downregulation on the nec-
din protein level and proliferation rate of NSCs, NSCs were
treated with a small-molecule HIF-2« translation inhibitor,
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Figure 7.  The HIF-2cx PAS domain promotes necdin ubiquitination. A, HIF-2c-enhanced necdin ubiquitination. HEK293A cells transfected with expression vectors for Flag-tagged ubiquitin

(Flag-ubiquitin), Myc-tagged HIF-2cx (Myc-HIF-2cx), and necdin were harvested 24 h later following MG132 treatment for 3 h before harvest. Cell lysates were immunoprecipitated with anti-necdin
antibody and immunoblotted with anti-Flag antibody. B, PAS domain-mediated necdin ubiquitination. Cells transfected with expression vectors for Flag-ubiquitin, necdin, and Myc-HIF-2cx
domains (Fig. 5C for abbreviations) were treated and analyzed as above. €, PAS domain-mediated necdin ubiquitination in NSCs. NSCs were infected with Flag-tagged PAS-expressing lentivirus
(PAS) or empty vector (DsRed), and cultured for 6 d in normoxia. Cell lysates were immunoprecipitated with anti-necdin antibody and immunoblotted with anti-ubiquitin antibody.

which selectively reduces HIF-2«a translation by enhancing the
binding of Iron-Regulatory Protein 1 to the 5'-untranslated re-
gion of HIF-2a mRNA (Zimmer et al., 2008). This inhibitor,
which reduced the HIF-2« level and stabilized the necdin protein in
hypoxic NSCs (Fig. 8 F), significantly reduced the number of large
neurospheres (>60 wm in diameter) under hypoxic conditions (Fig.
8G). This suggests that downregulation of endogenous HIF-2«a
protein levels stabilizes the necdin protein and downregulates
the proliferation rate of NSCs under hypoxic conditions.

Discussion
A considerable amount of the necdin protein was detected in
NSCs when cultured in normoxia. Under these conditions, wild-
type NSCs exhibited a lower expansion rate than necdin-deficient
NSCs, suggesting that endogenous necdin suppresses NSC pro-
liferation. Under hypoxic conditions, the expansion rate of
necdin-deficient NSCs did not differ significantly from that of
wild-type NSCs, in which the necdin protein level was markedly
reduced. These findings implicate that hypoxia accelerates NSC
proliferation, at least in part, through degradation of endogenous
necdin. Because NSCs in developing brain reside in hypoxic en-
vironments (Mutoh et al., 2012), the necdin level in NSCs may be
kept low in vivo. This suggests little or no difference in the prolif-
eration rate between necdin-deficient NSCs and wild-type NSCs
in vivo under physiological conditions. However, we found that
EdU incorporation was significantly increased in the GE prolif-
erative zone in vivo of necdin-deficient mice. These results sug-
gest that degradation of the necdin protein in NSCs in vivo
through the oxygen tension-dependent system is incomplete
compared with necdin-null conditions. We assume that other
complementary mechanisms that modulate the function of nec-
din are operative in NSCs.

Expansion of NSCs is attributed to increased proliferation,
reduced apoptosis, or both. The present study has shown that the

hypoxia-promoted expansion of wild-type NSCs is attributed to
both increased proliferation and reduced apoptosis as judged by
BrdU incorporation assay and TUNEL method, respectively (Fig.
3). Because hypoxia induces a marked reduction of apoptosis, it is
suggested that reduced apoptosis of hypoxic NSCs makes a major
contribution to their expansion. On the other hand, increased
proliferation of necdin-deficient NSCs in normoxia is attributed
to increased proliferation, but not to reduced apoptosis. On the
contrary, necdin-deficient NSCs in normoxia showed a signifi-
cant increase in apoptosis, indicating that necdin has also an
antiapoptotic effect on GE NSCs. Thus, necdin has a dual func-
tion that suppresses proliferation and apoptosis of NSCs. In
necdin-deficient NSCs, the increased rate of proliferation in nor-
moxia can exceed the increased rate of concurrent apoptosis,
resulting in the expansion of NSCs as represented by the in-
creased number of large (>60 wm in diameter) neurospheres. If
necdin had no antiapoptotic effect, expansion of necdin-deficient
NSCs would be further augmented in normoxia. These findings
suggest that necdin has a strong antimitotic activity in embryonic
NSCs.

We found necdin-deficient mice, compared with wild-type
mice, show higher rates of proliferation and apoptosis in the GE
in vivo (Fig. 3C,D). We have previously reported that GE-derived
GABAergic neurons exhibit abnormal differentiation in vivo in
necdin-deficient mice at E14.5 (Kuwajima et al., 2006). Tangen-
tial migration of DIx2-positive interneurons is also impaired in
the forebrain of necdin-deficient mice at E14.5, and the number
of cortical GABAergic interneurons is reduced at postnatal stages
(Kuwajima etal., 2010). These mutant mice are highly susceptible
to pentylenetetrazole-induced seizures. These findings suggest
that hyperproliferation and increased apoptosis of NSCs at early
stages of neurogenesis in the GE may lead to the abnormalities of
GABAergic interneurons at later stages. Thus, endogenous nec-
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din in GE NSCs may play an important role in normal develop-
ment of GABAergic interneurons by suppressing both premature
mitosis and apoptosis at early stages of neurogenesis.

Although >25 MAGE family genes have been identified in pla-
cental mammals, such as mouse and human (Barker and Salehi,
2002), nonmammalian species have only one MAGE gene (Lopez-
Sénchez et al., 2007). We have previously reported that Drosophila
MAGE, a necdin-homologous MAGE protein, is expressed in neural
stem cells (neuroblasts) and their progeny (ganglion mother cells
and postmitotic neurons) during postembryonic neurogenesis
(Nishimura et al., 2007). When Drosophila MAGE expression in
developing mushroom bodies is downregulated by RNAi-mediated
silencing, the population of ganglion mother cells in larval mush-
room bodies is significantly increased (Nishimura et al., 2008). In
these MAGE-knockdown flies, apoptosis in the neuronal progeny is

40-60
Neurosphere size (um)

The HIF-2cx PAS domain downregulates endogenous necdin level and facilitates NSC proliferation. 4, Lentivirus-
infected NSCs. NSCs were infected with lentiviruses expressing DsRed (DsRed, empty vector), Flag-tagged HIF-2cx PAS domain
(PAS), and Flag-tagged ODD (ODD), and cultured for 6 d. Images of phase-contrast (PC) and fluorescence (FL) of lentivirus-infected
NSCs are shown. Scale bar, 100 wm. B, €, Expression of necdin and Cdc2 proteins. Lysates of infected NSCs were analyzed by
Western blotting using antibodies to necdin, (dc2, Flag, and 3-tubulin (B). Asterisks indicate nonspecific bands. The protein levels
were quantified and normalized to B-tubulin (C). D, E, Neurosphere assay. Lentivirus-infected (D133 * NSCs were subjected to
neurosphere assay in normoxia. The total number of neurospheres (20 wm in diameter; D) and the numbers of three groups
(20-40,40-60, >60 m in diameter) were counted (E). F, G, Effects of HIF-2cx translation inhibitor. Primary NSCs were treated
with HIF-2cx translation inhibitor (HTI) at 0, 5, and 10 wm for another 3 d in hypoxia (H). Control NSCs were cultured for 9 d in
normoxia (N). HIF-2c« and necdin were analyzed by Western blotting. G, Neurosphere assay. Primary NSCs were subjected to
neurosphere assay in the presence of the translation inhibitor. The numbers of three groups were counted. (—E, G, mean == SEM

>60 cell population of the neural tube dur-
ing development, and morpholino-
mediated knockdown of HIF-2a causes
abnormal CNS development (Ko et al,,
2011). Because necdin-homologous
MAGE is expressed in developing ze-
brafish CNS (Bischof et al., 2003),
the present findings may help explain the
molecular mechanisms underlying the con-
trol of proliferation and differentiation of
vertebrate NSCs through the interplay be-
tween HIF-2« and necdin or nonmam-
malian MAGE.

In hypoxic NSCs, expression levels of
the HIF-regulated genes Vegf, Glutl, Cy-
clin D1, and erythropoietin were significantly increased, indicat-
ing that HIF-induced transcription is activated in hypoxia. It has
previously been reported that expression of Vegf, erythropoietin,
and Cyclin D1 is upregulated in NSCs under hypoxic conditions
(Studer et al., 2000; Chen et al., 2010). The enhanced proliferation
of NSCs is also supported by the increased expression of Cdc2 and
Cyclin D1, both of which promote the cell cycle. It is noteworthy that
Cdc2 expression is strictly downregulated by necdin in cerebellar
granule neurons (Kurita et al., 2006). It has previously been
shown that hypoxia-induced reduction of apoptosis contrib-
utes primarily to the enhanced expansion of hypoxic NSCs
(Clarke and van der Kooy, 2009). Because Vegf significantly
promotes the survival of embryonic neural stem cells (Wada et

al., 2006), it is possible that the increased Vegf expression in
hypoxic NSCs leads to the reduction of apoptosis.
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Although there is a large amount of information about the
molecular mechanisms underlying ubiquitin-dependent degra-
dation of HIFs (Greer et al., 2012), little is known about the
involvement of HIFs in the ubiquitin-dependent degradation of
their target proteins. It has recently been reported that HIF-1a
negatively controls regulatory T cell development by binding
Foxp3 and targeting it for proteasomal degradation (Dang et al.,
2011). Similarly, as shown presently, HIF-2« enhances the ubig-
uitination of necdin and induces its proteasomal degradation.
Notably, necdin interacts preferentially with the PAS domain of
HIF-2c.. The PAS domains are present in many proteins and
serve as important signaling modules that mediate the protein—
protein interactions in response to various external and internal
stimuli (Taylor and Zhulin, 1999). We are currently investigating
whether the HIF-2a PAS domain serves as a platform that pro-
motes necdin ubiquitination by recruiting a protein or a multi-
protein complex possessing E3 ubiquitin ligase activity.

Necdin is expressed in stem cells or progenitors residing in
non-neuronal tissues (Brunelli et al., 2004; Tseng et al., 2005;
Deponti et al., 2007; Kubota et al., 2009; Liu et al., 2009; Fujiwara
et al., 2012). Necdin is located in the nucleus of adipose tissue-
derived mesenchymal stem cells in an undifferentiated state, and
adipogenic stimuli downregulate the nuclear necdin level before
the proliferation of committed adipocyte progenitors (Fujiwara
et al,, 2012), suggesting that nuclear necdin is degraded by pro-
teolysis in response to adipogenic stimuli. Cell cycle-related pro-
teins are often degraded in a stage-dependent manner by the
ubiquitin-proteasome system. Similarly, the nuclear necdin level
in NSCs s controlled in an oxygen tension-dependent manner by
the ubiquitin-proteasome system. We have also found that nec-
din is expressed in NSCs residing in the ventricular/subventricu-
lar zone of the neocortex during embryonic development, and
that both proliferation and apoptosis of these NSCs are increased
in vivo in necdin-null mice (R. Minamide and K. Yoshikawa,
unpublished observations). We assume that nuclear necdin level
is strictly regulated in NSCs that occupy microenvironments
containing different oxygen levels in the embryonic brain. Fur-
ther studies on the post-translational modifications of the necdin
protein will provide valuable insight into the physiological con-
trols of the proliferation of NSCs during neurogenesis.
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