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( & % ] Regulatory mechanisms of neural stem cell proliferation
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Oxygen levels are crucial for almost all organisms, but in the organs and tissues of
animals, especially in the brain the oxygen levels are low under physiological conditions.
Stem cells reside in complex microenvironments, termed niches, and many factors such as
extracellular matrix proteins, temperature, and oxygen levels can influence the fate of stem
crells.

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. HIFs regulate the expression of at least 180 genes
involved in energy metabolism, cell survival, erythropoiesis, and vascular remodeling by
binding to hypoxia response elements (HREs) in these genes. Under hypoxic conditions,
nonhydroxylated HIF-a protein escapes proteasomal degradation, accumulates within the
nucleus, and dimerizes with the HIF-f subunit forming the active HIF complex, and further
cause HIF protein accumulates. Necdin, a MAGE (melanoma antigen) family protein, is
expressed abundantly in postmitotic neurons and possesses potent anti-mitotic and
anti-apoptotic activities. Ectopic expression of necdin strongly suppresses the proliferation of
several cell lines. Several lines of evidence indicate that necdin is expressed in multipotent
stem cells or committed prdgenitors of mesodermal/mesenchymal origin.

We here report that hypoxia induces degradation of the necdin protein in primary NSCs
by HIF-mediated ubiquitin-proteasome system. Necdin was expressed in the ganglionic
eminence (GE) where most of the neural stem cells reside. Necdin was also expressed in
primary NSCs and cultured neurospheres prepared from the GE of mouse embryos.
According to the neurosphere assay, hypoxia enhanced neurosphere formation of NSCS, in
which the necdin protein level was significantly reduced. To ascertain whether endogenous
necdin modulates proliferation of NSCs, wild type and necdin-deficient NSC were prepared.
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. Compare to the HIF-1a, the protein and mRNA levels of HIF-2a was
significantly higher, suggesting that HIF-2a. was predominantly expressed in hypoxic NSCs.
Evidences also showed that the expression of HIF-responsive genes was upregulated, such as
vascular endothelial growth factor (Vegf), glucose transporter 1 (Glutl), Cyclin D1 and
erythropoietin. The expression of Cdc2, a gene downregulated by necdin, also increased in
hypoxic NSCs. According to the co—immunb- precipitation assay, HIF-2a interacted with
necdin via its PAS domain and necdin interacted with HIF-2c via its MAGE (melanoma
antigen) homology domain. By using the MGI&’)Z, a proteasome inhibitor, we showed that
necdin is targeted for proteasomal degradation in primary NSCs, and that necdin undergoes
proteasomal degradation even in normoxia. The interaction between HIF-2o. PAS domain and
necdin can also enhance necdin ubiquitination. Lentivirus-mediated expression of the PAS

domain in primary NSCs promoted necdin degradation and enhanced NSC proliferation in

normoxia, whereas the expression of Cdc2 also increased. A small-molecule inhibitor of

HIF-20. translation was
used to examine the

effects of HIF-2a

S . ...
[ [ a2
&

 Cytapiasm " Cytoplasm necdin protein level and

downregulation on the

i . _ . proliferation rate of NSCs.
Prollfiratlon Proltf;ratlon The inhibitor can reduced
the HIF-2a level and

()a ‘ stabilize  the necdin
protein in hypoxic NSCs,
which also reduce the NSC proliferation. These results snggest that okygen tension
regulates the necdin protein level in NSCs through HIF-2a-mediated proteasomal

degradation to modulate their proliferation (the figure is the schematic diagram).

[Publication] )
Zhenyu H, Fujiwara K, Minamide R, Hasegawa K, Yoshikawa K (2013) Necdin controls
proliferation and apoptosis of embryonic neural stem cells in an oxygen tension-dependent

manner. J Neurosci 33(25): 10362-10373



w7

BN EEOERODESREUVHYLF

E o2 (& g )
) B 4
T & % 12 =) bl
e T -
R L # 2 FE HEA
gl 7 # 12 FN BA
BUEEOKROES

HAEOMICE W THEKHREESH > HERERR., RAVHICEET SRR MEE L5
5, REMICB T HREMROET., IHONRE CELEINIHERMRCKLMABETLE
B, HREBMEOBMEIHEET. WLEICRBTIMBEZOSTHERIHALNICT I ETESE
ThHd, WLECBITIBFHoBRBMEOEEL., EBBRFRETTELITET S Z E8H
ENTWS, /-, EERFREOMBMA TR, BERF TH I EMEFHER T (hypoxia-inducible
factor, HINIK Lo T, 4 OEBBERIGICEET S BLTFORESHH IR IBHBIZEL T,
Bt OMERH D,

ARLIBOT, BESMECIHEBRRREE T CHRMBEMEMTIEEL b2 Necdin OFERELNF
LLETTBZ L, BEU, Necdin BEFTER- UV AOKRFHOHE L mERMKOERL,
EXBFRETCREZCNE T QI L, ERFRBRET CHEMALERBDORRNI LK
Abhicihhofk, ZOZLiIX, HERMERNICTFEST S Necdin DEREEPEBREIZ X o TH
BEs-sicky, HERRROBEERRHBPINTWAZ LEFWT 5, i, HRBEE T
HIF OB ¢ HIF-20 BEMICER L TEY, BBEFEFE T CEELMIL S & Necdin L HERZE
FTAHZEICLY, NecdinzZ 2 BE%F L TCFaT 7T/ —ATOSEEREETDHI L LALLM
fpofr, &b, LYy FUALNARIZI—IZEDBEETEAREZHN T, HERMKRTHIF-20
@ Necdin HAEBOLEHBIED L, EFBRRET TS Necdin O AR & RIE R
OFEIFEINL L E2EALE,

BEokdic, HHLEOBERMBOHMEEIEIZIT, BRRBREEKE L-ERESBESBET
BLEEHALMCLEARRITIL, BHROBEANHEEROBAICKEISEARTIODOEZZALN
5, LoT, K@mXidiE+L (%) OFMHRXE L THofiEH20LRED S,






