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Paired Related Homeobox Protein 1 is a Regulator of
Stemness in Adult Neural Stem/Progenitor Cells

Koji Shimozaki,' Gregory D. Clemenson Jr,> and Fred H. Gage?

'Division of Functional Genomics, Center for Frontier Life Science, Nagasaki University, Nagasaki 852-8102, Japan and 2Laboratory of Genetics, The Salk
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Newborn neurons are generated from neural stem cells (NSCs) in two major niches of the adult brain. Maintenance of self-renewal and
multipotency of adult NSCs is controlled by multiple transcription factor networks. We show here that paired related homeobox protein
Prx1 (MHox1/Prrx1) plays an important role in the maintenance of adult NSCs. Prx1 works with the transcription factor Sox2 as a
coactivator, and depletion of Prx1 in cultured adult mouse NSCs reduces their self-renewal. In addition, we find that Prx1 protein is
expressed in Sox2 */GFAP */Nestin " astrocytes in the germinal regions of the adult mouse forebrain. The continuous expression of Prx1
in proliferating adult mouse hippocampal stem/progenitor cells in vivo leads to the generation of radial/horizontal-shaped astrocyte
progenitor- and oligodendrocyte progenitor-like cells with no newborn neurons in the neurogenic niche. These data suggest that Prx1
plays an important role as a key switch for neural cell lineage determination and the maintenance of the self-renewal of adult NSCs at

several stages in the adult brain.

Introduction
Adult neurogenesis in the brain is an important process that con-
tinues throughout life. Self-renewing adult neural stem cells
(NSCs) drive neurogenesis in the subventricular zone (SVZ) of
the lateral ventricle and the subgranular zone (SGZ) of the hip-
pocampal dentate gyrus (DG) (Gage, 2000; Alvarez-Buylla and
Lim, 2004). NSCs in the SVZ are Sox2*/GFAP */Nestin "
astrocyte-like cells that produce progenitor cells that differentiate
into neuroblast cells and then mature interneurons in the olfac-
tory bulb (Doetsch etal., 1997, 1999). NSCs in the SGZ are radial/
horizontal shaped Sox2 "/GFAP */Nestin ™ astrocyte-like cells
that produce neuronal progenitor cells. These cells generate pro-
liferating migratory neuroblast cells that ultimately differentiate
into neurons (Kempermann et al., 2004; Steiner et al., 2006;
Lugert et al., 2010).

Sox2 is a transcription factor required for the maintenance of
NSCs in the CNS (Ferri et al., 2004; Suh et al., 2007). Sox2 is a
member of the SRY-related box gene family, which encodes tran-
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scription factors with a high-mobility group DNA-binding
(HMG) domain (Uchikawa et al., 1999), which binds partners
that cooperate in its transcriptional regulatory functions (Kondoh
and Kamachi, 2010). Each Sox2-partner pair targets specific regula-
tory genes that affect the differentiation of particular cell lineages
(Kondoh and Kamachi, 2010; Miyagi et al., 2009; Pevny and Nicolis,
2010), such as the Sox2-Oct3/4 pairing in embryonic stem cells
(Niwa, 2001) and the Sox2-Pax6 pairing in the primordium of the
visual system (Kamachi et al., 2001; Inoue et al., 2007). Identification
of new partners for Sox2 is, therefore, of great importance for eluci-
dating adult neurogenesis. Using a yeast two-hybrid screening sys-
tem, we identified paired type homeobox transcription factor 1, as a
novel Sox2-pair protein in adult NSCs.

Paired-type homeobox transcription factors have important
functions in the regulation of developmental morphogenetic
processes across species (Scott et al., 1989; Gehring et al., 1994).
There are two subclasses: paired-type homeodomain and paired
domain containing factors such as Pax family proteins and
paired-type homeodomain-only containing factors (Galliot et al.,
1999; Meijlink et al., 1999). Prx1 (also known as MHox, k2, Pmx,
and Prrx1) is in the latter category and contains a paired-type
DNA-binding homeodomain but lacks a second DNA-binding
domain present in other paired-related homeoproteins (Cserjesi
et al., 1992; Kern et al., 1992, 1994; Norris et al., 2000). Prx1 is
essential for development as mice with a disrupted Prx1 gene
show perinatal death with craniofacial and limb malformations
(Martin et al., 1995). Prx1 is expressed in a number of undiffer-
entiated mesenchymal cells in mouse embryos and adults
(Opstelten et al., 1991; Nohno et al., 1993; Kuratani et al., 1994;
Leussink et al., 1995); however, the role of Prx1 in adult NSCs is
currently unknown.

In this study, we show that Prx1 is expressed exclusively in
Sox2 */GFAP */Nestin " astrocytes in the adult SGZ and SVZ in
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mice. Additionally, we provide evidence that Prx1 and Sox2 as a
cofactor are important in the self-renewal of adult NSCs and
control the differentiation of hippocampal stem/progenitor cells
in the adult brain.

Materials and Methods

Yeast two-hybrid screening. For a bait plasmid, pGBK-Sox2HMG (rat
Sox2: 39-117 aa) was transformed into the AH109 yeast strain together
with a cDNA library (generated from adult neural stem/progenitor cells
from an adult mouse whole brain) fused to a Gal4 activation domain.
Library screening was performed using B-galactosidase (3-gal) reporters
following the matchmaker Two-Hybrid System Protocol (Clontech Lab-
oratories). Clones interacting with Sox2 were identified by growth on
selective medium in the presence of 25 mMm 3-aminotriazole and con-
firmed by assaying for 3-gal activity.

Immunoprecipitation. Western blot analysis was performed as de-
scribed previously (Shimozaki et al., 2012). Briefly, 293T cells transfected
with Myc-tagged Sox2 and/or Flag-tagged Prx1a transgenes were lysed by
sonication in NP-40 lysis buffer (0.5% Nonidet P-40, 10 mm Tris-HCI,
pH 7.4, 150 mMm NaCl, protease inhibitor mixture; Pierce). Lysates were
immunoprecipitated with the indicated antibodies and subjected to SDS-
PAGE, followed by Western blot analysis. Mouse anti-Flag (Sigma) or
anti-Myc (9E10; Millipore) antibodies were used and secondary antibod-
ies conjugated to horseradish peroxidase were obtained from GE Health-
care. Signals were detected with the ECL detection system (GE
Healthcare). To examine the interaction of endogenous Sox2 with Prx1,
adult mouse NSCs transfected with pEF-Flag (Mock) or pEF-Flag-Prx1
(Flag-Prx1) were harvested and lysed with a Nuclear Complex Co-IP Kit
(Active Motif). The nuclear extracts were immunoprecipitated with anti-
Flag antibody (Sigma) and subjected to Western blotting with rabbit
anti-Sox2 (Cell Signaling Technology) according to the manufacturer’s
instructions.

Adult neural stem/progenitor cell cultures and 5-bromodeoxyuridine
treatment. The stem/progenitor cells from the forebrains of adult fe-
male rats or mice were prepared as described previously (Ray and
Gage, 2006). Rat adult hippocampus stem/progenitor cells (AHPs)
were cultured in DMEM/F12 medium containing N2 supplement
plus FGF-2 (20 ng/ml) on poly-r-ornithine/laminin-coated dishes.
NSCs from mouse whole forebrains were cultured in DMEM/F12
medium with N2 supplement plus FGF-2 (20 ng/ml), EGF (20 ng/ml),
and heparin (5 ug/ml). For gene-depletion analysis, adult NSCs were
transfected by the Nucleofection system (Amaxa) with vectors that
express scramble sequence of short hairpin RNA (shRNA) or shRNA
for Prx1. Transfected cells were cultured and selected with puromycin
(Sigma-Aldrich) for gene expression analysis. For 5-bromodeoxy uri-
dine (BrdU) staining, mouse NSCs were transfected by the Nucleo-
fection system with a control vector and an shRNA for PrxI vector
that coexpresses EGFP for 48 h, and were then cultured with 10 um
BrdU for 1 h. The BrdU-treated cells were fixed with paraformalde-
hyde (PFA) and acid treated, followed by immunofluorescence anal-
ysis with a BrdU-specific antibody (Accurate). Non-acid-treated cells
were stained with an anti-phospho-Histone H3 (Ser10) antibody
(Cell Signaling Technology), and nuclei were stained with DAPI.

Immunohistochemistry. Tissue and cells were fixed with PFA and
processed for immunostaining as described previously (Lie et al.,
2005). Primary antibodies included rabbit anti-Prx1 (gift from M.
Kern, Medical University of South Carolina), rabbit anti-GFP (MBL),
chicken anti-GFP (Aves Labs), rabbit anti-Sox2 (Millipore Bioscience
Research Reagents), mouse anti-Sox2 (R&D Systems), mouse anti-
NeuN, rabbit anti-NG2 (Millipore Bioscience Research Reagents),
goat anti-DCX and goat anti-Nestin (Santa Cruz Biotechnology),
mouse anti-S100B (Sigma-Aldrich), mouse anti-BIII-tubulin
(Sigma), rabbit anti-active Caspase-3 (BD PharMingen), and guinea
pig anti-GFAP (Advanced ImmunChemical). Nuclei were stained
with 4',6-diamidino-2-phenylindole (DAPI) or TO-PRO-3 iodide
(Invitrogen). Secondary antibodies were obtained from the The Jack-
son Laboratory. Stained sections were visualized using a Zeiss
LSM510 confocal microscope system.
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Luciferase reporter assay. Luciferase assays were performed as described
previously (Shimozaki et al., 2012). Luciferase reporters with repeats of
the putative Prx1-binding consensus sequence, 5'-TAATTAA-3’, were
introduced into a vector with a tk minimal promoter driven by a firefly
luciferase construct. This construct was designated 6 X PBS-tk-luciferase.
Rat AHPs were transiently transfected with 6 XPBS-tk-luciferase along
with the expression vector for Sox2 (pEF-Sox2) or Prx1 (pEF-Prxla) and
pCMV-Rluc using LT-1 (Mirus). After 48 h, cells were lysed in passive
lysis buffer (Promega), and the luciferase activity was measured using the
dual luciferase reporter assay system (Promega). All reporter assays were
performed in triplicate, and the bars in the figures show the SDs.

Gene expression microarray analysis and quantitative real-time
RT-PCR. One-color microarray analysis for global gene expression was
performed using SurePrint G3 and GeneSpring GX (Agilent Technolo-
gies) by Hokkaido System Science, according to the manufacturer’s pro-
tocol. Quantitative real-time RT-PCR (qRT-PCR) was performed as
described previously (Shimozaki et al., 2012). Briefly, total RNAs were
extracted using the RNeasy kit (Qiagen) and reverse-transcribed using
ReverTra Ace-a- kit (TOYOBO). qRT-PCR was performed with an SYBR
green Q-PCR analysis kit (Takara). All samples were run in quadruplicate for
each experiment (Applied Biosystems), and values were normalized to those
for glyceraldehyde-3-phosphate dehydrogenase (Gapdh). The primers used
for QRT-PCR are as follows: PrxI: 5'-GAACTCTGAGGAGAAGAAGAA
GAG-3', 5'-GCAGTCACGTCTCCTGAGTAG-3', Fgfr2: 5'-ATAAGGTAC
GAAACCAGCACTG-3', 5'-GGTTGATGGACCCGTATTCATTC-3', Pten:
5'-AATTCCCAGTCAGAGGCGCTATGT-3', 5'-GATTGCAAGTTCC
GCCACTGAACA-3', Akt2: 5'-CCTTTGTCATACGCTGCCTG-3', 5'-
GATAGCCCGCATCCACTCTTC-3', Cdklc/p57: 5'-GCAGGACGAGA
ATCAAGAGCA-3', 5'-GCTTGGCGAAGAAGTCGTT-3', Rasl10b:
5'-GACAGCTTTGAGTACGTCAAGA-3’, 5'-TAGCCGCACTTCCAG
GTCT-3', Ascll: 5'-ACTTGAACTCTATGGCGGGTT-3', 5'-CCAGTT
GGTAAAGTCCAGCAG-3', Gfap: 5'-ATCGAGATCGCCACCTACAG-
3',5'-CTCACATCACCACGTCCTTG-3', S100B: 5'-GCTGACCACCAT
GCCCCTGTAG-3', 5'-CTGGCCATTCCCTCCTCTGTC-3', Nestin: 5'-
GAGCCATTGTGGTCTACGGAAG-3', 5'-TCCCCTAACTCATCTGC
CTCA-3', Blbp: 5'-GGAAGCTGACAGACAGCCAGA-3’, 5'-CGCCCA
GAGCCTTCATGTAC-3', Nr5a2: 5'-GGGGCAGAAATAAGTTTGGG
C-3', 5'-TTGGAGGCGGAATGAATGTTC-3', Musashi-1: 5'-TAGTTC
GAGGGACAGGCTCT-3', 5'-GTTGAGGGACAGGCAGTAGC-3', Gapdh:
5'-AGGTCGGTGTGAACGGATTTG-3', 5-TGTAGACCATGTAGTT
GAGGTCA-3'.

Retrovirus production, injections, and animals. Mouse Prxla cDNA
was subcloned into a Moloney murine leukemia retrovirus vector,
CAG-IRES-GFP (a gift from I. Verma, Salk Institute of Biological Stud-
ies). The transgene is driven by a CAG promoter containing the CMV
enhancer/chicken B-actin promoter, a large synthetic intron, and IRES-
GFP. We designed this construct as CAG-Prx1. The control viral vector
expressed IRES-GFP or mRFP1, which we designed as CAG-GFP or
CAG-RFP, respectively. Each retrovirus was produced as described pre-
viously (Zhao et al., 2006) and titers ranged between 2.5 and 5 X 107
cfu/ml. All mice used in this study were 8-week-old female C57BL/6 mice
(Harlan or Japan SLC). Animal procedures were performed in accor-
dance with protocols approved by the Institutional Animal Care Use
Committee of the Salk Institute for Biological Studies and the Animal
Care and Use Committee of Nagasaki University. Mice were stereot-
actically injected with 1 ul of CAG-GFP or CAG-Prx1 into the DG
(coordinates from bregma were —2 anteroposterior, = 1.5 mediolat-
eral and —2.3 dorsoventral from skull). For viral cocktails, CAG-RFP
and CAG-GFP or CAG-Prx1 was mixed in a 1:1 volume, and then 1.5
ul of this mixture was injected. Virus-labeled GFP- or mRFP1-
expressing cells were analyzed at 1 d, 4 d, 7 d, or 4 weeks postinjection
for the expression of NeuN, DCX, active Caspase-3, Sox2, NG2, Nes-
tin, or GFAP with immunohistochemistry throughout the rostrocau-
dal extent of the DG.

Statistical analysis. All data are reported as mean = SD and were ana-
lyzed by a two-tailed paired Student’s ¢ test. p values <0.01 were consid-
ered significant.
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Figure1.

Prx1is a novel binding partner for Sox2 and regulates the stemness of adult mouse NSCs. 4, Yeast two-hybrid binding assay between Sox2 and Prx1. Sox2-HMG (136 —352 aa) was fused

to the GAL4 DNA binding domain to be used as bait for full-length mouse PrxTa fused to the GAL4 activation domain. To evaluate binding, the transformants were cultured on selective medium plates
lacking tryptophan, leucine, and uracil, and with or without histidine. B, Prx1 and Sox2 interact in mammalian cells. Flag-tagged PrxTa and Myc-tagged Sox2 proteins were transiently coexpressed
in 293T cells, and equal amounts of the total extracts were immunoprecipitated with anti-Flag antibody. Total Myc-Sox2 expression (bottom) and coimmunoprecipitated Myc-Sox2 (top) was
detected by anti-Mycimmunoblotting. C, Interaction of endogenous Sox2 protein with Prx1. Flag-tagged PrxTa protein was transiently expressed in adult mouse NSCs. Equal amounts of nuclear
extracts were immunoprecipitated with anti-Flag antibody. Coimmunoprecipitated Sox2 was detected with anti-Sox2 antibody (top). The expression of Sox2 and Flag-Prx1a proteins in nuclear
extracts was determined by anti-Sox2 (middle) or anti-Flag (bottom) immunoblots. D, Prx1 protein (red) is detected with Sox2 (green; bottom, left) in the nucleus of cultured adult mouse NSCs that
express Nestin (green; top, left). Nuclei are visualized with DAPI. Scale bar, 20 m. E, The Prx1 reporter luciferase construct (6< PBS-tk-luc) was transfected with the pEF mock vector for control (—),
pEF-Prx1a (Prx1), or pEF-Sox2 (Sox2) into rat AHPs. Luciferase activity was measured and normalized with pCMV-RLuc. Assays were performed in triplicate and the error bars indicate the SD. Adult NSCs from mice
were transfected with a control vector, Prx7 shRNA. Cells were cultured for 2 d and then treated with BrdU for 1h. Cells were fixed with 4% paraformaldehyde and stained with anti-BrdU or anti-phospho-Histone

H3 (p-H3) and anti-GFP antibodies, and each positive cell was counted. The percentage of GFP and BrdU (F) or p-H3 (G) to GFP-positive cells is shown. *p << 0.01.

Results

Prx1 coactivates transcription with Sox2 and regulates self-
renewal of adult NSCs

The transcription factor Sox2 is an essential factor in maintaining
the stemness of adult NSCs (Ferri et al., 2004). Sox2 regulates
target genes through a variety of partner factors (Kondoh and
Kamachi, 2010). To identify these factors in adult NSCs, we
screened a cDNA library of adult NSCs prepared from mice, us-
ing a yeast-two-hybrid system. The HMG-box domain of Sox2
was used as bait because it is an essential region for forming
complexes with partner factors. We identified two positive
clones: one contained cDNA fragments of the paired-related ho-

meobox gene Prx1 and the other contained another paired-type
homeobox gene, Pax6, which is a known Sox2 partner (Kamachi
etal.,2001). The binding between the HMG-box domain of Sox2
and Prx1 was able to drive the Gal4/UAS-HIS3 system and permit
growth of yeast on histidine-deficient medium (Fig. 1A). We then
wanted to confirm the association between Sox2 and Prx1 in
mammalian cells. For this purpose, we performed a coimmuno-
precipitation analysis of Myc-tagged Sox2 and Flag-tagged Prxla
in 293T cells. When lysates expressing both Myc-Sox2 and Flag-
Prxla were immunoprecipitated with an anti-Flag antibody, a
significant amount of Myc-Sox2 protein was coprecipitated (Fig.
1B, lane 2). We also show that overexpressed Prx1 protein formed



Shimozaki et al. ® Involvement of Prx1 in Adult Neural Stem Cells

J. Neurosci., February 27, 2013 - 33(9):4066 — 4075 « 4069

Prx1 Fgfr2 Pten Akt2 p57 Rasl10b p value cutoff 0f 0.01, showed that the cat-

12 % 12 % 12 % 12 % 12 12 % egories of “cellular process” and “multi-

2 £l . ! B : I Ik cellular organismal process,” such as cell

g ! ! ! ! adhesion molecules and genes involved in

< 08 0.8 0.8 0.8 0.8 0.8 vasodilation system, were upregulated. In

z . «

E b6 . 6 - 68 - cc?ntrast,”the categories of “response to
0 stimulus” and “immune system process,

5 04 04 04 04 04 0.4 such as MHC class I protein complex and

s 02 02 02 02 02 peptide antigen binding group, were

downregulated (the analyzed DNA mi-

e N T T R N T croarray list is provided on request).

. Therefore, to elucidate the specific role of

Nestin Bibp Nr5a2 Prx1 signaling, we identified specific

B e T e PP e genes from the analyzed DNA microarray

Relative mRNA levels

Figure 2.

3 d. Transfected cells were selected with puromycin and analyzed by qRT-PCR. *p << 0.01.

a complex with endogenous Sox2 protein in adult mouse NSCs
(Fig. 1C, lane 2), suggesting that a molecular interaction between
these proteins can occur in adult NSCs. We then performed im-
munostaining analysis of Prx1 protein in cultured adult NSCs
from whole murine forebrain by confocal microscopy. As shown
in Figure 1D, Prx1 was expressed in the nuclei of all Nestin * adult
NSCs (top, left), and Prx1 was colocalized with Sox2 in the nuclei
of cultured adult NSCs (bottom, left). To more closely examine
the relationship between Sox2 and Prx1 in regulating transcrip-
tion in adult NSCs, we prepared luciferase reporter constructs
that contained a minimal tk promoter with multimerized Prx1
binding sites. As shown in Figure 1E, Prx1 alone did not affect the
transcriptional activity of this reporter in adult hippocampus stem/
progenitor cells (AHPs). However, when an equimolar ratio of Sox2
and Prx1 is expressed in AHPs, activation of this reporter was syner-
gistically enhanced compared with Sox2 alone. These results indicate
that Sox2 functions as a coactivator with Prx1 in regulating tran-
scriptional activity in AHPs.

To investigate how Prx1 may be related to the stemness of
adult NSCs, we constructed shRNA expression vectors that con-
tained GFP and the shRNA sequence of PrxI (Prx1-KD) or a
scrambled control (CTRL). Adult NSCs were transfected with
these shRNA vectors and we measured cell proliferation using
BrdU and phospho-Histone H3 (p-H3) labeling, which is a pro-
liferation marker of dividing cells. As shown in Figure 1, Fand G,
expression of PrxI shRNA significantly decreased both BrdU in-
corporation and p-H3 labeling compared with the control vector.
To understand the effects of Prx] knockdown, we profiled the
mRNA expression in adult NSCs with a DNA microarray. Adult
NSCs were transfected with Prx1-KD or CTRL and then selected
with puromycin. mRNA was extracted after 72 h and analyzed by
a gene expression microarray system. Under Prxl knockdown
conditions the majority of the 24,162 analyzed genes showed little
differences from control conditions. However, the gene ontology
analysis of the DNA microarray data by PrxI knockdown, using a

Prx1-dependent expression of selected key stemness genes for NSCs in control or Prx7-depleted adult mouse NSCs.
Adult mouse NSCs were transfected with vectors for scrambled control ShRNA (CTRL; C) or Prx7 shRNA (Prx1-KD; P) and cultured for

that were related to NSC regulation. To
validate the gene expression changes be-
tween control and PrxI knockdown, we
performed qRT-PCR on several candidate
genes (Fig. 2). PrxI transcript was reduced
to only 17% of the control by the PrxI
shRNA knockdown. We also found that
the expression levels of genes that regulate
proliferation were reduced by PrxI
knockdown, including Fgfr2 and Akt2,
which promote proliferation of NSCs,
and tumor suppressor genes such as p57,
Pten, and Rasl10b. PrxI knockdown also
reduced the expression of Gfap, a marker
for astroglia and NSCs, and the nuclear receptor Nr5a2, which
has a reprogramming ability to produce induced pluripotent
stem cells (iPSCs). Interestingly, the neuronal marker gene Ascl1/
Mashl and astroglial marker gene S100B were both upregulated
after PrxI knockdown, as were the NSC markers Nestin and Blbp.
In contrast, we detected no difference in expression of another
marker for NSCs, Musashi-1, between control and PrxI knock-
down cells by qRT-PCR analysis (p = 0.35; Student’s ¢ test).
These data suggest that the knockdown of PrxI affected the mo-
lecular program regulating proliferation in NSCs. Moreover, the
balance to maintain NSCs in an undifferentiated state versus their
induction into differentiated neural lineages was also disrupted
by Prx1 knockdown. Together, these data indicate that Prx1 plays
an important role in regulating genes that control the self-
renewal and stemness of adult NSCs.

c P

Sox2 */GFAP */Nestin * astrocytes in the adult forebrain
express Prx1

There are two different stem cell niches in the adult brain: the
SVZ of the lateral ventricle and the SGZ of the hippocampus
(Zhao et al., 2008). During the characterization of Prx1 in the
initial phase of this study, we used cultured adult NSCs derived
from whole brains of adult mice that contained both of the ger-
minal zones. Therefore, we analyzed the protein expression of
Prx1 in each stem cell niche (SVZ and SGZ) of adult mouse brains
by immunostaining techniques. We first confirmed the expres-
sion of Prx1 in the SVZ of the lateral ventricle, where it was
expressed in Sox2 */GFAP " cells in the SVZ as indicated by an
arrow in Figure 3A. We also analyzed the coimmunoreactivity of
S10083, a marker for ependymal cells, and DCX, a marker for
neural progenitors with Prx1 in the SVZ. As shown in Figure 3B,
the dense and linear S1003-positive ependymal cell layer (in-
dicated by an arrowhead) and Prx1-positive cells (indicated by
an arrow) are detected in different areas of the SVZ. Though
DCX-positive neural progenitors form neuroblast clusters in
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Prx1 NeuN

Expression of Prx1 in the SVZ and SGZ of the adult mouse forebrain. 4, Prx1 (red) is expressed in Sox2 (blue) and GFAP (green) double-positive cells in the SVZ. The majority of

Prx1-expressing (green) cells do not express S100/3 (B; red) or DCX (C; red) in the SVZ. LV, lateral ventricle. D, The GFAP (blue) and Sox2 (red) double-positive cells in the SGZ express Prx1 (green).
E, The Nestin (blue) and Sox2 (red) double-positive cells in the SGZ also express Prx1 (green). F, Prx1 (green) is expressed in Nestin (red) and GFAP (blue) double-positive cells in the SGZ. G, Prx1 (red)
is largely confined within the nucleus of cells in the SGZ, but marked signals are also observed in the cytoplasm of cells in the GCL. H, Prx1 (green) signals are largely confined to the cytoplasm of
NeuN-positive (blue) cells. /, Some Prx1 have a speckled appearance (green) in the nucleus of DCX-positive (red) cells in the SGZ. Nuclei are visualized with TO-PRO3. Scale bars, 20 wm.

the SVZ, as shown in Figure 3C (indicated by an arrowhead),
they are not colocalized with Prx1-positive cells (indicated by
an arrow).

Next, we focused on the protein expression of Prx1 in another
neural stem cell niche, the SGZ of the hippocampus. Prx1 protein
was expressed in Sox2 "/GFAP ™" cells in the SGZ of the hip-
pocampus as indicated by an arrow in Figure 3D. Moreover, we
also detected Prx1*/Sox2 */Nestin * cells (Fig. 3E, arrows), and

Prx1 */Nestin */GFAP * cells (Fig. 3F, arrows) in the SGZ. Thus,
these data demonstrate that Prx1 is specifically expressed in
Sox2 */GFAP */Nestin * astrocyte-like cells, that are most likely
NSCs, in the adult germinal zone of mouse forebrain. Interest-
ingly, Prx1 exhibited a speckled localization within the cytoplasm
and in some nuclei in the granular cell layer (GCL) of the hip-
pocampus (Fig. 3G) that were also positive for the mature neu-
ronal marker NeuN (Fig. 3H). As shown in Figure 31, some Prx1
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Prx1 redirects the glial stem/progenitor cell fate of hippocampal stem/progenitor cells in the adult mouse brain. 4, Ectopic Prx1 expression changes the morphology of newborn cells

in the adult mouse DG. The majority of Control GFP-expressing retrovirus-labeled (green) newborn cells become typical granule neurons 4 weeks after the injection of the retrovirus (left). Retroviral
expression of Prx1-induced (right) morphological changesin these cells. B, Quantification of newborn cells 4 weeks after injection of CAG-GFP (white bars) or CAG-Prx1 (black bars) revealed that cells
overexpressing Prx1 completely lost the expression of NeuN and rather almost exclusively expressed Sox2. *p << 0.01. €, Radial/horizontal (arrows) and OPC-like (arrowheads) shaped progeny of
Prx1-overexpressing cells (green) stained with anti-Sox2 (red) and anti-NG2 (blue) antibodies. D, Radial and horizontal morphologies of Prx1-overexpressing cells colabeled with both Nestin (red)
and GFAP (blue). E, The percentages of cells recognized as radial/horizontal astrocyte (A)-like or OPC-like morphology in Sox2-positive cells 4 weeks after CAG-Prx1 injection. GCL, granular cell layer;

ML, molecular layer; HL, hilus. Scale bars: 4, 50 em; €, 10 um; D, 20 pum.

speckled labeling was also detected in the nucleus of DCX * cells
in the SGZ of the hippocampus.

Prx1 redirects the fate of newborn cells from hippocampal
stem/progenitor cells in the SGZ of the adult brain

As shown in Figure 3, Prx1 was expressed in the nucleus of NSC-
derived astrocytes in vivo. Furthermore, a speckled localization of
Prx1 was detected in the nucleus of neuronal progenitors of the
SGZ and in the cytoplasm of mature neurons of the GCL in the
hippocampus. To elucidate the role of Prxl in the nucleus of
NSCs in vivo, we constitutively expressed exogenous Prx1 in the
nucleus of dividing cells in the SGZ of the adult mouse hip-
pocampus. Four weeks after intrahippocampal injection of a
GFP-expressing retrovirus (CAG-GFP; Fig. 44, left), the majority
of newborn cells had the typical highly polarized morphology of
granule neurons. However, cells expressing CAG-Prx1 exhibited
a remarkably altered morphology (Fig. 4A, right). Unlike the

newborn granule neurons, which remained in the inner layers of
the GCL, a number of Prx1-overexpressing cells either remained
within the SGZ or migrated into the hilus. This demonstrates that
Prx1 overexpression modified the behavior of cells in the SGZ
compared with control cells.

While we observed that most newborn cells labeled with CAG-
GFP expressed neuronal marker neuronal nuclei (NeuN; 87.7 +
3.2%), we were unable to detect NeuN expression in cells express-
ing CAG-Prxl. Instead, the cells expressing CAG-Prx1 almost
exclusively colabeled with Sox2 (91.7 = 3.5%), a marker for
NSCs. In contrast, few (3.3 £ 1.2%) CAG-GFP-expressing cells
were colabeled with Sox2 (Fig. 4B). We were able to identify
morphologically distinct types of Prx1-overexpressing cells cola-
beled with Sox2 in the adult hippocampus by confocal micros-
copy and lineage marker profiling: oligodendrocyte precursor cell
(OPC)-like and radial/horizontal astrocyte-like. Only OPC-like
cells overexpressing Prx1 colabeled with NG2 (Fig. 4C, arrow-
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heads), those with radial and horizontal
glial morphology (Fig. 4C, arrows), did
not. To more carefully describe these cells,
we performed immunohistochemistry
with specific markers for neural stem/pro-
genitor cells. As shown in Figure 4D, the
radial/horizontal shaped cells overex-
pressing Prx1 colabeled with radial glial
NSC markers such as Nestin and GFAP,
particularly in their radial processes
and somas. In contrast, the Prxl-
overexpressing Sox2 '/ NG2* OPC-like
cells did not colabel with Nestin, GFAP, or
DCX, a marker for immature neurons
(data not shown). As shown in Figure 4E,
overexpression of Prx1 generated similar
numbers of OPC-like and radial/horizon-
tal astrocyte-like cells (53.3 and 46.7%,
respectively).

The generation of undifferentiated
cells by overexpressing Prx1 occurred at
the expense of generating newborn neu-
rons, as shown in Figure 4. Interestingly,
Prx1-overexpressing and control AHPs
were indistinguishable 24 h after virus in-
jection, and the number of cells express-
ing Sox2 did not significantly differ
between them at this time point. To deter-
mine whether Prxl expression also af-
fected cell death, we injected a control
GEFP virus or a Prx1-expressing virus into
the SGZ of the hippocampus. After 7 d, we
immunostained for DCX and activated
Caspase-3, a marker for apoptotic cells.
Interestingly, Prx1 cells did not colocalize
with DCX (Fig. 5A, bottom), in contrast
to control GFP-positive cells (Fig. 5A,
top). Moreover, there was no immunore-
activity for active Caspase-3 in either cell
(Fig. 5A). To further examine the cell
death of infected cells, we first checked the difference in viral
tropism between CAG-GFP and CAG-Prx1 viruses. We coin-
jected CAG-GFP or CAG-Prxl1 retrovirus with RFP-expressing
control virus and found that Prx1-targeted cells were also trans-
duced with the RFP virus. There were no significant differences in
the number of CAG-GFP or CAG-Prx1 viruses alone, or cola-
beled with the RFP virus (Fig. 5B). These data indicate that the
viral transduction of CAG-Prx1 occurred in the same cell popu-
lation that was transduced with the RFP-expressing control virus.
We next measured the densities of wild-type (RFP-positive only)
and Prx1-expressing GFP-positive newborn cells in mice 4-7 d
after virus injection in the SGZ to further confirm the viability of
virus-infected cells in vivo. Neither of the viruses showed any loss
of the normalized densities, and no statistical difference was
found between RFP-positive only and Prx1/GFP-positive new-
born cells at 7 d (p = 0.16, Student’s ¢ test; Fig. 5C). Together,
these data suggest that the continuous expression of Prx1 main-
tained the status of neural stem/glial precursor cells without in-
fluencing cell viability in the SGZ of the hippocampus.

To elucidate the cellular and environmental relationship of
this phenomenon, the viral expression vectors were infected into
cultured neural stem/progenitor cells derived from rat hip-
pocampus. Interestingly, in contrast to the results in vivo, we

Figure 5.
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Continuous expression of Prx1 does not induce neuronal cell-fate differentiation or affect cell viability in the adult
mouse brain. A, The majority of control GFP-expressing retrovirus-labeled (green) newborn cells become DCX-positive neuronal
progenitors (red) 7 d postinjection (CAG-GFP; top) in the adult mouse DG. Retroviral expression of Prx1 (CAG-Prx1; bottom)
prevented DCX-expression (red). Neither CAG-GFP nor CAG-Prx1 showed active Caspase-3 immunoreactivity (blue). Scale bar, 50
um. B, Quantification of colabeled cells show similar ratios of CAG-GFP/CAG-Prx1-only expressing cells (green), CAG-GFP/CAG-
Prx1 plus CAG-RFP-expressing cells (yellow), and CAG-RFP-only-expressing cells (red) 4 weeks postinjection. €, The survival rate of
wild-type (RFP-positive only; red bar) and Prx1-expressing (GFP-positive only and double-positive; green bar) newborn cells 7 d
afterthe injection of the retrovirus in the SGZ of the hippocampus. For the calculation of the density of newborn cells in the sections,
the number of newhorn cells at 7 d was divided by the number of cells at 4 d with any fluorescently labeled cells.

found no significant differences in differentiated BIII-tubulin-
positive neurons transduced with control or Prx1 vectors (25.2 =
11.0 and 27.8 = 10.7%, respectively, mean = SD; p = 0.78, Stu-
dent’s ttest; Fig. 6). These results indicate that the maintenance of
undifferentiated glial-cell fates by sustained expression of Prx1 in
vivo requires specific niches such as the SGZ of the hippocampus.

Discussion

The ability of Sox gene family members to change their regulatory
partners is crucial for cell fate specification (Kondoh and Kama-
chi, 2010). Therefore, identifying these molecules and the condi-
tions in which they bind Sox family members in vivo is important
to elucidate these developmental processes. In this study, we have
identified Prx1 as a novel partner for Sox2. We have also demon-
strated that Prx1 controls the stemness of NSCs and is critical for
neuronal/glial-fate switching in neural/stem progenitor cells in
the hippocampus.

After Prxl knockdown, we identified a number of important
gene expression changes in adult NSCs (Fig. 2). The expression of
Fgfr2, areceptor for FGF-2 that controls the self-renewal of NSCs
(Ray et al., 1993), was reduced by the knockdown of PrxI. Fur-
ther, PrxI knockdown also decreased the expression of other
genes essential for the self-renewal of NSCs, such as Pten and
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virus at 7 d expressed neuronal marker BllI-tubulin (arrows). Scale bar, 50 m.

Akt2, which modulate cell proliferation and survival (Downward,
2004; Zhang et al., 2006). The tumor suppressor p57, which was
recently reported to be required for the maintenance of adult hema-
topoietic stem cells (Matsumoto et al., 2011), was significantly de-
creased in a PrxI-dependent manner. Prxl knockdown also
significantly reduced Nr5a2 expression, a nuclear receptor with a
similar function as Oct3/4 in iPSC-reprogramming and regulation
of cell growth (Heng et al., 2010). These findings strongly suggest
that Prx1 plays a pivotal role in the self-renewal of NSCs by regulat-
ing the transcription of these genes. Surprisingly, we found that
PrxI-knockdown upregulated the expression of genes important for
neuronal (Ascll) and glial (S100B8) differentiation. Moreover, in
terms of NSC regulation, Nestin and Blbp mRNA were upregulated
but the levels of Musashi-1 mRNA did not change following PrxI-
knockdown. These data suggest that Prx1 knockdown disrupted not
only specific mechanisms for the maintenance of stemness but also
for the differentiation of NSCs. Thus, we propose that Prx1 is in-
volved not only in self-renewal regulation of NSCs but also in the
balance between stemness and differentiation of these cells.

We demonstrated that the knockdown of Prx1 dramatically
reduced the self-renewal of NSCs derived from adult brains (Fig.
1 F,G). Prx1 alone has weak transcriptional activation, but this is
markedly enhanced by Sox2 as a cofactor (Fig. 1E). These results
suggest that Prx1 plays a role in the self-renewal of NSCs in con-
junction with Sox2. It has been previously reported that Prx1 is
involved in proliferation of vascular smooth muscle and limb
cells (Thida-Stansbury et al., 2005; Peterson et al., 2005). How-
ever, the Prx1 isoforms expressed in these cells (Prx1a and Prx1b)
have different C-terminal sequences and different functions
based on in vitro analyses (Peterson et al., 2005). Since both Prx1a
and Prx1b are expressed in cultured NSCs, we analyzed the effects
of forced expression of each isoform in the DG of the adult brain,
but no differences were detected (data not shown). Future anal-
ysis of the expression and function of Prxla and Prx1b should
help clarify the role of the C-terminal-specific sequences of these
isoforms.

Prx1 protein is expressed in the nucleus of Nestin */GFAP *
astrocytes, which are putative NSCs in the adult brain, and
overlaps with the expression of Sox2 (Fig. 3). Interestingly, the
intensity of Prx1 immunostaining was stronger and more fre-
quent in the SVZ compared with the SGZ. This difference in
intensity and subcellular localization of Prx1 between SVZ and
SGZ may reflect the different properties of the neurons that are
generated by these regions. Prx1 signals are largely confined to
the nucleus in SGZ of Sox2 */Nestin */GFAP * cells. Signals were
also observed in the cytoplasm of mature granule neurons in the
GCL of the hippocampus, with some Prx1 displaying a speckled
localization in the nucleus of neuronal progenitors (Fig. 3G-I).

Prx1 overexpression does not affect the neuronal fate of cultured NSCs. AHPs isolated from adult hippocampus can
generate neuronal (Blll-tubulin, red) cells. Note that cells transduced with both CAG-GFP control virus and CAG-Prx1 expression
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Prx1 activity could be regulated during
neuronal development from NSCs by
controlling its intracellular localization,
for example, by sequestering Prx1 in dif-
ferentiated cells in the hippocampus. The
class III POU transcription factors, such
as Brn1/2/4 and Oct6, show such regula-
tion by subcellular localization (He et al.,
1989; Alvarez-Bolado et al., 1995;
Andersen and Rosenfeld, 2001; Tanaka et
al., 2004).

The forced expression of nuclear Prx1
maintained NSCs in undifferentiated glial
lineages and prevented them from differ-
entiating into neurons in the hippocam-
pus of adult brains (Fig. 4). Since the neuronal differentiation was
not changed by forced expression of Prx1 in cultured NSCs (Fig.
6), the in vivo findings suggest a strong role for regulating niche
factors. This observation is similar to a previous report that
showed that forced expression of Ascll in the hippocampus of
adult brains inhibits neuronal differentiation in vivo. In cultured
NSCs, however, overexpression of Ascll not only did not inhibit
neuronal differentiation, but actually enhanced it (Jessberger et
al., 2008). Therefore, the niche environment plays a prominent
role in neuronal differentiation in vivo. We speculate that Prx1
functions to maintain the stemness of NSCs by interacting with
these niche signals.

We have focused on the transcription factor Sox2 to clarify the
molecular mechanisms controlling self-renewal and multipo-
tency of adult NSCs, which are the main source of neurogenesis
in the adult brain. NSCs are capable of both self-renewal and
multipotency, and Sox2 plays crucial roles in both of these pro-
cesses (Avilion et al., 2003; Catena et al., 2004; Ferri et al., 2004;
Suh et al.,, 2007; Pevny and Nicolis, 2010). Deletion of Sox2 in
adult NSCsleads to developmental defects in the SGZ of the adult
hippocampus and causes loss of Sonic hedgehog (Shh) expression
(Favaro et al., 2009). Shh-signaling has important roles for the
maintenance and self-renewal of adult NSCs in the SGZ
(Machold et al., 2003). The transcription factor Gli2, a mediator
of Shh-signaling, is an activator of Sox2 expression in developing
telencephalic neuroepithelial cells (Takanaga et al., 2009). Prx1
also has been suggested to be an upstream regulator for Shh tran-
scription (ten Berge et al., 2001). Thus, it is possible that the
combination of Prx1 and Sox2 could synergistically control Shh
expression in a positive feedback loop in adult NSCs.

In addition to our identification of Prx1, our screen for Sox2
binding partners in adult NSCs also identified another paired-
type homeobox transcription factor, Pax6. Pax6, an established
binding partner for Sox2, plays an important role in neuronal
differentiation of radial glia, a type of NSC (Heins et al., 2002), by
controlling a downstream factor called Fabp7 (Arai et al., 2005).
It has also been reported that Pax6 functions to produce and
maintain neural stem/progenitor cells in the postnatal hip-
pocampus (Maekawa et al., 2005). Interestingly, while Sox2 up-
regulates Shh expression, Shh downregulates the expression of
Pax6 (Briscoe et al., 2000). Our findings suggest that there may be
differential levels of Sox2 regulatory partners, such as Pax6 and
Prx1, dependent on Shh signaling. The temporal and spatial ex-
pression of these partners may then differentially regulate the
neuronal differentiation and stemness of NSCs in the adult brain.
Since deregulation of Shh signaling has been reported in mental
retardation (Badano et al., 2006; Han et al., 2008) and in malig-
nant brain tumors (Pasca di Magliano and Hebrok, 2003; Stecca
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and Ruiz i Altaba, 2005), the differential expression of regulatory
partners for Sox2 may play a role in these diseases and be a novel
molecular therapeutic target.
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