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Effects of paracrine factors on CD24 expression and
neural differentiation of male germline stem cells
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Abstract. Spermatogonial stem cells (SSCs) are adult male
germ cells that develop after birth. Throughout the lifetime
of an organism, SSCs sustain spermatogenesis through self-
renewal and produce daughter cells that differentiate into
spermatozoa. Several studies have demonstrated that SSCs
can acquire pluripotency under appropriate culture conditions,
thus becoming multipotent germline stem cells (mGSCs) that
express markers of pluripotency in culture and form teratomas
following transplantation into immunodeficient mice. In the
present study, we generated neural precursor cells expressing
CD24, a neural precursor marker, from pluripotent stem cell
lines and demonstrated that these cells effectively differenti-
ated along a neural lineage in vitro. In addition, we found that
paracrine factors promoted CD24 expression during the neural
differentiation of mGSCs. Our results indicated that the expres-
sion of CD24, enhanced by a combination of retinoic acid (RA),
noggin and fibroblast growth factor 8§ (FGF8) under serum-free
conditions promoted neural precursor differentiation. Using
a simple cell sorting method, we were able to collect neural
precursor cells with the potential to differentiate from mGSCs
into mature neurons and astrocytes in vitro.

Introduction

Embryonic stem cells (ESCs) have the ability to differentiate
into functional neurons and glia through a mechanism akin
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to in vivo development (1-6). However, several issues, such as
ethical concerns and the immune rejection of allograft trans-
plants, impede the use of ESCs.

A major advance in stem cell biology has been the direct
reprogramming of somatic cells through the induction of tran-
scription factor expression to produce induced pluripotent stem
cells (iPSCs) (7,8). This technique has attracted considerable
attention worldwide due to its applications in human disease
modeling, drug screening and translational medicine (7,8).
iPSCs derived from adult somatic cells can differentiate into
various cell types, including cells of the three embryonic germ
layers. This finding facilitates in vitro studies on neuronal disor-
ders by enabling the generation of neural lineage cells, such as
oligodendrocytes, astrocytes and neurons. However, iPSC-based
applications are limited by safety concerns and their complexity,
as the generation of iPSCs typically involves the integration of
exogenous transcription factor-encoding genes (8).

Spermatogonial stem cells (SSCs) are adult male germ cells
that develop after birth and serve as a reservoir of cells that
can differentiate into spermatozoa throughout the lifetime of
an organism (9). Several studies have demonstrated that SSCs
can acquire pluripotency under appropriate culture condi-
tions (10-16). Such multipotent germline stem cells (mGSCs)
express markers of pluripotency in culture and produce tera-
tomas when transplanted into immunodeficient mice. These
cells can differentiate into cell types derived from all three
embryonic germ layers (10-16). We recently reported that
mGSCs derived from adult mouse testis are pluripotent and
can differentiate similarly to ESCs and iPSCs (17). These data
demonstrate that the male GSC lineage can be altered in vitro
and that unipotent cells can become pluripotent without the
addition of exogenous transcription factors. mGSCs can be
used without ethical and immunological concerns in personal-
ized cell-based therapies for patients. In addition, Glaser et al
demonstrated that mGSCs develop into functional neurons
with active functional networks and engage in synchronized
oscillatory activity (18).

Fluorescence-activated cell sorting (FACS) is used to sort
cellular populations based on fluorescent labeling (19,20).
A neuronal lineage marker profile is required, similar to the
lineage specification profile of cluster of differentiation (CD)
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antigens used for hematopoiesis (21,22). For translational stem
cell research, we hypothesized that a neuronal precursor cell
separation methodology based on a neuronal lineage marker
profile would enable the efficient transplantation of viable
neural stem cell populations.

In the present study, we generated neural precursor cells
expressing CD24, a neural precursor marker, from pluripotent
stem cell (PSC) lines and demonstrated that these cells effec-
tively differentiated along the neural lineage in vitro. Using
mGSCs, we also investigated the effects of paracrine molecules
on CD24 expression during neural lineage differentiation.

Materials and methods

All procedures were performed according to the guidelines
for the ethical treatment of animals and were approved by the
Institutional Animal Care and Use Committee of Chung-Ang
University, Seoul, Korea.

Cell culture and differentiation. Unless otherwise stated, all
reagents were purchased from Sigma-Aldrich (St. Louis, MO,
USA). The mGSCs were cultured according to the method
described in our previous study [Kim et al (17)]. Testicular
cells were collected from the testes of adult (6-week-old)
POU class 5 homeobox 1 (Pou5fI)-green fluorescent protein
(GFP) transgenic mice [B6; CBA-Tg (Pou5fI-EGFP) 2Mnn/J;
Jackson Laboratory, Bar Harbor, ME, USA] using a two-step
enzymatic digestion procedure. Following enzymatic digestion,
1x107 testicular cells were plated onto 100-mm culture dishes
coated with 0.1% (w/v) gelatin and cultured in GSC culture
medium. After 7 days of continuous culture, GSC clumps
were collected by gentle pipetting. The harvested GSCs were
cultured on a monolayer of mitomycin C-inactivated mouse
embryonic fibroblasts (MEFs) in a 24-well culture dish and
passaged once every 7 days at a dilution of 1:2 to 1:3. The
expression of Pou5f1-GFP was monitored, and morphologically
atypical transitional colonies were mechanically selected. To
convert the GSCs into mGSCs, the colonies were replated onto
MEFs in standard ESC medium [Dulbecco's modified Eagle's
medium (DMEM,; Invitrogen, Grand Island, NY, USA) supple-
mented with 15% fetal bovine serum (FBS; HyClone/Thermo
Scientific, Logan, UT, USA), 1% minimal essential medium
non-essential amino acids (Invitrogen), 2 mM L-glutamine
(Invitrogen), penicillin/streptomycin (penicillin, 50 units/ml;
streptomycin, 50 ug/ml; Invitrogen), 50 M -mercaptoethanol
and 103 U/ml leukemia inhibitory factor (Thermo Scientific)].
Neural stem cells (NSCs)-iPSCs were cultured according to the
method described in the study by Do et al (46). Briefly, embryos
were extracted from parthenogenetic pregnant female mice at
10.5 days post-coitum and brain tissue was collected from the
embryos (OG2*") for the generation of NSCs. To induce the
expression of Pou5f1, SRY (sex determining region Y)-box 2
(Sox2), Kriippel-like factor 4 (KLf4) and c-Myc, the NSCs were
transduced with retrovirus-containing supernatants for 24 h.
The cells were replated onto MEF feeders in ESC medium. The
Pou5f1-GFP* iPSCs were sorted with FACS and subcultured
onto MEF feeders. Prior to differentiation, the PSCs were
plated onto gelatin-coated dishes with ESC medium for 40 min
to remove the feeder cells. For differentiation, the PSCs were
cultivated as embryoid bodies (EBs) using different media. The
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cells were transferred to 24-well ultra-low attachment plates
(Corning, Midland, MI, USA) and cultured at 4x10* cells/ml/
well in standard ESC medium, NeuroCult (NeuroCult basal
medium with 1X NeuroCult NSC proliferation supplements;
StemCell Technology, Vancouver, BC, Canada), or N2/B27
medium [DMEM-FI12 (Invitrogen) supplemented with 1% B27
(Invitrogen), 0.5% N2 (Invitrogen), 100 #M B-mercaptoethanol
and 2 mM L-glutamine]. The cells were seeded in the presence
of either growth factors or inhibitors, as indicated.

Reverse-transcription-quantitative PCR. Total RNA was
isolated from the cells using a PureLink RNA Mini kit (from
Invitrogen) and reverse transcribed using SuperScript III
reverse transcriptase (Invitrogen), according to the manu-
facturer's instructions. Quantitative PCR (qPCR) was
performed using the SYBR-Green PCR Mix (from Applied
Biosystems, Grand Island, NY, USA) and a 7500 Real-Time
PCR system (Applied Biosystems). All gene expression levels
were determined by RT-qPCR and normalized to the level of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The
primers used were as follows: nestin forward, 5-AGTTTGGT
CGTGGGGAGATT-3' and reverse, 5'-"ACTTTGGGGAGG
CAGGAG-3; tyrosine hydroxylase (TH) forward, 5"-TTGAA
GCCAAAATCCACCA-3' and reverse, 5'-~AGACACCCGACG
CACAG-3"; microtubule-associated protein (MAP)2 forward,
5'-GGGCACCTATTCAGATACCAAA-3' and reverse, 5-TCC
TTCTCTTGTTCACCTTTCAG-3'; Mbp forward, 5'-GCT
TCTTTAGCGGTGACAGG-3'andreverse,5-TGTGTGAGTC
CTTGCCAGAG-3"; Tubb3 forward, 5-GAATGACCTGGTG
TCCGAGT-3' and reverse, 5'-CCGATTCCTCGTCATC
ATCT-3"; and GAPDH forward, 5'-CCACTCACGGCAAAT
TCA-3"and reverse, 5'-GACTCCACGACATACTCAGCAC-3".

Flow cytometry and cell sorting. EBs generated from the
differentiation experiments with the PSCs were dissociated by
incubating the cells with trypsin-EDTA (Invitrogen). The cells
were stained for specific markers using the following antibodies:
anti-mouse CD24-allophycocyanin (APC; Cat. no. 17-0242)
and IgG2a isotype control-APC (Cat. no. 17-4210; eBioscience,
San Diego, CA, USA). The dissociated cells were suspended in
Dulbecco's phosphate-buffered saline (PBS; Invitrogen) supple-
mented with 1% FBS, 10 mM HEPES, 1 mM pyruvate, 50 U/
ml penicillin (Invitrogen), 50 pg/ml streptomycin (Invitrogen)
and 1 mg/ml glucose (PBS-S). The cells were incubated with
the appropriate antibodies for 20 min on ice, washed twice with
excess PBS-S and used for FACS analysis. After the final wash,
the cells were resuspended (1x10° cells/ml) in PBS-S containing
1 ug/ml propidium iodide (PI) and kept on ice in the dark
until analysis. Flow cytometric analyses and cell sorting were
performed using a dual-laser FACS Aria II (BD Biosciences,
San Jose, CA, USA) at the Center for Research Facilities,
Chung-Ang University, Korea. The isotype control was used
to define the gate in all FACS analyses. The sorted cells were
centrifuged and plated onto 0.1% gelatin-coated coverslips in
N2/B27 medium containing 10 ng/ml basic fibroblast growth
factor (bFGF; BD Biosciences) and 5 nM retinoic acid (RA).
To evaluate the effect of additional growth factors on neural
differentiation, RA (Cat. no. R2625; Sigma), bone morpho-
genetic protein 4 (BMP4, Cat. no. 4050-BP; R&D Systems,
Minneapolis, MN, USA), Noggin (Cat. no. 719-NG;
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Figure 1. Effect of the differentiation medium on neural stem/precursor markers. (A) RT-qPCR of nestin expression in differentiated multipotent germline
stem cells (mGSCs) cultured in N2/B27, NeuroCult or standard ESC medium. The expression levels were assessed after 2 days in suspension culture. (B) CD24
expression in cells cultured in different neural differentiation media was analyzed with flow cytometry 3 days after differentiation (data are the means + SEM;
n=3). Mean values labeled with different letters indicate significant differences (P<0.05). ESC, standard embryonic stem cell medium.

R&D Systems), Sonic hedgehog (Shh, Cat. no. 461-SH-025;
R&D Systems), glial cell line-derived neurotrophic factor
(GDNEF, Cat. no. 212-GD; R&D Systems), fibroblast growth
factor 8 (FGF8, Cat. no. 110-25; Peprotech, Rocky Hill, NJ,
USA), and bFGF (Cat. no. 354060; BD Biosciences) were
added during differentiation. Dimethyl sulfoxide (DMSO,
Cat. no. D2650; Sigma) was also used as a solvent for RA.

Immunocytochemical staining. For immunocytochemical
staining, the cells were fixed with 4% paraformaldehyde for
30 min at room temperature, permeabilized with 0.1%
Triton X-100 (Sigma) for 15 min, and incubated with 5% (w/v)
bovine serum albumin (BSA; Roche, Basel, Switzerland) at
room temperature for 30 min. The cells were then incubated with
a primary antibody against MAP2 (Cat. no. sc-32791; Santa Cruz
Biotechnology, Dallas, TX, USA), TH (Cat. no. sc-14007,
Santa Cruz Biotechnology), or glial fibrillary acidic protein
(GFAP; Cat. no. sc-33673; Santa Cruz Biotechnology) diluted
1:200 in 5% BSA solution and incubated overnight at 4°C.
Following 2 washes with PBS, the cells were incubated with the
respective secondary antibodies: Alexa Fluor 488 goat anti-
mouse (Cat. no. A11001; Invitrogen) for GFAP and Alexa
Fluor 488 donkey anti-rabbit (Cat. no. A21206; Invitrogen) for
TH. The secondary antibodies were diluted 1:200 in 5% BSA
and incubated for 1 h at room temperature in the dark. The cells
were then washed twice with PBS and mounted on glass slides
using Vectashield containing 4',6-diamidino-2-phenylindole
(DAPI) (Vector Laboratories, Burlingame, CA, USA). The slides
were viewed using a Nikon TE 2000-U fluorescence microscope
(Nikon, Tokyo, Japan).

Statistical analysis. Statistical analysis was conducted using
SPSS version 18 software (SPSS Inc., Mechanicsburg, PA,
USA). Significant differences between mean values were
assessed using Tukey's honestly significant difference test and
an independent t-test. Differences were considered statistically
significant at P<0.05.

Results

Effects of medium on the neural differentiation of mGSCs. To
assess the effects of the different media on the differentiation

of the mGSCs, EBs were generated and cultured for 2 days in
N2/B27, NeuroCult, or standard ESC medium in the absence
of any factors, as previously described (17). Nestin is an inter-
mediate filament-related protein, which has to date been found
only in vertebrates. It is widely accepted as an NSC marker, both
during embryonic development and in the brain at later stages
of development (2,3). In this study, we examined the temporal
gene expression pattern of nestin, using RT-qPCR to determine
the level of nestin required to induce the differentiation of the
cells into the neural lineage. The RT-qPCR data demonstrated
a significant upregulation of nestin mRNA expression during
neural differentiation in N2/B27 medium (Fig. 1A).

EBs produced in the different media were harvested 3 days
after they were formed. The cells were dissociated with enzy-
matic digestion and analyzed by flow cytometry. CD24 was used
as a marker of neural precursor populations and was found to be
expressed in 6.1+0.3, 6.7+0.4 and 1.6+0.2% of the EBs following
culture in N2/B27, NeuroCult and standard ESC medium,
respectively. Thus, CD24 was expressed at low levels when
the EBs were formed in ESC medium (Fig. 1B). On the basis
of nestin and CD24 expression, subsequent experiments were
performed using N2/B27 medium for neural differentiation.

Evaluation of the neural differentiation potential of sorted
CD24* cells. The functions of dopaminergic neurons and the
neurotransmitter, dopamine, have been extenstively investi-
gated [reviewed in (23)]. TH has been widely used as a marker of
dopaminergic neurons as it is the first enzyme in the dopamine
synthesis pathway, as well as the rate-limiting enzyme in dopa-
mine synthesis. Microtubule assembly dynamics are regulated
by proteins known as MAPs, including MAP1, MAP2 and Tau,
which are expressed primarily in neurons. Among the neuronal
MAPs, MAP2 expression is considered a marker of neural
differentiation (24,25). MAP2, found primarily in the dendritic
extensions of post-mitotic, terminally differentiated neurons,
plays a role in neurite outgrowth and dendrite induction (26-28).

mESCs, iPSCs and mGSCs were cultured in the indicated
differentiation medium for 3 days to generate EBs, which
were then dissociated and sorted into CD24* and CD24-
cells. We evaluated the differentiation potential of these cells
follwoing further differentiation in a monolayer culture. On
day 3 following differentiation, the cells were stained with
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Figure 2. Comparison of the relative expression of neuron-specific genes in CD24*- and CD24-derived cells. Expression of the neural cell marker genes, tyrosine
hydroxylase (TH) and microtubule-associated protein 2 (MAP2), after 10 days of differentiation. Multipotent germline stem cells (mGSCs) were cultured in N2/
B27 medium for 3 days to generate embryoid bodies (EBs), which were then dissociated and sorted by FACS into CD24* and CD24" cells using a CD24 antibody.
The cells were plated separately on 0.1% gelatin-coated plates and cultured for an additional 7 days (data are the means £ SEM; n=3). Mean values labeled with

different letters indicate significant differences (p<0.05).
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Figure 3. Effect of paracrine molecules on CD24 expression in multipotent
germline stem cell (mGSC)-derived cells. mGSCs were induced to differ-
entiate with the indicated concentrations of paracrine factors in suspension
culture for 3 days, and FACS analysis was performed with the mGSC-derived
cells using a CD24 antibody (data are the means + SEM; n=3). Mean values
labeled with different letters indicate significant differences (P<0.05). DMSO,
dimethyl sulfoxide; RA, retinoic acid; BMP4, bone morphogenetic protein 4;
Shh, sonic hedgehog; GDNF, glial cell line-derived neurotrophic factor;
FGF8, fibroblast growth factor 8; bFGF, basic fibroblast growth factor.

an APC-conjugated CD24 antibody, and the sorted cells
were plated onto 0.1% gelatin-coated 24-well plates in N2/
B27 medium containing 10 ng/ml of bFGF and 5 nM of RA.
After 7 days, mRNA was isolated from these cultures, and
RT-qPCR was performed to assess the TH and MAP2 expres-
sion levels. TH expression in the CD24* cells was upregulated
when compared with its expression in CD24" cells (4.3-,

2.6- and 5-fold higher in CD24* cells vs. CD24 cells derived
from mESCs, iPSCs and mGSCs, respectively) (Fig. 2A-C).
Additionally, MAP2 expression was higher in the CD24"* cells
than in the CD24 cells (2.9-, 2.8- and 6.7-fold higher in the
CD24* cells vs. the CD24" cells derived from mESCs, iPSCs
and mGSCs, respectively) (Fig. 2D-F).

Effect of paracrine factors on CD24* neural precursor induc-
tion. In order to determine whether paracrine factors induce the
specific differentiation of mGSCs into CD24-expressing neural
precursor cells, the mGSCs were treated with 100 ng/ml Shh,
5 uM RA, 150 ng/ml noggin, 5 ng/ml FGF8, 10 ng/ml bFGF,
10 ng/ml GDNF or 5 ng/ml BMP4. DMSO (1 pl/ml) in N2/
B27 medium was used as a solvent control. The FACS data
demonstrated that the percentage of cells expressing CD24 was
higher in the RA-treated group than in the other groups (control,
5.8+0.3%; DMSO, 7.8+0.7%; R A, 16.8+1.0%; BMP4, 13.3+1.0%;
noggin, 7.8+0.5%; Shh, 5.2+0.4%; GDNF, 11.5+0.2%; FGFS,
8.6+0.3%; bFGF, 11.9+0.1%; mean + SEM; n=3) (Fig. 3).

To evaluate the optimal concentration of RA required
for CD24 expression, 5, 50 and 500 nM, or 5 uM of RA
were added during neural differentiation. The percentage of
cells expressing CD24 was 22.8+1.9, 17.3£0.9, 13.7+1.1 and
14.7£1.5%, respectively (mean + SEM; n=3) (Fig. 4). Thus,
CD24 expression was higher in the group treated with 5 nM
RA than in the groups treated with 50 nM, 500 nM and 5 yM
RA. The increasing concentration of RA inhibited CD24
expression in the cells.

On the basis of these results, we used N2/B27 medium
containing 5 nM RA as the basic condition for the neural differ-
entiation of mGSCs. We then examined the effect of additional
growth factors on CD24 expression. We added BMP4 (5 ng/ml),
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Figure 4. Effect of the retinoic acid (RA) concentration on the expression of
CD24. Multipotent germline stem cells (mGSCs) were induced to differentiate
with the indicated concentrations of RA in suspension culture for 3 days, and
FACS analysis was performed with the mGSC-derived cells using a CD24
antibody (data are the means + SEM; n=3). Mean values labeled with different
letters indicate significant differences (P<0.05).
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Figure 5. Effect of additional growth factors on the expression of CD24.
Multipotent germline stem cells (mGSCs) were induced to differentiate with
the indicated concentrations of additional growth factors in N2/B27 medium
containing 5 nM retinoic acid (RA) and maintained for 3 days. FACS analysis
was performed with the mGSC-derived cells using a CD24 antibody (data are
the means + SEM; n=3). Mean values labeled with different letters indicate sig-
nificant differences (P<0.05). RA, retinoic acid; BMP4, bone morphogenetic
protein 4; Shh, sonic hedgehog; GDNF, glial cell line-derived neurotrophic
factor; FGFS8, fibroblast growth factor 8.

noggin (150 ng/ml), Shh (100 ng/ml), GDNF (10 ng/ml), as well
as FGFS8 (5 ng/ml) and bFGF (10 ng/ml) to the N2/B27 medium
containing 5 nM of RA. The percentage of CD24* cells was
179+2.1,8.1+1.2,17.1+0.7, 179+2.1, 18.4+1.6 and 19.1+0.3% in
the groups of cells treated with 5 nM RA alone or 5 nM RA
with BMP4, noggin, Shh, GDNF and FGF8/bFGF, respectively
(mean + SEM; n=3) (Fig. 5). There were no significant differ-
ences observed between the groups, with the exception of the
BMP4-treated group, in which the expression of CD24 was
lower than that in the other groups (Fig. 5).

Effect of paracrine factors on neural lineage-specific marker
expression. Class III B-tubulin (Tubb3), a microtubule protein,
is selectively expressed in neural cells (29). Tubb3 antibodies
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Figure 6. Comparison of the relative expression of neuron- and oligoden-
drocyte-specific markers. The differentiation of multipotent germline
stem cells (mGSCs) was induced with BMP4 (5 ng/ml), noggin (150 ng/
ml), Shh (100 ng/ml), GDNF (10 ng/ml) and FGF8 (5 ng/ml) in N2/B27
medium containing 5 nM RA. The culture was maintained for 3-5 days.
(A) Class IIT pB-tubulin (Tubb3) and (B) Myelin basic protein (Mbp) levels
were normalized to those of neuronal- and oligodendrocyte-specific markers
in cells cultured with RA alone 3 days following differentiation (data are the
means + SEM; n=3). Mean values labeled with different letters indicate sig-
nificant differences (P<0.05).RA, retinoic acid; BMP4, bone morphogenetic
protein 4; Shh, sonic hedgehog; GDNF, glial cell line-derived neurotrophic
factor; FGF8, fibroblast growth factor 8.

and RT-qPCR-based gene expression studies have been used
to identify cells of the neural lineage and to quantify neuronal
cells during stem cell differentiation (29). Myelin basic
protein (MBP) is an important factor in the nerve myelination
process within the central nervous system (29) and is used as a
marker of oligodendrocytes (30). In this study, to evaluate the
effects of additional growth factors on mature cells of the neural
lineage, BMP4 (5 ng/ml), noggin (150 ng/ml), Shh (100 ng/ml),
GDNF (10 ng/ml) or FGFS8 (5 ng/ml) were added to the N2/
B27 medium containing 5 nM RA and the EBs were allowed
to differentiate for 5 days. To determine the expression of
neural Tubb3 and Mbp, the EBs were harvested at 3, 4 and
5 days following differentiation, and RT-qPCR experiments
were performed. We found that, 4 days after EB formation,
Tubb3 expression was higher in the cells treated with noggin or
FGFS8 than in the cells treated with the other factors (Fig. 6A).
Additionally, 4 days after neural induction, the expression of
Mbp was higher in the cells treated with noggin or FGF8 than
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Figure 7. Expression of specific markers for multipotent germline stem cell (mGSC)-derived astrocytes and neurons. Immunocytochemical analysis was per-
formed to detect the astrocyte marker, glial fibrillary acidic protein (GFAP), and the mature neuron marker, tyrosine hydroxylase (TH). (A) GFAP; (B) DAPI;
(C) Merged image of panels A and B; (D) TH; (E) DAPI; (F) Merged image of panels D and E. Scale bars, 100 ym.

in the cells treated with RA alone or with Shh (Fig. 6B). These
results indicate that noggin and FGF8 induce the differentia-
tion of mGSCs into mature neural cells and that the expression
of the neural markers, Tubb3 and Mbp, is maximal on day 4.

CD24* cell populations induced with RA (5 nM),
FGFS8 (5 ng/ml) and Shh (100 ng/ml) were isolated through cell
sorting on day 3 of differentiation. The cells were re-aggregated
on V-shaped, ultra-low attachment 96-well plates at a density of
5x10°? cells/well and incubated for 2 days. The re-aggregated
EBs were transferred to a 96-well plate as a monolayer. After
5 days in a monolayer culture, the expression of TH and GFAP
was analyzed. As shown in Fig. 7, CD24* progenitor cell-
derived neural cells induced with a combination of paracrine
factors expressed the mature neuron marker, TH, and the astro-
cyte marker, GFAP.

Discussion

In the present study, we report that neuronal cells can be
efficiently generated from a mouse mGSC line by combining
a FACS-based system for the isolation of CD24-expressing
neural precursors with paracrine factor treatment. Using this
system, we generated PSC lines, assessed the expression of the
neuron-specific genes, TH and MAP2, and demonstrated that
CD24* cells have greater potential than CD24" cells to differ-
entiate into cells of the neural lineage.

The expression of nestin, a NSC marker, was upregulated
when serum-free N2/B27 medium was used for differen-
tiation (Fig. 1A). As serum contains several factors that may
influence the differentiation process, a number of researchers
have investigated the in vitro differentiation of ESCs into
neurons or neural precursors using serum-free media (31-37).
In addition, the serum-based protocols used to induce cell
differentiation have been modified, with the goal of obtaining
cells with specific neural phenotypes more efficiently (38-40).
Several of these studies have used proprietary medium or

serum, wherein it is difficult to identify the specific factors
responsible for efficient ESC differentiation (41).

For translational approaches, it is best to purify transplanted
cells, such as neural precursor cells, that have the capacity to
differentiate into functional neurons. To this end, a transplant-
able cell candidate that can be efficiently purified needs to be
identified. CD24 is a cell surface glycoprotein with numerous
carbohydrate structures and a small protein core that attaches
to the membrane through a glycosylphosphatidylinositol
tail (42,43). In the adult central nervous system, CD24 expres-
sion is restricted to immature neurons in two regions of the
brain that exhibit ongoing neurogenesis, the subventricular
zone of the lateral ventricle pathway and the dentate gyrus of
the hippocampal formation. CD24 is also strongly expressed
in ciliated ependymal cells (44). In the present study, FACS-
based sorting of CD24-expressing cells revealed that the CD24
surface antigen defined subsets of cells differentiating along the
neural precursor lineage. To investigate whether CD24* cells
undergo neurogenesis efficiently in vitro, we sorted CD24*
and CD24" cells derived from mESCs, iPSCs and mGSCs
on day 3 of differentiation and plated them for an additional
7 days in a monolayer culture. In the CD24* cells derived from
ESCs, iPSCs and mGSCs, the TH and MAP2 mRNA levels
were upregulated to a similar extent relative to levels in CD24~
cells (Fig. 2).

To induce the efficient differentiation of PSCs along a
specific lineage, signaling pathways must be controlled by
means of paracrine factors that regulate lineage-specific differ-
entiation during embryonic development. Several factors that
can promote the differentiation of PSCs into cells in the neural
lineage have been identified (45-49). In the present study, the
highest enrichment of the neuronal population was obtained
with N2/B27 medium, regardless of exposure to RA, which is
commonly used in vitro to induce the differentiation of stem
cell populations into cells of the neural lineage, including
adult NSCs. Retinoids, which include vitamin A (retinol) and
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its subtypes, are critical contributors to the development of
organs in the vertebrate central nervous system, particularly
the spinal cord (50,51).

The analysis of Tubb3 and Mbp expression indicated
that the medium containing noggin and FGF8 promoted the
induction of neural cell differentiation in mGSCs. Noggin, a
signaling protein, plays an important role in promoting somite
patterning in the developing embryo (52). Released from the
notochord, noggin regulates BMP during development and
blocks BMP4 signaling (53), which results in neural differen-
tiation patterning in the developing embryo. Additionally, in
Xenopus, BMP4 inhibition induces the neural differentiation
of the ectoderm (54). In the present study, treatment with
BMP4 (5 ng/ml) decreased CD24 expression and downregu-
lated neural-related gene expression.

In conclusion, the findings of this study demonstrate that
CD24 expression, enhanced by a combination of RA, noggin
and FGF8 under serum-free conditions, promotes the differ-
entiation of cells into neural cell precursors. Using a simple
cell-sorting method, we obtained neural precursor cells from
differentiated mGSCs with the potential to differentiate into
mature neurons and astrocytes in vitro. The use of mGSCs
avoids the ethical quandaries surrounding embryo destruction.
Furthermore, with the use of mGSCs, the opportunity for auto-
transplantation would circumvent immunological problems.
The neural differentiation potential of CD24* cells derived
from ESCs, iPSCs and mGSCs was similar. A CD24-based
neural precursor marker system using mGSCs derived from the
adult testis may be a preferred strategy for future therapeutic
applications. In addition, it has the advantage of providing cells
that are genetically matched to their donor without the intro-
duction of reprogramming transcription factors.
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