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Here we established a unique human glial cell line, GDC90, derived from a human glioma and demon-
strated its utility as a glial scaffold for the polarization and differentiation of human induced pluripotent
stem cell-derived neural progenitor cells (iPSC-NPCs). When co-cultured with GDC90 cells, iPSC-NPCs
underwent rapid polarization and neurite extension along the radially spreading processes of the
GDC90 cells, and showed migratory behavior. This method is potentially useful for detailed examination
of neurites or for controlling neurites behavior for regenerative medicine.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

During embryonic corticogenesis, neural progenitor cells (NPCs)
and neuronal cells have complicated interactions with glial cells. In
particular, radial glia (RG) cells construct the framework and
control the alignment of neuronal cells during embryonic CNS
development [1]. Glial cells are also important for the differentia-
tion of NPCs derived from pluripotent stem cells (PSCs) and
induced pluripotent stem cells (iPSCs) [2]. It is now possible to
investigate developmental processes of the human central nervous
system (CNS) and the pathogenesis of neural disorders using
human PSCs [3–6]. iPSC-derived NPCs (iPSC-NPCs) can produce
both neuronal and glial cells; however, they tend to remain
neurogenic for a prolonged period [7,8]. Extensive research has
led to methods for promoting iPSC differentiation toward specific
lineages. However, the differentiation propensities of the iPSCs
and iPSC-NPCs are not completely controlled. Furthermore, iPSC-
NPCs produce neuronal cells with disordered and randomly
arranged neurites, which complicates the examination of neurite
morphology and dynamics. The disorderly arrangement of neurites
in in vitro cultures may be due to the absence of the radial glial
scaffold that is abundant during in vivo corticogenesis.

This shortage of glial scaffolds in vitro is addressed by co-cultur-
ing iPSC-NPCs with glial cells. Human iPSC-NPCs can be induced to
develop into mature neurons by culturing them with mouse pri-
mary astrocytes [2]. However, the isolation of primary glial cells
for each experiment is time-consuming and laborious. Thus, the
use of a human glial cell line as a scaffold for iPSC-NPC differenti-
ation may be a more efficient approach.

Here, we established a co-culture system using iPSC-NPCs and a
unique glial cell line, GDC90, which promoted iPSC-NPC differenti-
ation, polarization, and migration. Use of this unique human glial
cell line may shed light on the detailed morphological behaviors
of iPSC-NPCs and contribute to their application in regenerative
medicine.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2014.04.070&domain=pdf
http://dx.doi.org/10.1016/j.bbrc.2014.04.070
mailto:kanemura@onh.go.jp
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2. Materials and methods

2.1. Human tissues and cells

This study was carried out in accordance with the principles of
the Helsinki Declaration, and approval for the use of human tissues
and cells was obtained from the ethical committees of Osaka
National Hospital and Keio University School of Medicine (Nos.
94, 110, 146, IRB0713). Surgically removed primary brain tumor
tissues were collected at the Osaka National Hospital with written
informed consent.

Human iPSC clone 201B7 [9], obtained from the RIKEN cell bank
(Tsukuba, Japan), was propagated on Mitomycin C-treated mouse
embryonic fibroblast (MEF) feeder cells as previously described [10].

Two human glioma cell lines derived from glioblastoma multi-
forme (GBM), U-251MG (IFO50288, The Japan Health Sciences
Foundation, Tokyo, Japan) and U-87MG (HTB-14, ATCC), were
propagated in culture medium with 10% fetal bovine serum.
Human neural stem cells (oh-NSC-3-fb) derived from the fetal fore-
brain were propagated by the neurosphere method as previously
described [11].

2.2. Isolation of glioma-derived cells

Glioma-derived cells (GDCs) were isolated from GBM speci-
mens using a serum-free suspension culture method as previously
described [11].

2.3. Generation of iPSC-NPCs

NPCs were generated from the human iPSC line 201B7 by
embryoid body formation and subsequent neurosphere culture as
previously described [8].

2.4. Genetic labeling by PiggyBac (PB) transposon-mediated gene
transfer

A CAG promoter [12]-driven expression cassette and a neomy-
cin-resistance gene cassette from pEBmulti-neo (Wako, Osaka,
Japan) were cloned into pPB533A2 (System Biosciences, CA, USA),
replacing components between two core insulators and the PB ter-
minal repeat sequences. The coding sequence for EGFP or for tdT-
omato [from ptdTomato-N1 (Clontech, CA, USA)] was cloned
downstream of the CAG promoter to construct pPB-CAG-EGFP (or
-tdTomato) -Neo using restriction enzymes.

Nucleofection of GDC90 cells and iPSC-NPCs was performed as
previously described [13]. Both 7.5 lg of the fluorescent protein
expression vector and 2.5 lg of the PB transposase expression vec-
tor PB200A (System Biosciences) were introduced into 3–5 � 106 -
cells. Fluorescent proteins were expressed in U-87MG and U-
251MG cells by transfecting them with PB vectors using the
FuGene HD Transfection Reagent (Promega, WI, USA). Geneticin
(200–600 lg/ml, Life Technologies) was maintained in the medium
until the second passage.

2.5. Quantitative RT-PCR

Total RNAs were isolated using the RNeasy Mini Kit (Qiagen,
Venulo, Netherlands). Template cDNA samples were synthesized
using the Prime Script RT Reagent kit (Takara, Shiga, Japan). Real-
time quantitative PCR was performed with the PowerSYBR Green
PCR Mix (Life Technologies) and the ABI7300 Real-time PCR system
(Life Technologies) using gene-specific primer pairs (Supplemental
Table 1). The expression value (Ct value) of each gene was normal-
ized to that of GAPDH, and the normalized expression values were
compared as previously described [10].
2.6. Immunocytochemistry and imaging analysis

GDC90 or iPSC-NPC aggregates were plated on Matrigel-GFR-
(BD Biosciences, NJ, USA) coated glass chamber slides (Matsunami
Glass, Osaka, Japan). The samples fixed with 4% paraformaldehyde
were incubated with primary antibody overnight at 4 �C and then
in secondary antibody and the DRAQ5 nuclear stain (Biostatus,
Leicestershire, UK) for 1 h at room temperature. Images were
acquired using LSM510 and LSM5 software (Carl Zeiss, Oberko-
chen, Germany).

The primary antibodies were rabbit anti-Nestin (1:500) [14],
rabbit anti-glial fibrillary acidic protein (GFAP) (1:80, Sigma),
mouse anti-bIII tubulin (1:500, Covance, Princeton, NJ, USA), rabbit
anti-brain lipid binding protein (BLBP) (1:500, Millipore), rabbit
anti-SOX2 (1:500, Chemicon), and rabbit anti-doublecortin (DCX)
(1:400, Cell Signaling, Danvers, MA, USA). The secondary antibod-
ies were goat anti-rabbit IgG Alexa Fluor� 488 (1:1000, Molecular
Probes, CA, USA), goat anti-mouse IgG Alexa Fluor� 648 (1:1000,
Molecular Probes), and goat anti-rabbit IgG Alexa Fluor� 648
(1:1000, Molecular Probes). Fluorescence microscopy was per-
formed with an IX81 inverted microscope (Olympus, Tokyo,
Japan). Time-lapse images were taken in a DH35i micro-incuba-
tion system with an automatic temperature controller (Warner
Instruments, CT), using Lumina Vision software (Mitani, Fukui,
Japan).

2.7. iPSC-NPC and GDC90 co-culture

For adjacent co-cultures, approximately 10 spheres each of
GDC90 cells and iPSC-NPCs were collected and plated on Matri-
gel-GFR-(BD Biosciences) coated glass-bottom dishes (Matsunami
Glass) in differentiation medium containing Neurobasal Medium
(Life Technologies), 2% B27 supplement (Life Technologies), 2 mM
L-glutamine (Life Technologies), and 1% Antibiotic-Antimycotic
(Life Technologies). For adjacent co-cultures using U-87MG or U-
251MG cells, aggregates were formed from 5 � 103 cells in low-
attachment 96-well V-bottom (conical) plates (PrimeSurface,
Sumitomo Bakelite, Tokyo, Japan). For mixed co-cultures, 5 � 103

U-87MG or U-251MG cells or 5.0 � 103 GDC90 cells and
5.0 � 103 iPSC-NPCs were seeded into a single well of a low attach-
ment 96-well V-bottom plate one day before plating on the Matri-
gel-GFR-coated dishes.

2.8. Three-dimensional co-culture of iPSC-NPCs and GDC90 cells on a
silicate membrane

Mixed aggregates containing 1 � 104 cells each of iPSC-NPCs
and GDC90 cells, generated as described above, were plated on a
CellBed silicate fiber membrane (Japan Vilene, Tokyo, Japan,
http://www.cellbed-jp.com/). The green fluorescence of neurites
extending from the EGFP-expressing iPSC-NPCs was observed with
an IX81 fluorescence microscope.

2.9. Statistical analysis

All data represent the mean of values determined from three
experiments. The statistical analysis of the results was performed
by Welch’s t-test.
3. Results

3.1. Isolation and establishment of fluorescently labeled human GDCs

We isolated a cell line, GDC90, from the tumor specimen of a
74-year-old female glioblastoma multiforme (GBM) patient. To

http://www.cellbed-jp.com/
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distinguish GDC90 cells from host or co-cultured cells, we used the
PB transposon vector which contains a tdTomato-expressing cas-
sette driven by the CAG promoter, a neomycin-resistance gene cas-
sette, and the PB terminal repeats sequence (Fig. 1A). Following
nucleofection of this vector and neomycin selection, GDC90 cells
were isolated that stably expressed tdTomato and maintained fluo-
rescence for over 10 passages, even when antibiotic selection was
discontinued (Fig. 1B, C). Glioma cell lines (U-87MG, U-251MG),
and GDC40 cells, another GDC line isolated from a GBM patient
(Okada et al., submitted), were also labeled using the same system
(Fig. 1D–I). To observe the dynamic behavior of iPSC-NPCs, we
established EGFP-labeled iPSC-NPC cell lines using the same nucle-
ofection method (Fig. 1J, K).

To characterize the glial cell lines, we examined neural marker
expression using quantitative RT-PCR and immunocytochemistry.
Quantitative RT-PCR (Fig. 1Q) showed that the Nestin mRNA level
was higher in GDC90 than in the other glial cell lines (n = 3,
P < 0.001) and that GFAP was more highly expressed in GDC90
and U-251MG cells than in iPSC-NPCs (n = 3, P < 0.001). The BLBP
expression was higher in GDC90 and GDC40 than in U-251MG cells
(n = 3, P < 0.001, P < 0.01, respectively), where high BLBP expres-
sion was previously reported [15]. The PAX6 expression was higher
in GDC90 than GDC40 cells (n = 3, P < 0.01), but lower than in iPSC-
NPCs (n = 3, P < 0.01). Immunocytochemical analyses showed that
plated GDC90 cells had a polarized morphology with extended pro-
cesses that were Nestin-, GFAP-, and BLBP-positive (Fig. 1L–N), and
SOX2-positive nuclei (Fig. 1O).

Collectively, these results showed that GDC90 cells exhibited
a molecular expression profile that was characteristic of
both glial and NPCs. This profile may be reminiscent of
RG cells, which are one of the candidate originators of human
gliomas.
Fig. 1. Generation of fluorescently labeled cells and molecular characterization of GD
expression vector. The CAG promoter enables strong expression in NPCs, and fluorescen
aggregates, other glial cell lines, and iPSC-NPC neurospheres with stable and strong fluore
GDC90 cells expressed the neural stem/progenitor cell markers Nestin and SOX2 and the R
of GDC90. GDC90 cells expressed Nestin and GFAP and higher levels of BLBP than U-25
3.2. iPSC-NPC and glial cell co-culture system

To assess the behavior of iPSC-NPCs in contact with glial cell
lines, we performed two different co-culture experiments. In the
first, we plated a fluorescently labeled glial cell line (U-251MG,
U-87MG, or GDC90) and iPSC-NPC spheres on the same dish
(Fig. 2A). GDC90 aggregates plated on the dish extended their tdT-
omato-positive fibers in a regular and radial manner, and the
neighboring iPSC-NPCs extended their EGFP-positive fibers along
the GDC90 radial fibers (Fig. 2B). Most of the iPSC-NPC processes
extended into the core of the adjacent GDC90 aggregate (Fig. 2C),
and some of them even passed through the core and exited along
the radial fiber on the other side (Supplementary Movie 1). In con-
trast to GDC90, U-251MG (Fig. 2D) and U-87MG (Fig. 2E) processes
did not spread radially from the aggregates, and neighboring iPSC-
NPCs did not extend their processes in a regular and radial manner
in the co-culture.

In the second experiment, we generated mixed aggregates from
fluorescently labeled glial cells and iPSC-NPCs (Fig. 2F). Soon after
plating, numerous iPSC-NPCs had migrated out from the sphere
along the radial fibers of GDC90 cells (Fig. 2G, H). Approximately
10 days after plating, we observed the translocation-like migration
of iPSC-NPC-derived neurons along the radial fibers of GDC90 cells
(Supplementary Movie 2). The U-251MG and U-87MG lines did not
exhibit these scaffolding properties, possibly because they were
isolated and cultured as adherent cells in serum-containing med-
ium, rather than as floating neurospheres in serum-free medium.
We therefore tested another human glioma-derived cell line,
GDC40, which was isolated using the serum-free neurosphere
method. Interestingly, although the GDC40 cells expressed radial
glial marker BLBP and Nestin, similar to GDC90 cells (Fig. 1Q), they
did not efficiently support iPSC-NPC neurites extension (Fig. 2I, J).
C90 cells. (A) Construction of the PiggyBac transposon fluorescent protein (FP)
tly labeled cells can be selected by neomycin resistance. (B–K) Proliferating GDC90
scent protein expression. Scale bar: 200 lm. (L–P) Immunocytochemistry of GDC90.
G cell markers GFAP and BLBP. Scale bar: 50 lm. (J–L): Quantitative RT-PCR analysis

1MG cells (⁄⁄P < 0.001, ⁄P < 0.01).



Fig. 2. Fluorescence imaging of co-cultured iPSC-NPCs and GDC90 cells. (A) Schematic of the adjacent co-culture system. iPSC-NPC neurospheres and glial aggregates were
plated in contact on the same dish. Glial cells and iPSC-NPCs were distinguished by their expression of tdTomato and EGFP, respectively. (B, C) Numerous iPSC-NPC-derived
neurites were observed extending along GDC90 fibers, toward GDC90 aggregates. Scale bars: 500 and 200 lm in B and C, respectively. (D, E) The other glioma cell lines, U-
251MG and U-87MG, did not form polarized fibers and attracted fewer neurites. Scale bar: 200 lm. (F) Schematic of mixed co-culture system. Aggregates containing both
glial cells and iPSC-NPCs were plated. (G, H) GDC90-derived polarized radial fibers spread from the mixed aggregates. iPSC-NPCs-derived neurites were spread along GDC90
radiating fibers. The neurites ran efferently from the GDC90 cells. Scale bar: 200 lm. (I, J) Cells of the other glioma-derived cell line GDC40 were not polarized and showed
random fiber spreading. The co-cultured iPSC-NPCs did not become polarized and did not exhibit regular neurite extension. (K, L) Immunocytochemistry of a neuronal marker
in iPSC-NPCs. In both the adjacent and mixed co-cultures, bIII tubulin-positive (blue) neurites extended radially and exhibited EGFP fluorescence. The iPSC-NPC-derived
neuronal cell bodies (arrow) were migrating away from the aggregates. Scale bar: 50 lm. (M, N) Immunocytochemistry of DCX, a marker of migrating young neurons. A
migrating EGFP-positive iPSC-NPC-derived neuron expressed DCX in its leading process (arrowhead). Another DCX-positive neuron labeled with EGFP fluorescence was
observed migrating along a GDC90 radial fiber that was identified by its tdTomato fluorescence (arrow). Scale bar: 50 lm.
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Immunocytochemical analyses of the iPSC-NPC-GDC90
co-culture showed that the EGFP-positive fibers extending from
the iPSC-NPCs were bIII tubulin-positive neurites (Fig. 2K, L), which
also expressed DCX, a characteristic of migrating neurons (Fig. 2M).
DCX-positive iPSC-NPC-derived neurons were observed in associa-
tion with tdTomato-positive glial fibers (Fig. 2N), suggesting that
the GD90-co-cultured iPSC-NPCs became polarized and migrated
along GDC90 processes, similar to their movement along glial scaf-
folds in vivo.

In both cultures, the iPSC-NPCs differentiated into neurons that
migrated along GDC90-derived radial fibers, which supported both
afferent and efferent neurite extension. Thus, GDC90 represents a
unique glial cell line that supports iPSC-NPC differentiation, polar-
ization, and migration.

3.3. Glioma-derived glial cells exhibit a strong affinity for iPSC-NPCs

In the co-culture system, iPSC-NPCs showed different responses
to monolayer-cultured glioma-derived cells (U-251MG and
U-87MG) versus neurosphere-cultured-GDCs (GDC90). We consid-
ered that the differently prepared GDCs might have different affin-
ities for iPSC-NPCs. To explore this possibility, we generated mixed
aggregates that contained equal numbers of glioma-derived cells
and iPSC-NPCs. As expected, the GDC90 cells and iPSC-NPCs formed
single aggregates, in which iPSC-NPCs were relatively abundant in
the inner portion (Fig. 3D). In contrast, iPSC-NPCs and U-251MG
or U-87MG failed to form homogeneous aggregates (Fig. 3E, F).
Unexpectedly, the iPSC-NPCs formed patchy clusters in these aggre-
gates after one day of culture, and the two cell types formed com-
pletely separate aggregates after five days (Fig. 3H, I). These
observations indicated that GDC90 cells might have a higher affinity
for iPSC-NPCs than do U-251MG or U-87MG cells. This may be partly
due to differences in cell adhesion molecule expression. In fact,
quantitative RT-PCR showed that the N-cadherin expression was
similar in GCD90 cells and iPSC-NPCs (P = 0.3), but approximately
half that level in U-251MG cells (P < 0.01) (Fig. 3J). Thus, the high
affinity of GDC90 and iPSC-NPCs for each other might reflect their
shared expression of N-cadherin, which is abundant in neural tissue.

3.4. GDC90 and iPSC-NPC co-culture on an artificial membrane

RG cells provide a structural framework for embryonic cortico-
genesis and are necessary for CNS regeneration in lower animals.
Thus, we further explored the effects of GDC90 cells on iPSC-NPC
behavior. To induce neurite extension three-dimensionally from
iPSC-NPCs, we plated mixed GDC90 and iPSC-NPC aggregates on
a silicate fiber substrate. In these membranes, large slits between
the silicate fibers represent sites where GDC90 cells and iPSC-NPCs
can interact directly. When these cell types were co-cultured on
the artificial substrate, GDC90 cells spread across the surface of



Fig. 3. GDC90 cells exhibit a higher affinity for iPSC-NPCs than do other glioma-derived cells. (A–C) Fluorescence imaging of iPSC-NPCs and glioma-derived cells just after
forming mixed aggregates in V-bottom plates. (D–I) Glioma-derived cells exhibited different affinities for iPSC-NPCs. On day 1 (D–F), iPSC-NPCs formed patchy aggregates
with U-251 or U-87MG cells. By day 6 the iPSC-NPCs were excluded from the U-251 or U-87 MB aggregates, while iPSC-NPCs remained in the mixed aggregates with GDC90
cells, suggesting that GDC90 cells have a higher affinity for iPSC-NPCs than do other established glioma cell lines. Scale bar: 1 mm. (J) Quantitative RT-PCR analysis of N-
cadherin. N-cadherin expression levels were normalized to that of the U-87MG glioma cell line. N-cadherin expression in GDC90 cells was at least twice that in other glioma
cells lines (⁄⁄P < 0.001). iPSC-NPCs expressed high levels of N-cadherin, similar to that of the human neural stem cell line (hNSC).
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the membrane, and their outgrowth led to scaffold formation,
followed by iPSC-NPC-derived neurite extension (Fig. 4A–C). Even
after two months of culture, the iPSC-NPC-derived neurons sur-
vived on the membrane; they exhibited a highly polarized mor-
phology, characterized by the extension of long neurites
(Fig. 4D–F). Based on these observations, we concluded that
GDC90 cells could be used in conjunction with the artificial sub-
strate as a three-dimensional scaffold for iPSC-NPC differentiation.

4. Discussion

Here, we established a unique human glial cell line, GDC90,
which exhibited a radial glial-like molecular signature, a polarized
Fig. 4. Behavior of iPSC-NPCs co-cultured with GDC90 cells on a three-dimensional sca
fiber membrane. When GDC90 and iPSC-NPCs mixed aggregates were plated on the artifi
bar: 100 lm. (D–F) Long-term co-culture of iPSC-NPCs and GDC90 cells on the silicat
membrane fibers. Scale bar: 500 lm and 200 lm, respectively in E and F.
shape, and radially spreading processes. Compared with the other
glial cell lines tested, GDC90 cells showed a higher affinity for
iPSC-NPCs, consistent with a previous report indicating that
various glioma cell lines have different affinities for NSCs [16].
Consistent with this higher affinity, GDC90 cells expressed more
N-cadherin than the other glioma-derived cell lines. Considering
that during mouse corticogenesis, N-cadherin is essential for the
attachment between radial glial cells and migrating neurons
[17], N-cadherin may contribute to the scaffolding function of
GDC90 cells in our in vitro system. The molecular signature and
scaffolding properties of the GDC90 cells suggest they share some
characteristics with RG cells. Our findings support the possibility
that RG cells are involved in human glioma development [18–20].
ffold. (A–C) GDC90 cells directed iPSC-NPCs-derived neurite extension on a silicate
cial membrane, iPSC-NPC neurites extended along the spreading GDC90 fibers. Scale
e membrane. iPSC-NPCs became polarized and extended long neurites along the
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Co-culture of the fluorescently labeled cells showed that GDC90
cells could support the differentiation, polarization, and migration
of iPSC-NPCs. Our findings suggest that the co-culture of RG-like
GDC90 cells converts iPSC-NPCs to polarized neurons that migrate
in vitro, consistent with a previous report showing that mouse neu-
ronal migration in vitro required the presence of glial cells, which
were prepared from fetal mouse brains or cultured neural stem
cells [21,22]. Thus, our unique co-culture system enables in vitro
modeling of the differentiation, polarization, and migration of
iPSC-NPCs without in vivo xeno-transplantation procedures.

Non-vertebrate or lower vertebrate animals can reconstruct a
functional CNS via RG cell activation prior to neurogenesis [23–
25]. Here, we attempted to recapitulate this regenerative process
on a three-dimensional scaffold. The co-culture of GDC90 cells
and iPSC-NPCs on a silicate fiber membrane supported the exten-
sion of neurites from the iPSC-NPCs and the development of
iPSC-NPC-derived polarized neurons that were capable of long-
term survival. This membrane is so easy to handle that it may be
technically possible to transplant this well-differentiated neuronal
tissue. Conceptually, ‘‘glial-controlled regeneration’’ might provide
a hint for regeneration of injured CNS. Although clinical applica-
tions will require the replacement of tumor-derived glial cells by
iPSC-derived RGs [26,27], GDC90 or mitotically inactivated
GDC90 cells will still be useful for basic research until advances
in differentiation methods enable the reproducible, stable and
abundant production of iPSC-derived RG cells.

5. Conclusion

We established a unique human glial cell line, GDC90, and
examined its effects on iPSC-NPC differentiation, polarization,
and migration. This simple technique has the potential to acceler-
ate the research and development of iPSC-based disease modeling
and regenerative medicine.
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