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Neural stem (NS) cells are a homogenous population of stem cells that expands in monolayer under serum-
free conditions while remaining highly neuropotent. Here, we generated NS cells from induced pluripotent
stem (iPS) cells that were previously derived from mouse fibroblasts (NS-(f)iPS). We showed that NS-(f)iPS
cells exhibit long-term expansion and express markers of neurogenic radial glia. Analyses of the regional

markers expressed in NS-(f)iPS cells suggested a ventral-rhombencephalic identity. Upon exposure to
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differentiation protocols, NS-(f)iPS cells produce neurons, astrocytes, and oligodendrocytes with an
efficiency similar to ES-derived NS cells. NS-(f)iPS cells represent a new tool for studying neural cell fate
determination and terminal differentiation, providing an interesting resource for experimental transplanta-
tion. Comparative studies between NS cells derived from iPS cells, reprogrammed from different somatic
sources, and from authentic ES cells are necessary to identify critical elements for multipotency acquisition.

© 2009 Elsevier Inc. All rights reserved.

Introduction

An expected complication in future stem cell-based neurotrans-
plantation medicine is the threat of immunorejection. One approach
that might avoid this outcome is the use of pluripotent cells, derived
from the patient, that can differentiate into the cells needed for
transplantation. However, adult humans generally have very few
suitably neurogenic stem cells and little is known about their multi-
potency. In the last few years, research has shown that during somatic
reprogramming, epigenetic markers may be erased and remodeled in
specialized cells, including fibroblasts (Okita et al., 2007; Takahashi
and Yamanaka, 2006). This reprogramming causes a reversion back to
an embryonic cell stage, which is endowed with pluripotency. This
research represents a scientific breakthrough that promises to
revolutionize biomedical studies; it provides a phenomenal tool for
approaching stem cell biology and a strategy for understanding the
mechanisms that give rise to pluripotency (for a review, see
Yamanaka, 2009).

Induced pluripotency was first achieved in mouse fibroblasts with
the transgenic expression of Oct4, Sox2, c-Myc, and Kif4 (Okita et al.,
2007; Takahashi and Yamanaka, 2006). Consequently, it was also
demonstrated that induced pluripotent stem (iPS) cells can be
generated from mouse bone marrow cells (Takahashi and Yamanaka,
2006), hepatocytes, gastric epithelial cells (Aoi et al., 2008), pancreatic
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cells (Stadtfeld et al., 2008), lymphocytes (Hanna et al., 2008), and
adult neural stem cells (Kim et al., 2008; Silva et al., 2008; Kim et al.,
2009). Remarkably, iPS cells were also generated from human fetal,
neonatal, and adult skin fibroblasts (Nakagawa et al., 2008; Park et al.,
2008; Takahashi et al., 2007; Yu et al., 2007) and keratinocytes (Aasen
et al., 2008).

The advent of iPS cell technology has opened the possibility of
generating cell-based patient-specific models of human disease and
eventually therapeutics that preclude immunorejection. iPS cells
derived from fibroblasts are expected to be similar to authentic ES
cells. In fact, current reprogramming technologies allow the
generation of iPS cells with a gene expression profile similar to ES
cells, although more thorough analyses indicates that iPS cells still
retain a unique gene expression signature, that differentiate them
from ES cells (Chin et al., 2009). With respect to differentiation
potential, iPS cells have been shown to give rise to the major
specialized cell types, but more quantitative comparisons of their
efficiency have not been reported.

In 2005, neural stem (NS) cells were isolated as an ad infinitum
self-renewing population of multipotent cells, with the properties of
neurogenic radial glia (Conti et al., 2005; Glaser et al., 2007; Pollard
etal,, 2006). These NS cells undergo long-term symmetric cell division
in adherent cultures (Conti et al., 2005). NS cells have been efficiently
derived from mouse ES cells and from fetal and adult mouse central
nervous system (CNS) (Conti et al., 2005; Pollard et al., 2006). More
recently, the generation and initial characterization of human fetal NS
cells was described: these were tripotent, clonogenic, and euploid
after long-term expansion (Sun et al., 2008). A similar (although not
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identical) NS cell type, named It-hESNSCs (for long-term hESC-
derived neural stem cells), was derived from hES cells (Koch et al.,
2009); these cells were capable of unlimited, homogenous expansion
in monolayer.

Two recent studies have investigated the neurogenic properties
of NS cells. In particular, it has been demonstrated that both adult
subventricular zone (SVZ)-derived and ES-derived mouse NS cells
consistently and reproducibly differentiate into molecularly and
electrophysiologically mature neurons (Goffredo et al., 2008;
Spiliotopoulos et al., 2009).

In an attempt at producing somatic stem cells from iPS cells, one
group used adult brain-derived NS cells as a target for reprogram-
ming; the generated iPS cells were then converted back into a
population of multipotent NS cells, which were characterized by the
expression of Sox2, Pax6, Olig2, Nestin, and Blbp (Kim et al., 2009).

The derivation of NS cells from reprogrammed fibroblasts would
represent a valuable step towards attaining NS cells from human
subjects. In this study, we describe the generation of a permanent
population of NS cells that expresses a full complement of neural
antigenic and biological properties, from fibroblast-derived iPS cells.
We compared the expression of specific genes in these NS fibroblast-
derived iPS (NS-(f)iPS) cells with respect to that of ES-derived NS
cells. We demonstrate for the first time that mouse fibroblast-derived
iPS cells can be converted into a neuropotent, self-renewing NS cell
population with radial glia properties. This population was stable for
over 67 passages in culture and, when exposed to the appropriate
protocols, gave rise to neurons, oligodendrocytes, and astrocytes.
Following application of the Spiliotopoulos et al. (2009) differentia-
tion protocol, 60% were defined as mature neurons by their molecular
and biochemical features. We also compared the NS-(f)iPS cells to two
ES-derived NS cell lines. The expression profile of a set of transcription
factors indicative of regional identity showed that NS-(f)iPS cells
exhibited ventral-rhombencephalic characteristics.

Results
Derivation of self-renewing NS cells from iPS cells

The iPS#202 (Moretti et al., 2009) cells were subjected to a
multistep protocol (Conti et al., 2005) for converting ES cells into a
monolayer of self-renewing NS cells (Fig. 1A). After initial expansion
on inactivated mouse embryonic fibroblast (MEF) feeder cells,
iPS#202 cells were adapted for at least three passages on gelatin in
order to expose them to neural induction stimuli (Ying et al., 2003).
Supplementary Fig. 1 shows that iPS#202 cells, propagated on MEFs
or on gelatin, were able to generate derivatives from embryoid bodies
that represented the three embryonic germ layers in an RT-PCR
analysis. In addition, beating cardiomyocytes were readily observed in
both culture conditions (Videos S1 and S2).

Upon plating and culturing iPS#202 cells in serum-free media,
rosette-like structures appeared. After 10-12 days of induction, cells
were replated and were able to support neural progenitor prolifer-
ation (Fig. 1A). Neurally committed iPS#202 cells initially associated
to form floating clusters that, after 3-4 days, were disaggregated and
replated in fresh medium. Subsequently, cells grew with a typical
bipolar NS cell morphology (Fig. 1A). These cells, called NS-(f)iPS
cells, were continuously and homogenously propagated, with no
significant variations in morphology or growth rate (not shown) for
over 67 passages.

To investigate the neuropotent state of the newly generated NS-(f)
iPS cells, we examined the expression of genes involved in somatic
reprogramming (Fig. 1B). We found that the transgenes c-Myc, Sox2,
and KIf4 were silenced in NS-(f)iPS cells and in the original iPS#202
cells. On the other hand, Oct4 transgene expression appeared to be
reactivated in NS-(f)iPS cells (Fig. 1B). Other authors have recently
reported that some transgenes may be reactivated as iPS cells are
pushed toward somatic differentiation (for a review, see Yamanaka,
2009). However, our analyses of the OCT4 protein in the same samples
indicated that the gene product was undetectable by immuno-
fluorescence and Western blot assays (Figs. 1C and D). This was
probably due to regulation of Oct4 mRNA translation and/or protein
degradation (Xu et al., 2004; Xu et al., 2009;).

We also confirmed that the endogenous Oct4, Sox2, c-Myc, and
Kif4 genes were expressed in the original iPS#202 cells growing on
MEFs or on gelatin (Fig. 1B). Expression levels were similar to those
observed in the ES IFRYFP cells, which were derived from the same
Isl1:Cre/R26R-YFP mouse line that was used to derive the iPS#202
cells. However, the expression of the same endogenous Oct4 and Klf4
genes and that of the pluripotency marker Nanog was promptly
silenced in our newly derived NS-(f)iPS cells. This demonstrated that
iPS cells remained sensitive to the genetic switch that characterizes
the change in potency of NS cells (Fig. 1B). We also found that NS-(f)
iPS cells expressed markers typically observed in authentic NS cells,
including Sox2, Pax6, Glast, and Blbp; moreover, these were expressed
at levels comparable to the levels observed in the ES-derived NS 46C
CAG line (Conti et al., 2005) (Fig. 1B). These findings confirmed that
the neural induction protocol was able to convert pluripotent
fibroblast-derived iPS cells into neuropotent NS cells.

NS-(f)iPS cells have features of neurogenic radial glia

NS-(f)iPS cells maintained in self-renewing conditions were ana-
lyzed in more detail to investigate their neural identity. Nearly all NS-(f)
iPS cells were immunopositive for Nestin/SOX2, Vimentin/PAX6, BLBP,
GLAST, and Olig2 (Fig. 2A), a set of markers considered diagnostic for NS
cells with radial glia properties (Conti et al., 2005). This demonstrated
that NS-(f)iPS cells consisted of a homogeneous population of
neurogenic stem cells. In self-renewing conditions, only few cells (1-2
cells/field) express BllI-tubulin or GFAP (Supplementary Figs.2A and B).

NS cells generally have elongated bipolar morphology, end feet,
and oval nuclei; during cell cycle progression, they show a dynamic
morphological interconversion (Conti et al., 2005). Time-lapse
videomicroscopy showed that NS-(f)iPS cells also underwent inter-
kinetic nuclear migration (Video S3), a well-characterized phenom-
enon of nuclear movement along the entire length of the cell
processes. These cells showed the in vivo behavior of neuroepithelial
progenitor cells and radial glia during neurodevelopment. Therefore,
NS-(f)iPS cells express the general morphological and molecular
trademarks of radial glia cells.

To evaluate whether the reprogrammed NS-(f)iPS cells acquired a
specific regional identity, we investigated the expression of a subset of
transcription factors that establish positional identity along the
rostro-caudal and dorso-ventral axes of the CNS. We compared the
NS-(f)iPS cell expression pattern with that of the original NS 46C CAG
line (Conti et al., 2005) and that of NS IFRYFP cells, a new line of NS
cells we derived from ES IFRYFP cells (Supplementary Fig. 3). The NS
46C CAG and NS IFRYFP cells showed similar expression levels of the
transcription factor-coding genes Tlx and Pax7 (Fig. 2B). However,

Fig. 1. Derivation and characterization of NS-(f)iPS cells derived from reprogrammed mouse fibroblasts. (A) iPS#202 cells were generated from mouse fibroblasts and maintained on
mouse embryonic fibroblast (MEF) feeder cell layers; subsequently, iPS#202 cells were replated and cultured on gelatin-coated plates in order to apply the protocol of neural
induction on the monolayers. After the formation of rosette-like structures, NS-(f)iPS cells were derived. (B) Gene expression analysis by RT-PCR on iPS#202 and ES IFRYFP cell lines,
grown on MEFs or gelatin (gel), NS-(f)iPS cells, and ES-derived NS 46C CAG cells. The endogenous (endo) Oct4, Sox2, c-Myc, KIf4, and the pluripotency marker Nanog were expressed
in iPS#202. Conversely, NS-(f)iPS cells were positive for the typical markers of neural progenitors Sox2, Pax6, Glast, and Blbp. The transgenes (Tg) c-Myc, Sox2, and KIf4 were silenced
in the NS-(f)iPS and iPS#202 cells. Oct4 transgene expression appeared to be reactivated in NS-(f)iPS cells. (C, D) Immunofluorescence and Western blot analysis showed that

expression of OCT4 was undetectable in NS-(f)iPS cells. Positive control, iPS#202 cells.



M. Onorati et al. / Molecular and Cellular Neuroscience 43 (2010) 287-295

iPS#202 cells iPS#202 cells g
growing on MEFs in adherent culture
adherent neural
culture adaptation induction
B <
¥ & & s ®
_\QQ _;QQ ‘]ﬁ\ f],& .QG) 00‘”
& & 1.599 %,&19 & @ &
Q/o" Q/c) { X \f') \g’o & xo
_ C-Myc Tg
— J— — E— c-Myc endo
B S S S [ Sox2 total

1
.
1
LS

B-actin

rosette = NS-(NiPS cells
formation
NS cell
derivation
C
| iPS#202 cells | | NS-(f)iPS cells

Hoechst Hoechst

D
9 P
KDa Q°
80 -
60 -+
50 -4
40_.- OCT3/4

S o -Tubulin

-



290 M. Onorati et al. / Molecular and Cellular Neuroscience 43 (2010) 287-295

“AViffientin ler. Vimenti) Vimentin/= % Moechst

Foxg1
Tix

Hoxa4

HII\ }-
A

]
!
i

Hoxb4

Pax7
Asclt

Olig2
D-V e

Nkx2.2

Dix2

Nkx2.1

B-actin

Fig. 2. NS-(f)iPS expressed markers diagnostic of neurogenic radial glia. (A) NS-(f)iPS cells were immunopositive for Nestin/SOX2, Vimentin/PAX6, BLBP, GLAST, and Olig2. (B)
RT-PCR analysis of a subset of rostro-caudal (R-C) and dorso-ventral (D-V) regional markers expressed by NS-(f)iPS cells, ES-derived NS 46C CAG, and NS IFRYFP cells. The results
suggested a ventral-rhombencephalic regional identity for NS-(f)iPS cells.

NS-(f)iPS cells showed a distinct expression profile. In fact, NS-(f)iPS Hoxb4; thus, they exhibited a more caudal identity (Fig. 2B), which
cells did not express the forebrain marker Tlx and the telencephalic was confirmed by the expression of Hoxa4 (Fig. 2B). Moreover, NS-(f)
marker Foxgl but expressed the rhombencephalic/spinal gene iPS cells showed the expression of Nkx2.2, Ascl1, and Olig2 but do not
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express the dorsal marker Pax7, thus demonstrating a ventral identity.
This set of markers indicated that NS-(f)iPS cells exhibited a ventral-
rhombencephalic identity. Furthermore, DIx2 was uniquely missing in
the NS cells obtained from iPS#202 cells (Fig. 2B).

These discrepancies between the NS cells derived from different
sources may be due to either different exposure times to neural
induction or different capabilities for responding to induction
stimuli.

NS-(f)iPS cells generate neurons, astrocytes, and oligodendrocytes

NS cells are multipotent and give rise to neurons, oligodendrocytes,
and astrocytes, the three primary lineages of the CNS (Conti et al.,
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2005). To test neuronal commitment, we applied the Spiliotopoulos
protocol recently optimized for ES-derived NS cells (Spiliotopoulos
et al.,, 2009) based on the fact that these iPS cells are expected to
behave similarly to ES cells. The protocol involved first EGF
withdrawal, then a gradual decrease of FGF-2 and a simultaneous
increase of BDNF in the differentiation medium up to a final con-
centration of 30 ng/ml (Fig. 3A). Considering that the original source of
NS-(f)iPS cells were fibroblasts, results were remarkable in terms of
morphological maturation of the cells and the acquisition of a neuronal
phenotype. With differentiation, the neuronal precursors began to
express the neuronal markers pllI-tubulin and MAP2 on day 5 (not
shown), and expression increased in the following days. Initial
experiments showed that after 22 days of differentiation, 27.7 4 2.2%
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Fig. 3. Neuronal differentiation of NS-(f)iPS cells. (A) Scheme of the neural differentiation protocol applied to NS-(f)iPS cells. Growth factors were withdrawn, while the BDNF
concentration was augmented. (B) After 19 days of differentiation in vitro, NS-(f)iPS cells give rise to BllI-tubulin and MAP2 -positive cells. The bottom-right figure shows a GAD65/
67-positive cells after 19 days of differentiation (image digital magnified 5x, after the acquisition). (C) After 19 days of differentiation, 61.5 4-9.7% of cells were immunopositive for
BllI-tubulin, and 52.7 + 4.5% for MAP2; 8 & 2.1% were GFAP positive (N=2261 total cells for BllI-tubulin; N=2135 cells for MAP2 and GFAP). The columns represent the averages.
Error bars indicate the standard deviation. (D) Gene expression analysis by RT-PCR on NS-(f)iPS cells in proliferation (Prol.) and after 11 and 22 days of differentiation. (E)
Quantitative real-time RT-PCR on Hb9 mRNA levels in NS-(f)iPS cells in proliferation condition (P) and after 11 (D11) and 22 (D22) days of differentiation. Asterisks represent
significant differences, as calculated by ANOVA analysis using the Tukey-Kramer post-test (*p<0.05, **p<0.01).
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of the cells were immunopositive for pIlI-tubulin and 28.9 + 1.9% for
MAP2, while 14% of cells are GFAP positive (not shown). However,
after setting the correct cell density (5 x 10° cells/cm?) and following
addition of valproic acid, at the end of the differentiation protocol,
cells exhibited thin elongated processes typical of mature neurons
(Fig. 3B). The 61.5+9.7% of the cells were immunopositive for PIII-
tubulin and 52.7 £4.5% for MAP2, while only a small fraction was
GFAP positive (8+2.1%) (Figs. 3B and C). At the end of the
differentiation, some Nestin-positive cells were still present, that
however did not co-express Plll-tubulin (Supplementary Fig. 4).
These results are comparable to that obtained for most ES-derived NS
cell lines, considering that 80% of the differentiated cells expressed
neuronal antigens (Spiliotopoulos et al., 2009).

We also performed RT-PCR to investigate the expression of a panel
of neuronal markers at days 11 and 22 of differentiation (Fig. 3D).
Meis2, a marker of intermediate-ventral neural tube cells, was
expressed in proliferating and differentiating NS-(f)iPS cells
(Fig. 3D). We did not detect the expression of Is/1, a marker of moto-
neurons, sensory neurons of the spinal cord, and striatal precursors
(Fig. 3D). This result was consistent with the fact that the yellow
fluorescent protein (YFP) reporter, which was under the control of the
endogenous Isl1 gene, was not expressed in NS-(f)iPS cells (nor in NS
cells derived from ES IFRYFP cells; data not shown). On the other
hand, YFP fluorescence was observed in iPS#202 cells that differen-
tiated via embryoid bodies into neuronal cells (Supplementary Fig. 5).
We also analyzed the expression of the marker neural cell adhesion
molecule (N-CAM) and found that it was expressed in self-renewing
and differentiating conditions (Fig. 3D).

Interestingly, the motoneuron marker Hb9 was expressed at the
end of the differentiation period (Fig. 3D). Hb9 results significantly
upregulated by quantitative real-time RT-PCR after 22 days of
differentiation protocol with respect to proliferation condition
(p<0.01) and 11 days (p<0.05) (Fig. 3E). The expression of this
mRNA, which is specifically found in motor neurons, is consistent with
the ventral-rhombencephalic identity shown by NS-(f)iPS cells.

By semiquantitative RT-PCR, we also showed a progressive
increase in expression of the sodium voltage-gated channel, type II
(Nay1.2), a molecular marker that is typical of terminally differenti-
ated neurons (Fig. 3D). With progressive differentiation, we also
observed the upregulation of the gene encoding glutamic acid
decarboxylase (GAD)-67 (Fig. 3D), and GAD65/67 immunopositive
cells are shown in Fig. 3B. No expression of the vesicular glutamate
transporter (VGLUT)-2 is present (Fig. 3D) as well as dopaminergic or
serotonergic marks (not shown). Taken together, these data indicated
that, with differentiation, these cells acquired general GABAergic
features, as observed for ES-derived NS cells.
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To test whether NS-(f)iPS cells could be induced to follow an
oligodendroglial fate, the cells were plated on laminin-coated dishes
and treated for 4 days with N2, forskolin, FGF-2, and PDGF, as
described previously (Glaser et al., 2007). Terminal differentiation
was obtained by culturing the cells in the presence of 3,3,5-
triiodothyronine (T3) and ascorbic acid (AA) for 4 days further
(Glaser et al.,, 2007) (Fig. 4A). At the end of this differentiation
treatment, nearly all cells present in the culture showed a branched
oligodendrocyte-like morphology and were immunopositive for NG2
and 04, markers of an oligodendroglial precursor and for the mature
oligodendrocyte, respectively. Approximately 25% of the cells
expressed both markers, demonstrating a commitment to the
terminally differentiated fate (Fig. 4A).

To test the capacity of NS-(f)iPS cells to generate astrocytes, they
were exposed to a medium without EGF and FGF-2, but with serum.
After 5 days, the cells appeared flattened with large nuclei. All cells
expressed the astrocytic marker GFAP (Fig. 4B).

Collectively, these results demonstrated that NS-(f)iPS cells have
NS cell properties. They exhibit tripotency, as are capable of
differentiating into the three primary cell types found in the CNS
when exposed to the appropriate signals.

Discussion

NS cells are an indefinitely expandable source of neural progeni-
tors that grow homogeneously in adherent cultures (Conti et al.,
2005). They offer a promising system for dissecting the mechanisms
of neural differentiation, are suitable for genetic and chemical high-
throughput screening, and represent a potential source for cell-
replacement therapies.

In this study, we demonstrated, for the first time, that repro-
grammed mouse fibroblasts underwent a gradual, stepwise acquisi-
tion of neuropotency. In particular, we converted pluripotent iPS cells
into neuropotent NS-(f)iPS cells that (1) expressed the appropriate
markers for neural stem cells, (2) showed long-term stability up to 67
passages, (3) exhibited features of neurogenic radial glia and dynamic
morphological changes during cell cycle progression, and (4)
exhibited tripotent differentiation potential, by generating oligoden-
drocyte, astrocytes, and mature neurons. These findings established
that self-renewing multipotent NS-(f)iPS cells can be derived from
reprogrammed mouse fibroblasts.

Recent works also demonstrated that iPS cells can be differentiated
into neurons by applying the developmental signals that are typically
employed in ES cell differentiation protocols. For example, Wernig
et al. (2008) demonstrated that mouse fibroblast-derived iPS cells
could differentiate into dopamine neurons (Wernig et al., 2008). Upon

Hoechst

Fig. 4. Differentiating NS-(f)iPS cells progressively acquired oligodendrocyte and astrocyte fates. (A) NS-(f)iPS cells, when treated with PDGF, FGF-2, forskolin, T3, and AA, acquired a
branched morphology and generated NG2™ and 04" oligodendrocytes (original magnification 20x). (B) Upon exposure to serum, NS-(f)iPS cells generated a pure GFAP™ astrocyte

population with a flat, sheet-like morphology.
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transplantation into the adult brain, these neurons were able to
ameliorate the behavioral deficits in the Parkinsonian rat model.
Another recent study examined the potential of iPS cells as a source of
transplant tissue for the auditory system. The authors demonstrated
that iPS cell-derived neurons were able to innervate hair cells ex vivo,
then after in vivo transplantation into the cochlea, they survived and
acquired a glutamatergic phenotype (Nishimura et al., 2009).
Furthermore, two studies described the characterization of iPS cells
derived from patients with a neurodegenerative disease, thus
validating iPS cells as a potential in vitro model of human diseases
(Dimos et al., 2008; Ebert et al., 2009).

In this study, we also generated a line of NS cells from the ES
IFRYFP cell line that was derived from the same mouse strain that was
used to derive iPS#202 cells. In our hands, both the ES- and iPS-
derived NS cells exhibited similar expression of neural stem cell
markers. The ES-derived NS cells expressed a pattern of transcription
factors that delineated their regional identity within specific CNS
domains. Interestingly, NS-(f)iPS cells expressed a peculiar set of
genes, like Hoxa4, Hoxb4, Nkx2.2, Olig2, and Ascl1, that could delineate
a ventro-caudal identity, confirmed by the lack of the expression of
the anterior marker TIx, Foxg1, and the dorsal one Pax7. In addition,
NS-(f)iPS cells appeared to have an efficiency similar to ES-derived NS
cells in generating neurons upon exposure to differentiating media. Of
note, the differentiating protocol was optimized for NS cells derived
from authentic ES cells, although it was based on the Spiliotopoulos
protocol (Spiliotopoulos et al., 2009).

Finally, we also evaluated the NS derivation protocol for the ability
to give rise to progenitors of medium spiny striatal neurons that
expressed the Islet1 gene. However, although the Islet1 promoter was
perfectly functional in the original ES IFRYFP cells and in iPS#202 cells
(see Supplementary Fig. 5), the NS derivation protocol rendered these
cells incapable of entering an Islet1™ cell fate. Screening for new
genetic determinants of the striatal cell lineage is ongoing in NS cells
(unpublished).

This work demonstrated that reprogrammed fibroblasts could be
efficiently converted into a homogeneous population of NS cells. Our
results suggest that NS-(f)iPS cells could represent a novel source for
supporting iPS cell technology and in vitro modeling of neurological
diseases in regenerative medicine.

Experimental methods
Cell culture and neural induction

iPS#202 cells were generated from fibroblasts of Is/1:Cre/R26R-YFP
mice, according to the protocol described by Yamanaka (2009). ES
IFRYFP9 cells were derived from the same Isl1:Cre/R26R-YFP mouse
line that was used to derive the iPS#202 cells. iPS#202 and ES
IFRYFP9 cells were maintained on mitomycin-treated MEF feeder
cell layers, cultured in Dulbecco's Modified Eagle's Medium (DMEM;
GIBCO, Invitrogen), supplemented with 15% fetal bovine serum
(FBS; GIBCO, Invitrogen), 2 mM L-glutamine, 0.1 mM nonessential
amino acids, 1 mM sodium pyruvate, 0.1 mM R-mercaptoethanol,
5 mg/ml penicillin, 100 mg/ml streptomycin, and 10> U/ml
leukemia inhibitory factor (LIF, Chemicon International). Subse-
quently, iPS#202 cells were replated and cultured without MEFs on
0.1% gelatin-coated 100-mm tissue culture dish (IWAKI, Bibby
Scientific) for at least three passages in Glasgow Minimum Essential
Medium (GMEM; GIBCO, Invitrogen) supplemented with 10% FBS,
2 mM L-glutamine, 0.1 mM nonessential amino acids, 1 mM sodium
pyruvate, 0.1 mM p-mercaptoethanol, 5 mg/ml penicillin, 100 mg/
ml streptomycin, and 10° U/ml LIF.

For monoculture differentiation, undifferentiated iPS#202 cells
were dissociated and plated onto gelatin-coated 6-well tissue culture
plate (IWAKI) at a density of 8 x 10* cells/well and cultured in N2B27
medium that contained a 1:1 mixture of DMEM/F12 supplemented

with 1% N2 (Invitrogen) and Neurobasal medium supplemented with
2% B27 (Invitrogen). Medium was renewed every day. Cells were
maintained for 12 days and then were plated on uncoated T-25 flask
(IWAKI) in Euromed-N medium (Euroclone, Milan, Italy), supple-
mented with N2 and 20 ng/ml of both EGF and FGF-2 (NS expansion
medium). Over 3-5 days, cells formed aggregates that subsequently
attached to the plastic upon disaggregation. After 2-3 passages,
monolayers of NS cells were generated, and these were referred to as
NS-(f)iPS cells.

Embryoid bodies assay

Embryoid bodies (EBs) were generated with the “hanging drops”
method, where 1000 cells/drop were plated on the lid of a bacterial
dish (Sterilin) in GMEM medium supplemented with 10% FBS, 2 mM
L-glutamine, 0.1 mM nonessential amino acids, 1 mM sodium pyru-
vate, 0.1 mM PB-mercaptoethanol, 5 mg/ml penicillin, 100 mg/ml
streptomycin, and no LIF. On day 2, EBs were transferred to a
nonadherent bacterial dish and were grown in suspension for
another 3 days. At day 5 of differentiation, the EBs were transferred
to 0.1% gelatin-coated tissue culture dishes (IWAKI), and the
medium was changed every 3-4 days. Starting on day 6 of differen-
tiation, each EB outgrowth was examined daily for spontaneously
beating regions.

Cell culture of NS cells

NS cells were routinely cultured in NS proliferation medium,
composed of Euromed-N medium with N2 supplement, 20 ng/ml EGF
(Peprotech Inc.), and 20 ng/ml FGF-2 (Peprotech Inc.). All NS-(f)iPS
cells were studied between passages 5 and 67. For routine passaging,
NS-(f)iPS cells were dissociated with Accutase (Sigma) and split 1:4 or
1:5 every 2-3 days.

Differentiation of NS-(f)iPS cells

NS-(f)iPS cells were differentiated according to an optimized
protocol in serum-free conditions (Spiliotopoulos et al., 2009).
Briefly, proliferating cells were collected following Accutase treat-
ment and then plated on T-25 flask (IWAKI) in Euromed-N medium
supplemented with 5 mg/ml penicillin/streptomycin (Gibco, Invi-
trogen), 5 mg/ml L-glutamine (Gibco, Invitrogen), 1% B27 (Gibco,
Invitrogen), 0.5% N2 (Gibco, Invitrogen), and 10 ng/ml FGF-2
(Peprotech, Tebu-Bio). After 3 days the cultures were dissociated
with Accutase and the cells were then plated onto laminin-coated
dishes in 1/4 DMEM F12 (Invitrogen) medium plus 3/4 Neurobasal
(Invitrogen) medium supplemented with 5 mg/ml penicillin/
streptomycin, 5 mg/ml L-glutamine, 1% B27, 0.5% N2, 10 ng/ml
FGF-2, 20 ng/ml BDNF (Peprotech, Tebu-Bio), and 1 mM valproic acid
(Sigma) and cultured for an additional 3 days. Subsequently, for
terminal differentiation, the cultures were exposed to 1/4 DMEM F12
medium plus 3/4 Neurobasal medium supplemented with 5 mg/ml
penicillin/streptomycin, 5 mg/ml L-glutamine, 1% B27, 0.5% N2,
6.6 ng/ml FGF-2, 30 ng/ml BDNF, and 1 mM valproic acid for other
3 days. Then, the cells were maintained in the same medium, but
with 5 ng/ml FGF-2.

For differentiation into the astrocytic lineage, NS-(f)iPS cells were
exposed to 10% serum in GMEM medium and cultured for 5 days.

For oligodendroglial differentiation (Glaser et al., 2007), NS-(f)iPS
cells were plated on laminin-coated dishes in DMEM/F12 medium
supplemented with N2, FGF-2 10 ng/ml, PDGF (10 ng/ml; R&D
Systems), and forskolin (10 mM; Sigma, Steinheim, Germany) for
4 days to support a glial precursor stage. Then, differentiation was
induced by a 4-day growth factor withdrawal in the presence of
3,3,5-triiodothyronine (T3; 30 ng/ml; Sigma) and ascorbic acid (AA;
200 mM; Sigma).
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Immunofluorescence

Cell cultures were fixed with 4% paraformaldehyde for 15 min at
room temperature. For labeling intracellular antigens, cells were
permeabilized in PBS containing 0.5% Triton X-100. After washing in
PBS, cells were blocked with 5% fetal calf serum in PBS for 1 h and
incubated overnight in 3% fetal calf serum in PBS with the following
primary antibodies: Nestin (1:200, Becton Dickinson), Vimentin
(1:100, Developmental Studies Hybridoma Bank), Pax6 (1:100, MBL
Eppendorf), Sox2 (1:100, Chemicon), BLBP (1:1000, Chemicon), GLAST
(1:1000, Chemicon), Olig2 (1:500, Chemicon), GFAP (1:800, Dako),
MAP2 (1:500, Becton Dickinson), 3-III tubulin (1:1000, Promega), 04
(1:50, Chemicon), NG2 (1:300, Chemicon), Oct4 (1:100, Santa Cruz),
GAD65/67 (1:200, DSHB), and Nanog (1:500, Novos Biological). After
two washes in PBS, appropriate secondary antibodies conjugated to
Alexa fluorophores 488 or 568 (Molecular Probes, Invitrogen) were
diluted at 1:500 in blocking solution and mixed with Hoechst 33258
(5 pg/ml; Molecular Probes, Invitrogen) to counterstain the nuclei. The
solution was applied for 1 h at room temperature. The cells were then
washed twice in PBS buffer. Images were acquired with a Leica DMI
6000B microscope (20x objective) with LAS-AF imaging software and
then processed with Adobe Photoshop.

RT-PCR analysis

Total RNA was extracted from NS-(f)iPS cells with Trizol reagent
(Invitrogen) according to the manufacturer's procedures. Before

Table 1
RT-PCR primer sequences, related conditions, and amplicons.

reverse-transcription, RNA was treated with DNasel (Qiagen) and
purified with the RNeasy kit (Qiagen). The cDNA was generated with
Superscript III Reverse Transcriptase (Invitrogen) according to the
manufacturer's procedures. One microgram of total RNA was used to
produce cDNA. RT-PCR was performed for 30 cycles for all markers,
except Hb9 (35 cycles), as follows: denaturing for 45 s at 94 °C;
annealing for 30 s, extension at 72 °C. PCR products were resolved on a
2% agarose gel. Primer sequences, annealing temperature, and
product sizes are listed in Table 1.

Quantitative real-time RT-PCR analysis

RT-qPCR analyses were done in triplicate for the analyzed gene.
iCycler Thermal Cycler with Multicolor Real-Time PCR Detection System
(Bio-Rad) was used. All reactions were performed in a total volume of
25 ul containing 50 ng of cDNA, 50 mM KCl, 20 mM Tris-HCl, pH 8.4,
0.2 mM dNTPs, 25 U/ml iTaqg DNA polymerase, 3 mM MgCI2, SYBR
Green I, 10 nM fluorescein, stabilizers (iQ SYBR Green Supermix; Bio-
Rad), and 0.2 pM of forward and reverse primers. Amplification cycles
consisted of an initial denaturing cycle at 95 °C for 3 min, followed by 45
cycles of 30 s at 95 °C, 30 s at 60 °C, and 30 s at 72 °C. Fluorescence was
quantified during the 60 °C annealing step, and product formation
was confirmed by a melting curve analysis (55-94 °C). Amounts of
target gene mRNA were normalized to a reference gene (3-actin.
Primer sequences, annealing temperature, and product sizes are
listed in Table 1. Statistical analysis was performed by means of one-
way ANOVA and Tukey-Kramer multiple comparison test.

Gene Forward primer Reverse primer Ta Product size (bp)
Ascl1 CGTCCTCTCCGGAACTGAT CGTCCTCTCCGGAACTGAT 56 482
B-Actin GGCCCAGAGCAAGAGAGGTATCC ACGCACGATTTCCCTCTCAGC 58 460
B-Actin (RT-qPCR) AGTGTGACGTTGACATCCGTA GCCAGAGCAGTAATCTCCTTCT 60 112
Blbp GGGTAAGACCCGAGTTCCTC ATCACCACTTTGCCACCTTC 56 213
Bmp4 TGTGAGGAGTTTCCATCACG TGTGAGGAGTTTCCATCACG 55 547
Brachyury (T) GTGACTGCCTACCAGAATGA ATTGTCCGCATAGGTTGGAG 56 336
c-Myc endo TGACCTAACTCGAGGAGGAGCTGGAATC AAGTTTGAGGCAGTTAAAATTATGGCTGAAGC 60 170
c-Myc total CAGAGGAGGAACGAGCTGAAGCGC TTATGCACCAGAGTTTCGAAGCTGTTCG 60 228
c-Myc Tg CTGGAATCTCTCGTGAGAGTAA CACTTTGTACAAGAAAGCTGGG 57 250
DIx2 AACCACGCACCATCTACTCC CCGCTTTTCCACATCTTCTT 54 181
Foxg1 CTGAGTGTGGACCGGCTG CGTGCTGGTCTGCGAAGTC 58 213
Gad1 TGGCATCTTCCACTCCTTCG GCTACGCCACACCAAGTATC 56 132
Gata4 AGCAGCAGCAGCAGCAGTGA ATGTCTGAGTGACAGGAGATGC 59 190
Glast CCAAAAGCAACGGAGAAGAG ACCTCCCGGTAGCTCATTTT 56 229
Hb9 TCGAACCTCTTGGGGAAGTG AATCTTCACCTGAGTCTCGGT 61 159
Hoxa4 TGTGCCCTACTCATCTCCTG GCTGTCTGGCTGACTCAAAG 53 260
Hoxb4 TGCAAAGAGCCCGTCGTC GGAACCAGATCTTGATCTGGCG 60 185
Islet-1 CGTCTGATTTCCCTGTGTGTTGG AAGTCGTTCTTGCTGAAGCCTATG 58 239
Kif4 endo GCGAACTCACACAGGCGAGAAACC TCGCTTCCTCTTCCTCCGACACA 60 711
KIf4 total CGTGGCTGCCAGAAACACAG CTGTTCTTTTCCGGGGCCACG 60 730
Kif4 Tg AAGCCATTATTGTGTCGGAGGA CACTTTGTACAAGAAAGCTGGG 57 500
Meis2 GAGACGTCTGTTCCTCTGACTC TCTCATCAATCACGAGGTCAATGG 58 243
Nanog ATGAAGTGCAAGCGGTGGCAGAAA CCTGGTGGAGTCACAGAGTAGTTC 56 464
Nav1.2 GATACCTCGCCCTGCTAACAA AGGATCATGATGCTGATGTCAAAC 60 84
N-CAM CAGTCTGAGGCCACTGTCAA GACATCTCGGCCTTTGTGTT 58 162
Nkx2.1 ACCGGGTTCAGACTCAGTTC ATCGACATGATTCGGCGTCGG 60 221
Nkx2.2 AAAGGTATGGAGGTGACGCCT AGCTGTACTGGGCGTTGTACT 60 190
Oct4 endo TCTTTCCACCAGGCCCCCGGCTC TGCGGGCGGACATGGGGAGATCC 60 224
Oct4 total CTGAGGGCCAGGCAGGAGCACGAG CTGTAGGGAGGGCTTCGGGCACTT 60 485
Oct4 Tg GCTACAGGGACACCTTTCCCA CACTTTGTACAAGAAAGCTGGG 57 200
Olig2 GGCGGTGGCTTCAAGTCATC TAGTTTCGCGCCAGCAGCAG 60 260
Otx2 TACCTCAGTCCCAACCATTG TCTGAGAGCATCGTTCCATC 58 572
Pax6 AGTCACAGCGGAGTGAATCAGC AGCCAGGTTGCGAAGAACTCTG 58 426
Pax7 GTCACTAAGCATGGGTAGATG GCTACCAGTACAGCCAGTATG 56 328
Sox2 endo TAGAGCTAGACTCCGGGCGATGA TTGCCTTAAACAAGACCACGAAA 56 297
Sox2 total GGTTACCTCTTCCTCCCACTCCAG TCACATGTGCGACAGGGGCAG 60 193
Sox2 Tg ATTTGGAATCAGGCTGCCGAGA CACTTTGTACAAGAAAGCTGGG 56 230
Synapsin I GGTGGATTCTCTGTGGACATGGAA AGTTCTGCCCAATCTTCTGGACACG 62 493
Tix TGTGGTGACCGCAGCTC TCGACACGCCCTGCATTG 58 168
Vglut2 TCGGCTTCTGCATATCCTTC CCTGGAATCTGGGTGATGAT 56 190

Ta: annealing temperature, °C.
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Western blot

Cells were washed with ice-cold PBS and lysed with 100 pl of ice-
cold lysis buffer containing 1% (v/v) Triton X-100, 50 mM Tris-HCI,
pH 7.2, 1 mM phenylmethylsulfonyl fluoride, 100 mM NaCl, 5 mM
EGTA, protease inhibitor cocktail (Sigma), and phosphatase inhibitor
cocktail 1 (Sigma). After 30 min of incubation at 4 °C on a shaker,
lysates were cleared by centrifugation for 20 min at 12,000xg and
4 °C. After protein quantification with a BCA assay (Pierce), protein
samples were loaded onto an 8% polyacrylamide gel for size
separation. Subsequently, proteins were transferred to a PVDF
Hybond-P membrane (GE Healthcare) by electroblotting for 3 h.
Blots were blocked for 1 h in 5% nonfat dry milk with TBS-T (10 mM
Tris-HCl, pH 8.0, 150 mM Nacl, 0.05% v/v Tween-20; Sigma). After
overnight incubation at 4 °C with monoclonal primary anti-OCT4
(Santa Cruz, dilution 1:500) and anti a-tubulin antibodies (Sigma,
dilution 1:2000), filters were incubated for 1 h at room temperature
with secondary anti-mouse IgG antibody (peroxidase conjugate,
Biorad, 1:3000) and then washed three times with TBS-T to remove
excess antibody. The SuperSignal West Pico Chemiluminescent
Substrate (Pierce) was used to visualize immunoreactive bands by
exposure to Amersham Hyperfilm ECL (GE Healthcare).
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