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Reprogramming technology enables the production of neural progenitor cells (NPCs) from somatic cells by direct
transdifferentiation. However, little is known onhowneural programs in these induced neural stem cells (iNSCs)
differ from those of alternative stem cell populations in vitro and in vivo. Here, we performed transcriptome anal-
yses onmurine iNSCs in comparison to brain-derived neural stem cells (NSCs) and pluripotent stem cell-derived
NPCs, which revealed distinct global, neural, metabolic and cell cycle-associated marks in these populations.
iNSCs carried a hindbrain/posterior cell identity, which could be shifted towards caudal, partially to rostral but
not towards ventral fates in vitro. iNSCs survived after transplantation into the rodent brain and exhibited
in vivo-characteristics, neural and metabolic programs similar to transplanted NSCs. However, iNSCs vastly
retained caudal identities demonstrating cell-autonomy of regional programs in vivo. These data could have sig-
nificant implications for a variety of in vitro- and in vivo-applications using iNSCs.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Over the past fewyears, significant progress has beenmade to derive
expandable neural progenitor cell (NPC) populations for biomedical re-
search and regenerative medicine. One important cell source comprises
pluripotent stem cells such as embryonic stem cells (ESCs) or induced
pluripotent stem cells (iPSCs), which can be efficiently differentiated
into expandable NPCs and subsequently into mature neurons and glial
s, Neural stem cells; ESCs,
, Induced pluripotent stem
ctivated cell sorting; DEGs,
ndoplasmic reticulum; RA,

niversity Hospital Münster,
or Molecular Biomedicine,

s).

. This is an open access article under
cells using established differentiation protocols. In fact, several groups
have demonstrated successful application of ESC- or iPSC–NPC-derived
neural cells in diseasemodeling assays or for cell replacement in animal
models of neurological disorders (Ehrlich et al., 2015; Hargus et al.,
2010; Hargus et al., 2014b; Kriks et al., 2011; Reinhardt et al., 2013;
Ross and Akimov, 2014).

Further refinements of reprogramming technologies allowed for the
derivation of NPCs by direct conversion of fibroblasts into induced neu-
ral stem cells (iNSCs) using different combinations of classical
reprogramming and neural transcription factors (Cassady et al., 2014;
Han et al., 2012; Kim et al., 2011; Kim et al., 2014; Lujan et al., 2012;
Ring et al., 2012; Sheng et al., 2012; Thier et al., 2012). These iNSCs
carry self-renewing capabilities and were found to resemble neural
stem cells (NSCs) from the developing brain. Like NSCs, iNSCs readily
differentiate into neuronal and glial derivatives in vitrowhen appropri-
ate differentiation cues are provided. Similar to the process of iPSC der-
ivation, iNSC generation is a gradual process, which involves silencing of
transgenes and of donor cell-type specific transcriptional programs as
well as step-wise establishment of stem cell identities during initial
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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propagation of cells (Han et al., 2012). iNSC direct reprogramming tech-
nology reduces the potential risk of tumor formation, which may occur
when using ESC- or iPSC-derived neural cell populations for cell trans-
plantation. As such, successful engraftment but no tumor formation
was seen after transplantation of iNSCs into the brain and spinal cord
of adult mice (Han et al., 2012; Hemmer et al., 2014; Hong et al.,
2014; Liu et al., 2015).

Despite these achievements in iNSC technology, little is known on
how cellular identities of iNSCs differ from those of NSCs in comparison
to pluripotent stem cell-derived NPCs. For instance, it is currently un-
known to what extent neural, metabolic and stress response pathways
differ between these neural cell populations, although ESC–NPCs have
previously been included as a neural cell population in a comparative
study on iNSCs (Cassady et al., 2014). It is also not known if positional
neural cell identities in iNSCs are irreversibly established or if they can
be shifted along the rostro-caudal or ventro-dorsal axis as demon-
strated for ESC-derived NPCs (Bertacchi et al., 2013). Furthermore,
data are lacking on whether neural positional marks in iNSCs remain
stable or change after transplantation into the adult rodent brain.
These data could have significant implications for biomedical appli-
cations using iNSCs such as disease modeling or cell replacement
therapy since cells with appropriate neural programs may have to
be derived for these purposes. To address these questions, we have
derived iNSCs from fibroblasts by transcription factor-mediated
transdifferentiation and performed comparative studies on iNSCs
both in vitro and in vivo.

2. Materials and methods

Please see the Supplemental Information for further details. Data
of at least three independent experiments are presented as
mean + SEM. Statistical significance was determined by unpaired
Student's t-test.

3. Results

3.1. iNSCs carry specific neural cell identities in vitro

We derived iNSCs frommurine fibroblasts by transduction with ret-
roviruses expressing Pou3f4 (also known as Brn4), Klf4, c-Myc and Sox2.
This combination of reprogramming factors efficiently generates iNSCs
within 5 weeks of initial transduction as previously described (Han
et al., 2012; Kim et al., 2014). iNSCsweremorphologically indistinguish-
able from primary murine NSCs, which had been isolated from mouse
embryonic forebrains (Fig. 1A). Immunocytochemical analyses of
iNSCs and NSCs revealed comparably strong expression of the neural
signature genes Nestin and Olig2 (Fig. 1A). This finding was confirmed
by qPCR showing strong expression of Nestin, Olig2, Pax6 and Sox2 in
both iNSCs and NSCs (Fig. S1A). Both NSCs and iNSCs showed robust
differentiation into βIII-tubulin+ neurons (NSCs: 29.9 ± 1.6%; iNSCs:
28.6 ± 3.0%) and GFAP+ astrocytes (NSCs: 69.3 ± 2.1%; iNSCs:
71.0 ± 2.4%; Fig. S1B–D) demonstrating successful derivation of
iNSCs.

We next characterized transcriptome profiles in iNSCs in compari-
son to NSCs and pluripotent stem cell-derived NPCs, all of which com-
prise neural progenitor populations with propagation and neural cell
differentiation capabilities (Fig. 1B).We applied bioinformatics analyses
on our transcriptome data to perform clustering analysis, to search for
differentially expressed genes (DEGs), to perform gene ontology (GO)
statistical enrichment analysis and to obtain expression patterns of
genes involved in neural development and cellular metabolism
(Fig. 1C–E and Fig. S1E–K). NPCs were differentiated from murine
ESCs, which appeared morphologically indistinguishable from NSCs
and iNSCs (Fig. 1B). We collected whole genome expression profiles
from iNSCs, NSCs and ESC–NPCs and included mouse embryonic fibro-
blasts as the starting population of iNSCs (Fig. 1C–D). Hierarchical
clustering analysis revealed that all neural cell populations including
iNSCs clearly separated as a group from mesoderm-derived fibroblasts
confirming efficient neural conversion of iNSCs. At the same time,
iNSCs, NSCs and ESC–NPCs formed distinct independent cell groups,
which clearly separated from each other. Notably, iNSCs clustered clos-
est to NSCs and, together with NSCs, separated from ESC–NPCs indicat-
ing that overall expression programs in iNSCs were more similar to
those in NSCs than in ESC-derived NPCs.

We next examined DEGs and their functional annotations in iNSCs,
NSCs and ESC–NPCs (Table S1). We found 465 upregulated genes and
754 downregulated genes in iNSCs compared to ESC–NPCs and a
much lower number of genes, 111 upregulated genes and 233 downreg-
ulated genes, in iNSCs compared to NSCs. Upregulated genes in iNSCs
compared to ESC–NPCs were significantly enriched for GO terms such
as nervous system development, neurological system process, signal trans-
duction and amino acid and derivative metabolic process, while downreg-
ulated geneswere related to cell cycle-associated processes, cell migration
and anatomical structure and brain development. On the other hand, up-
regulated genes in iNSCs in comparison to NSCs were associated with
GO terms such organmorphogenesis, organ and cell development and reg-
ulation of apoptosis, while downregulated genes were related to central
nervous system and brain development, cell-cell signaling and amino acid
and derivative metabolic process (see Table S1 for complete list of
genes). These findings suggested that iNSCs comprise a defined neural
cell population with characteristic developmental marks andmetabolic
and cell regulatory programs.

To further characterize these neural programs in iNSCs, we per-
formed a directed comparative analysis of neural, metabolism-, stress-
and cell cycle-associated genes in all three neural cell populations. An
analysis of 109 brain-associated neural genes revealed close clustering
of iNSCs and NSCs and clear separation of ESC–NPCs from iNSCs and
NSCs as seen in the whole genome expression analysis (Fig. 1E,
Fig. S1E). Interestingly, iNSCs demonstrated especially strong expres-
sion of the neural genes Olig1, Olig2, Ctnnd2, Aqp4, Mt3, Cspg5, Cmtm5,
Plp1 and Gfap, while Nxph1, Dcx and Dpp10, genes with forebrain- and
cortical development-associated functions, were expressed at much
lower levels in iNSCs (Fig. S1E). We furthermore found a similar hierar-
chical cluster profile when comparing the expression of 31 oxidative
stress-associated genes (Fig. S1F, Fig. S2A), 50 heat shock protein-
coding genes (Fig. S1G, Fig. S2C), 68 endoplasmic reticulum (ER)
stress-associated genes (Fig. S1H, Fig. S2B) and of 65 ubiquitination-
associated genes (Fig. S1I, Fig. S2D). Interestingly and in line with our
previous observation as described above, iNSCs aswell as NSCs also sep-
arated from ESC–NPCs when examining the expression profile of 71
cell-cycle-associated genes (Fig. S1J–K). Taken together, these findings
indicated distinct differences in the control of neural, cell cycle, meta-
bolic and stress response pathways in these neural cell populations
with a higher similarity between iNSCs and NSCs than between iNSCs
and ESC–NPCs and between NSCs and ESC–NPCs.

3.2. The positional identity of iNSCs is differentially influenced by patterning
factors in vitro

We next set out to define the regional identity of iNSCs along the
rostro-caudal axis in comparison to NSCs and ESC–NPCs. To this end,
we examined the expression of Foxg1, Lhx2, Emx2, Dlx1, Dlx2, Otx2,
En1, En2, Foxa2, Hoxa2, Hoxd3, Hoxb4, Hoxd4, Hoxa5 and Hoxc6 in
iNSCs, NSCs and ESC–NPCs (Fig. 1F, Fig. S1L–M). As expected,
forebrain-derived NSCs expressed high levels of the rostral markers
Foxg1,Dlx1,Dlx2 andOtx2 (Fig. 1F, Fig. S1L). In contrast, iNSCs expressed
high levels of the caudal markers Hoxa2, Hoxb4, Hoxd4, Hoxa5 and
Hoxc6, while rostral markers were almost not expressed establishing a
hindbrain/posterior cell identity rather than a forebrain identity in
iNSCs (Fig. 1F, Fig. S1M). These findings are in line with our observation
of decreased expression of cortex-associated genes in vitro (Fig. S1E). In-
terestingly, ESC–NPCs expressed high levels of the rostralmarkers Foxg1



Fig. 1. iNSCs carry specific global, neural and regional cell identities in vitro (A) Brightfield images and immunostainings of NSCs and iNSCs for Nestin (red) and Olig2 (green). Nuclei were
counterstained with DAPI (blue). Scale bar= 50 μm. (B) Brightfield image of ESC–NPCs and immunostaining of ESC–NPCs for Nestin (red). Nuclei were counterstained with DAPI (blue).
Scale bar=50 μm. (C–D)Heatmap (C) andhierarchical cluster dendrogram(D) demonstratingwhole genome expression profiles ofNSCs (NSC-1,-2,-3), iNSCs (iNSC-1,-2,-3), ESC-derived
NPCs (ESC–NPC-1,-2,-3) and fibroblasts (MEF). Samples represent biological replicates. (E) Hierarchical cluster dendrogram of 109 brain-associated neural genes. (F) Heatmap of regional
marker gene expression along the rostro-caudal axis inNSCs (NSC-1,-2,-3) and iNSCs (iNSC-1,-2,-3). Note the strong expression of rostral genes inNSCs and the strong expression of caudal
genes in iNSCs. (G–L) qRT–PCR expression profiles of regional identity genes in iNSCs (G, I, K) and NSCs (H, J, L) after administration of RA (G–H), noggin (I–J) or dorsomorphin (K–L). Data
are presented as mean of replicates from three independent patterning experiments + SEM. Unpaired t-test was used as statistical test (*p: b0.05; **p: b0.005; ***p: b0.001).
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and Otx2 but also increased levels of the caudal markers Hoxa5 and
Hoxc6, pointing towards a less defined regional identity of ESC–NPCs
along the rostro-caudal axis (Fig. 1F).
Wenext tested if positionalmarks in iNSCs could bemodified by cul-
turing cells in the presence of the caudalising factor retinoic acid (RA) or
in the presence of the rostralising factors noggin and dorsomorphin.We
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applied incubation time frames and factor concentrations, which have
previously been reported to efficiently direct ESCs towards caudal and
rostral fates during neural differentiation (Fig. 1G–L; Bertacchi et al.,
2013).

Application of RA for 4 days in iNSCs resulted in significantly elevat-
ed levels of Hoxb4 and a tendency towards increased expression of
Hoxb9 (p-value = 0.0524) indicating that increased expression of cau-
dal positionalmarks in iNSCs could be achieved in vitro (Fig. 1G). Similar
results were obtained for NSCs, which were cultured in parallel
(Fig. 1H). In contrast to these caudalising experiments, application of
noggin to iNSCs for 4 days did not result in significantly increased ex-
pression of rostral forebrain markers but caused significantly reduced
expression of Hoxb4 and Hoxb9 (Fig. 1I). Rostralising effects in iNSCs
were more pronounced after administration of dorsomorphin for
Fig. 2. iNSCs survive after transplantation into the adult rodent brain and retain their positio
transplantation of NSCs and iNSCs into the striatum of adult mice. Boxes indicate areas for qu
transplanted NSCs and iNSCs expressing GFP (B–C) and GFAP (C). Nuclei were counterstained
C = 50 μm. (D) Quantification of GFP+ NSCs and iNSCs within grafts 14 days after transplanta
grafts per group). (E–G) Immunostainings of host-derived Dcx+ neuroblasts in the subve
migrating into the striatum (G). Nuclei were counterstained with hematoxylin. Scale bar
transplantation of NSCs and iNSCs as depicted in E–G. Data are presented as mean of six inde
from the mouse brain via FACS (I) to determine gene expression profiles. (J) Pairwise scatte
transplanted iNSCs (iNSC–In vivo). (K–L) Heatmap (K) and hierarchical cluster diagram (L) sh
of neural genes expressed in transplanted NSCs and iNSCs. (N) Heatmaps depicting differentia
(O) Heatmap of positional identity genes expressed in transplanted NSCs and iNSCs.
4 days, which also caused decreased expression of caudal markers but
additionally resulted in significantly elevated levels of the rostral mark-
er Wnt7b (Fig. 1K). However, neither noggin nor dorsomorphin was
able to induce the expression of Foxg1 in iNSCs, which was only
unreliably detected in cultures after treatment and is thus not shown
here. Thus, iNSCs could only partially be directed towards rostral fates
in vitro. Again, similar responseswere seen inNSCs,which received nog-
gin and dorsomorphin in parallel (Fig. 1J and L). We finally tested if re-
gional programs in iNSCs and NSCs could be shifted along the ventro-
dorsal axis by administration of sonic hedgehog to generate floor plate
cells expressing the ventralmarker genes En1 and Foxa2, which, howev-
er, could not be achieved in either group. Thus, our findings indicated
that regional identities in iNSCs could be shifted towards caudal, partial-
ly to rostral but not towards ventral fates in vitro.
nal neural cell identity in vivo. (A) Schematic drawing demonstrating GFP labeling and
antification of doublecortin+ (Dcx+) neuroblasts. (B–C) Immunohistochemical images of
with DAPI. LV = Lateral ventricle; St = Striatum. Scale bar in B = 200 μm. Scale bar in
tion. Data are presented as mean of six independent biological replicates + SEM (n = 6
ntricular zone (SVZ, E), of neuroblasts detaching from the SVZ (F) and of neuroblasts
s in E, F and G = 50 μm. (H) Quantification of host-derived Dcx+ neuroblasts after
pendent biological replicates + SEM. (I–O) Transplanted NSCs and iNSCs were isolated
rplot comparing transcriptome profiles between transplanted NSCs (NSC–In vivo) and
owing whole genome expression profiles in transplanted NSCs and iNSCs. (M) Heatmap
lly up- and downregulated genes in transplanted iNSCs compared to transplanted NSCs.
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3.3. iNSCs survive after transplantation into the adult rodent brain and
retain their positional neural cell identity in vivo

Wenext transplanted iNSCs andNSCs into the adult rodent forebrain
to determine cell survival, graft–host interaction and neural and region-
al programs of transplanted cells in vivo (Fig. 2). In fact, this approach
allowed us to determine if positional identities remained stable
in engrafted iNSCs or if they were influenced by a forebrain microenvi-
ronment leading to a more complete rostralisation of cells in vivo. We
transduced iNSCs and NSCs with a lentivirus expressing green fluores-
cent protein (GFP) before transplantation resulting in GFP positivity in
more than 95% of cells in both groups. GFP-labeled iNSCs or NSCs
were transplanted into the striatum of adult C57BL6J mice and grafts
were analyzed 14 days after transplantation (Fig. 2A–D). This analysis
revealed equal numbers of surviving NSCs (1282 ± 248) and iNSCs
(1428 ± 339) in the striatum, the site targeted for transplantation
(Fig. 2B–D). Engrafted NSCs and iNSCs presentedwith abundant cellular
projections andmainly expressed GFAP (Fig. 2C). Since previous studies
have demonstrated that transplanted neural cells have the capability to
attract migrating, doublecortin (Dcx)+ neuroblasts from the
subventricular zone (SVZ, Hargus et al., 2008), which is a neurogenic
center in the developing and adult brain, we compared the number of
Dcx+ neuroblasts residing in the SVZ and those detaching from the
SVZ to migrate towards grafts consisting of either NSCs or iNSCs
(Fig. 2E–H). In both groups, endogenous Dcx+ neuroblasts appeared
at similar numbers in the SVZ (Fig. 2E, H) and migrated to a similar ex-
tent towards the engrafted cells in the striatum (Fig. 2F–H).

We next compared whole genome, neural and metabolic gene
expression profiles of transplanted NSCs and iNSCs (Fig. 2I–O). To this
end, we isolated transplanted GFP+ NSCs and iNSCs by fluorescence-
activated cell sorting (FACS) from the rodent brains 14 days after
engraftment (Fig. 2I). Transcriptome hierarchical cluster analyses indi-
cated separation of engrafted NSCs and iNSCs from their in vitro coun-
terparts, which is consistent with maturation of cells in vivo (Fig. 2J–
L). Furthermore and similar to our observations in vitro, we observed
minor, though detectable differences in the expression of aforemen-
tioned neural, oxidative and ER stress-associated genes, of heat shock
protein-coding and of ubiquitination-associated genes in engrafted
iNSCs and NSCs (Fig. 2M, Fig. S2A–D). We also determined DEGs in
engrafted iNSCs in comparison to engrafted NSCs showing 428 upregu-
lated and 356 downregulated genes (Fig. 2N).We found that upregulat-
ed genes in iNSCs were statistically enriched for GO terms such as signal
transduction, cellular homeostasis, cytokine activity, plasma membrane or
extracellular space, while downregulated genes in iNSCs were signifi-
cantly enriched for terms such as motor activity, cell membrane, organ
development, cell cortex and cortex cytoskeleton (see Table S2 for com-
plete list of genes).We next determined the expression of regional iden-
tity genes in iNSCs and NSCs after transplantation into the adult
forebrain (Fig. 2O). While NSCs retained their forebrain identity,
transplanted iNSCs strongly expressed the caudal genes Hoxd3, Hoxd4,
Hoxa5 and Hoxc6 and showed only mildly elevated levels of the
forebrain-marker Foxg1. These findings indicated that caudal regional
identities were vastly retained in transplanted iNSCs despite a promi-
nent forebrain microenvironment surrounding engrafted cells.

4. Discussion

While iNSCs, NSCs and ESC–NPCs share global expressionmarks dis-
tinct from those in fibroblasts (Cassady et al., 2014), data is lacking on
how cellular programs in these neural progenitor populations relate to
each other. Our comparative transcriptome analysis revealed distinct
global and neural profiles in iNSCs, which had higher similarities to
those in brain-derived NSCs than to those in ESC–NPCs. Similar pro-
grams were also seen when comparing metabolic, stress- and cell
cycle-associated marks in iNSCs, NSCs and ESC–NPCs. These findings
could have significant implications for the use of iNSCs in biomedical
research, as the close resemblance of self-renewing iNSCs and NSCs
could be exploited for drug and toxicology screening assays or for dis-
ease modeling purposes. In fact, iNSCs may constitute a suitable, time-
and cost-effective alternative cell source to pluripotent stem cell-
derived neural cells when attempting characterization or modification
of disease-related processes in brain-NSC-like cells and their progeny
as, for instance, in neurodegenerative diseases. The potential of this ap-
proach is further heightened by the fact that iNSCs with neuronal and
glial differentiation potential have recently been generated also from
human fibroblasts using SOX2 alone, though challenging, or using
SOX2 in combination with HMGA2/anti-let7b (Ring et al., 2012; Yu
et al., 2015). Our data thus strongly encourage similar, thorough com-
parisons of neural cell identities in human NSCs, human iNSCs and in
human pluripotent stem cell-derived NPCs, especially of patient-
derived iNSCs and iPSC–NPCs and their derivatives, to identify optimal
human stem cell populations for abovementioned screening and dis-
ease modeling purposes. By following a similar approach, we recently
compared human iPSC–NPCs from different somatic origins and could
demonstrate distinct origin-dependent neural programs in these cells
(Hargus et al., 2014a).

An analysis of positional marks along the rostro-caudal axis revealed
a hindbrain/posterior cell identity in iNSCs, which could be further
shifted towards caudal and partially towards rostral but not towards
ventral fates in vitro. Hence, our iNSCs may not be well suited to gener-
ate floor plate cells in vitro as similarly seen for our forebrain-derived
NSCs that were cultured in parallel. On the other hand, iNSCs readily ac-
quired caudal marks and might thus be applicable for repair of caudal
neural domains such as the spinal cord. In line with this observation,
transplanted iNSCs promoted functional recovery in a rodent model of
spinal cord injury when generated by an identical protocol (Hong
et al., 2014) or by a protocol using Sox2 alone for direct neural conver-
sion (Liu et al., 2015).

Similar to our in vitro results, transplanted iNSCs exhibited in vivo-
characteristics, transcriptome profiles, neural and metabolic programs
similar to those of transplanted NSCs. In contrast to engrafted forebrain
NSCs, however, transplanted iNSCs strongly expressed caudal regional
marker genes and only marginally acquired rostral gene expression.
Thus, iNSCs vastly retained their caudal positional identity in vivo sug-
gesting regional stability and a predominantly cell-autonomous regula-
tion of positional marks in transplanted cells in a forebrain
microenvironment. These findings are in line with observed limited
plasticity of iNSCs in establishing rostral domains in vitro and indicated
that rostral cell patterning of iNSCsmost likely requires strong guidance
cues and even employment of rostral transcription factors such as Foxg1
(Lujan et al., 2012) or Wnt7b during earlier phases of iNSC generation
before the establishment of a committed iNSC stage in vitro. It should
be noted though that improper positional programs in transplanted
iNSCs did not affect their integrity or the migration of endogenous
neuroblasts from the SVZ. It remains to be shown how iNSCswith either
rostral or caudal positional marks influence outcomes after transplanta-
tion into forebrain domains in animal models of neurological disease
and injury. Furthermore, it would be important to determine themech-
anisms, bywhich iNSCs acquire neural, positional programs during neu-
ral conversion. These studies would not only advance the field of direct
reprogramming in vitro but could also provide important data for the
emerging field of transcription factor-mediated neural reprogramming
in vivo.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scr.2016.04.015.
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