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SUMMARY

Direct conversion of somatic cells into neural stem cells (NSCs) by defined factors holds great promise for mechanistic studies, drug
screening, and potential cell therapies for different neurodegenerative diseases. Here, we report that a single zinc-finger transcription fac-
tor, Zfp521, is sufficient for direct conversion of human fibroblasts into long-term self-renewable and multipotent NSCs. In vitro, Zfp521-
induced NSCs maintained their characteristics in the absence of exogenous factor expression and exhibited morphological, molecular,
developmental, and functional properties that were similar to control NSCs. In addition, the single-seeded induced NSCs were able to
form NSC colonies with efficiency comparable with control NSCs and expressed NSC markers. The converted cells were capable of
surviving, migrating, and attaining neural phenotypes after transplantation into neonatal mouse and adult rat brains, without forming
tumors. Moreover, the Zfp521-induced NSCs predominantly expressed rostral genes. Our results suggest a facilitated approach for

establishing human NSCs through Zfp521-driven conversion of fibroblasts.

INTRODUCTION

Differentiated cells can be reprogrammed to become
induced pluripotent stem cells (iPSCs) by exogenous sup-
plementation of defined factors (Takahashi and Yamanaka,
2006). The iPSCs provide an interminable source of a broad
range of differentiated cells for applications such as in vitro
disease modeling, drug development, toxicity testing, and
cell-replacement therapies. Mature neurons and neural
stem cells (NSCs) are among the most clinically useful cells
that can be produced from pluripotent stem cells (PSCs)
(Nemati et al., 2011). However, their clinical utility has
been hampered by the tumorigenic potential elicited by
the residual PSCs in the differentiated cell population,
the lengthy and inefficient differentiation process (Hu
et al., 2010), and genomic instability (Weissbein et al.,
2014). In the process of trans-differentiation, one mature
somatic cell type can be converted into another functional
mature or progenitor cell type without undergoing an in-
termediate pluripotent state by using a variety of inducers,
such as transcription factors, epigenetic modifiers, and
microRNAs (Moradi et al., 2014; Pournasr et al., 2011).
Mature neurons have been successfully trans-differentiated
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from several cell sources (Ambasudhan et al., 2011; Lade-
wig et al.,, 2012; Marro et al., 2011; Vierbuchen et al.,
2010). However, their inability to proliferate and survive
for long periods of time in culture conditions limits their
use. An alternative approach is to convert somatic cells
into NSCs, which are expandable in vitro and have the
potential to differentiate into major neural cell types,
such as neurons, oligodendrocytes, and astrocytes.

Ectopic expression of several combinations of genes via
lentiviruses with or without small molecules have been
used to produce induced NSCs (iNSCs) from somatic cells
(Cassady et al., 2014; Han et al., 2012a; Lujan et al., 2012;
Ring et al.,, 2012; Thier et al., 2012; Wang et al., 2013).
Most of these NSC-induction cocktails depend on the use
of potentially tumorigenic pluripotency-associated factors
in reprogramming or a multi-factor strategy that increases
the intricacy of the approach. Hence, the use of a single re-
programming factor for generation of iNSCs may represent
a more controllable, easier, and safer approach.

Here, we demonstrate that iNSCs could be generated
from human fibroblasts by ectopic expression of a single
neurogenic factor, zinc-finger protein 521 (Zfp521). Our
data indicate that Zfp521 alone is sufficient for conversion
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of fibroblasts into iNSCs, which may serve as an alternative
and more accessible source of cells for neural cell-replace-
ment therapies as well as in vitro disease modeling, toxicity
testing, and drug development.

RESULTS

Reprogramming Potential of Different Combinations
of Neurogenic Transcription Factors

We initially used murine 3T3 fibroblasts to screen for a
novel reprogramming cocktail that can efficiently derive
neuronal-like cells. Cells were transfected with inducible
lentiviruses in six combinations of neurogenic transcrip-
tion factors encoding Math3, Ngn2, Oct6, Zfp521, Ascll,
Myt1l, and Brn2. These neural lineage-instructive transcrip-
tion factors were selected based on their key roles in normal
neurogenesis (Kamiya et al., 2011; Son et al., 2011). The
previously reported cocktail Brn2-Ascl1-Myt1l (BAM) (Vier-
buchen et al.,, 2010) served as the positive control. For
controlled ectopic expression of the transgenes, we used
lentiviruses that were inducible with doxycycline (Dox).
First, we confirmed that Tujl or other neuronal markers
were not expressed in native 3T3 fibroblasts (Figure S1A)
or in fibroblasts that were cultured in neural induction me-
dium without Dox after transduction with Zfp521-express-
ing lentivirus or in cells that were transduced with empty

Figure 1. Reprogramming Potential of
Different Combinations of Neurogenic
Transcription Factors

(A) Schematic procedure for reprogramming
of mouse 3T3 fibroblasts to neuronal cells by
screening diverse neurogenic factors.

(B) Immunofluorescent staining for TUJ1
protein on day 30 after Dox treatment.

(C) The efficiency of neuronal reprogram-
ming of 3T3 fibroblasts by different gene
cocktails calculated 30 days after infection
as the number of TUJ1-positive cells relative
to the number of starting cells initially
seeded. Data are shown as means + SD of
three independent experiments.

(D) Phase-contrast image of NSC-like colony
emerged in Zfp521 (Z) treatment group
and immunofluorescent double-staining of
these NSC-like spheres for NES (Nestin) and
SOX1 on day 30 after Dox treatment.

(E) Neurons (TUJ1) and astrocytes (GFAP)
differentiated from NSC-like spheres that
were induced by Zfp521.

Nuclei in (B), (D), and (E) were counter-
stained with DAPI. Scale bars represent
100 pm in (B) and (E), and 200 um in (D).
See also Figure S1.

vector and cultured in neural induction medium on day
30 after exposure to Dox (Figure S1B).

Detection of the neuronal marker Tujl by using immu-
nofluorescence on day 30 after transduction with Zfp521-
expressing lentivirus and exposure to Dox was also used
as readout for successful neuronal reprogramming (Fig-
ure 1A). With this approach, we found that, in addition
to the BAM group, five gene combinations (Ascl1-Oct6-
Zfp521 [AOZ]; Ascl1-Oct6 [AO]; Ascll-Zfp521 [AZ]; Zfp521-
Oct6 [ZO]; and Zfp521 alone [Z]) yielded Tujl-positive cells
with different efficiencies (Figure 1B). To estimate the con-
version efficiency on day 30 of reprogramming, we deter-
mined the frequency of Tujl-positive cells relative to the
number of initially seeded 3T3 cells in three independent
experiments (Vierbuchen et al., 2010). The efficiencies
ranged from 0.2% =+ 0.1% (Z group) to 30% = 3.3% (AO
group), and 40% + 2.5 (AOZ group), which was even higher
than in the BAM group (16% =+ 2.4%; Figure 1C). This result
indicates that our gene cocktails could successfully induce
the neuronal phenotype in cultured fibroblasts. Unexpect-
edly, in the Z group, several cell spheroids emerged that
were morphologically similar to spheres typically formed
by wild-type NSCs, and expressed the NSC markers Nes
(Nestin) and Sox1 (Figure 1D). These spheroids could also
be differentiated into Tujl- and Gfap-positive cells (Fig-
ure 1E). Therefore, Zfp521 seemed to be capable of directly
converting murine fibroblasts into NSC-like cells.
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(D) Immunofluorescent staining of the NSC-
like colony shown in (C) for NES (Nestin)
and SOX1.

(E) Distinct bipolar morphology of re-
programmed cells following trypsinization
and plating of primary neurospheres on day
27 of reprogramming.

(F) NSC-like cells on day 33 after initiation
of reprogramming.

(G) NSC-Llike cells on day 39 after initiation
of reprogramming.

(H-J) Established iNSCs at passages 16 (H),
35 (I), and 60 (J).

(K) A representative example of a diploid
karyogram of iNSCs at passage 60. At least

T
Iy,

SEey
3

=
i

50 metaphase spreads were screened from
which ten metaphase spreads were assessed
for chromosomal re-arrangements.

(L) Temporal expression patterns of selected
neural lineage genes over the course of
reprogramming. qRT-PCR was performed at
different time points after induction of
Zfp521 expression. The fibroblasts were
treated with Dox for 24 days, the minimum
time needed for stable acquisition of iNSC
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identity. Data are shown as means + SD of
three independent experiments.

Scale bars represent 100 um in (B), (C), (D),
(F), (G), and (J3), and 50 pum in (E), (H), and
(I). See also Figure S2.
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Generation of Stably Expandable iNSCs from Human
Neonatal Fibroblasts

In order to further test the hypothesis that Zfp521 might
act as a factor capable of reprogramming somatic cells
into iNSCs, we switched to human neonatal (foreskin) fi-
broblasts (HNFs) as the starting cell type. Like murine fibro-

blasts, HNFs did not express any of the tested neural
markers in the absence (Figure S2A) or the presence of a
transgene when cultured in neural medium with or
without Dox (Figure S2B). As per the procedure summa-
rized in Figure 2A, overexpression of Zfp521 in HNFs (Fig-
ure 2B) led to the formation of NSC-like colonies (Figure 2C)
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that expressed the NSC markers NES and SOX1 (Figure 2D).
The efficiency of fibroblast reprogramming into these col-
onies (referred to as primary neurospheres) was 0.4% =
0.01%, as assessed in 12 independent biological replicates
by the number of NES- and SOX2-positive primary neuro-
spheres relative to the number of starting fibroblasts
initially seeded (Ring et al., 2012). These NSC-like colonies
were picked up manually, dissociated into single cells and
plated onto laminin/poly-L-ornithine-coated dishes. At
60%-70% confluency, the cells were trypsinized and
cultured in a non-adherent dish to allow for the formation
of secondary neurospheres. This procedure (trypsinization
and re-plating onto tissue culture dishes followed by re-sus-
pension into bacterial dishes) was repeated two additional
times to increase the purity of iNSCs. iNSCs generated by
this method exhibited high morphological homogeneity
(Figures 2E-2I) and could be stably expanded for more
than 60 passages (Figure 2J) without acquiring karyotypic
abnormalities (Figure 2K).

In order to determine the shortest time period of Zfp521
expression required to achieve stable acquisition of iNSC
identity, the HNFs were treated with Dox for 3, 6, 9, 12,
18, 24, and 30 days in a 42-day reprogramming procedure,
as illustrated in Figure 2A. Although NSC-like colonies
emerged in the 6-, 9-, 12-, and 18-day treatment groups, re-
programmed cells derived from these colonies could only
be maintained for up to two passages (data not shown),
which indicates an incomplete reprogramming and/or
inability of the reprogrammed cells to establish a self-sus-
taining, NSC-like gene regulatory circuitry. At least
24 days of Dox treatment was required for generation of
stable iNSC colonies from HNFs, which was preceded by a
significant upsurge in the relative expression of the neural
markers NES, ASCL1, SOX2, MSI1 (Musashi), FABP7 (BLBP),
CDH2 (N-Cadherin), HES1, and HESS, after Dox-induced
Zfp521 expression (Figure 2L).

Neural Stem Cell Identity of Established HNF-iNSCs

In order to further confirm the neural identity of Zfp521-
iNSCs derived from HNFs, we probed for the relative tran-
script levels of NES, SOX1, SOX2, and PAX6 mRNAs by
qRT-PCR. These analyses confirmed that they are expressed
in iNSCs at levels comparable with control wild-type NSCs
(WT-NSCs) that were derived from human fetal brain
(18-21 week fetus) or from human embryonic stem cells
(hESC-NSCs) (Figure 3A). In addition, immunofluores-
cence analyses showed that HNF-iNSCs express the key
NSC-associated markers NES, SOX1, SOX2, PAX6, NCAM,
and CD133 (Figure 3B). Flow cytometric quantification re-
vealed that most HNF-INSCs expressed NES (94.4% =+
0.5%), SOX1 (75.9% + 1.5%), PAX6 (76.7% + 0.9%), and
NCAM (72.5% = 2.2%) while lesser fraction of cells were
positive for SOX2 (49.6% + 4.9%) and a common stem

cell marker, CD133 (36.1% + 4.4%) (n = 3; Figure 3C). To
evaluate the self-renewal capacity of HNF-iNSCs, we per-
formed the clonality assay as a stringent test of NSC iden-
tity and seeded single iNSCs into the individual wells of a
laminin/poly-L-ornithine-coated 96-well plate (one cell/
well). This analysis showed that single iNSCs were able to
proliferate and form NSC-like colonies (Figure 3D) with
an efficiency comparable with control NSCs (Figure 3E),
and that these clonally derived iNSCs maintained the
expression of NES and CD133 (Figure 3F).

Zfp521-iNSCs Can Also Be Established from Human
Fetal and Adult Fibroblasts

In addition to HNFs, Zfp521 could successfully reprogram
human fetal fibroblasts (HFFs, 18 weeks fetus) (Figure S3Ai)
to iNSCs, with an efficiency of 0.7% = 0.02% (n = 12
independent biological replicates). After 24 days of Dox
treatment, HFF-iINSCs formed primary neurospheres (Fig-
ure S3Aii) that expressed NES and SOX1 (Figure S3Aiii)
and gave rise to a cell line with characteristics similar to
WT-NSCs in terms of morphology (Figure S3Bi), stable
maintenance in culture (Figure S3Bii), NSC marker expres-
sion (Figure S3C), and retention of a stable karyotype
following serial passaging (Figure S3D).

We also sought to determine whether adult human
dermal fibroblasts (HDFs) could be converted into iNSCs
with the same factor. We observed that Zfp521 alone was
not sufficient to reprogram HDFs (derived from a 40-year-
old man) into iNSCs. To overcome the HDF reprogram-
ming barrier to iNSC state, we utilized a small-molecule
cocktail consisting of valproic acid, CHIR099021, and
SB431542 under hypoxic conditions, which was shown
by Cheng et al. (2014) to be sufficient for generation of
iNSCs from mouse embryonic and neonatal fibroblasts
and human urinary cells. As per our protocol, small-mole-
cule treatment alone was not sufficient to generate iNSCs
from HDFs. However, when this chemical cocktail was
combined with Zfp521, according to the scheme in Fig-
ure S3E, the HDFs (Figure S3Fi) were successfully reprog-
rammed to assume iNSC identity (Figure S3Fii). The
HDF-INSCs could be serially passaged to establish a self-
renewing cell line (Figure S3Fiii) and expressed NSC
markers NES, SOX1, SOX2, and PAX6 at levels comparable
with hESC-NSCs and WT-NSCs (Figure S3G). In addition,
immunofluorescence analyses demonstrated that HDF-
iNSCs expressed NES, SOX1, SOX2, and PAX6 (Figure S3H).
The efficiency of HDF reprogramming with this protocol
was 0.03% + 0.01% (n = 12 independent biological repli-
cates). Taken together, these data demonstrate that the
transcription factor Zfp521 is capable of converting human
fetal, neonatal, and adult fibroblasts, when co-treated with
a particular combination of small molecules under hypoxic
conditions, into stably expandable iNSCs.
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Regional Specificity of iNSCs

To determine the regional identity of Zfp521-iNSCs, the
expression of region-specific markers known to be ex-
pressed along the anterior-posterior and dorsal-ventral
axes of the neural tube was determined in iNSCs derived
from HNFs. Immunofluorescence analyses showed that
the forebrain markers OTX2 and EMX1 are highly ex-
pressed in more than 50% of iNSCs (Figures 4A and 4B).
Another forebrain marker, namely PAX6, was detected at
transcript (Figure 4C) and protein levels (Figure 3B). The
midbrain marker Engrailed 1 (EN1) was also observed to
be expressed in iNSCs, as shown by RT-PCR results (Fig-
ure 4C). In addition, key markers associated with the hind-
brain (HOXA2 and HOXB2) were upregulated in iNSCs at

Figure 3. Characterization of HNF-
Derived iNSCs

(A) gqRT-PCR analysis of indicated NSC
markers in HNF-derived iNSCs and control
NSCs derived from hESCs (hESC-NSC) and
human fetal brain (WT-NSC). Data were
normalized to the expression level of GAPDH
and presented relative to the expression of
each indicated gene in HNFs. Data are shown
Y as means = SD of three independent exper-
iments.

(B) Immunofluorescent staining of HNF-
iNSCs for NES, SOX1, SOX2, PAX6, NCAM, and
CD133. Data are representative stainings of
three independent experiments that gave
similar results.

(C) Flow cytometry analysis of indicated NSC
protein markers in iNSCs. Data are given as
means + SD of three independent experi-
ments.

(D) Analysis of the clonogenicity of a single
HNF-derived iNSC. Representative bright
field images show a time course of colony
formation on days 1, 5, 10, 15, and 20 after
single-cell plating.

(E) Colony formation efficiency of iNSCs
plated at a density of one cell/well in 96-
well plates. After 2 hr, all wells were scored
for the presence of single cells (64% for WT-
NSC, 50% for hESC-NSC, and 56% for iNSC).
Wells containing single cells were assessed
on day 20 for the presence of a colony larger
than 50 um in diameter. Results are shown
as means = SD of three independent exper-
iments.

(F) Expression of (D133 and NES in clonally
derived iNSC spheres.

Scale bars represent 50 um in (B), (D), and
(F). See also Figure S3.

both the protein (Figures 4A and 4B) and mRNA levels (Fig-
ure 4C). However, the spinal cord marker HOXCS5 was not
detected either at the transcript level or at the protein level
(Figures 4A and 4C). The transcripts of dorsally expressed
markers PAX3, PAX7, and PTFla and the ventrally ex-
pressed markers DBX1, NKX6.1, NKX2.2, and OLIG2 were
all detected in iNSCs (Figure 4C). The expression of
NKX6.1 in iNSCs was also confirmed by immunocyto-
chemistry (Figures 4A and 4B). With the exception of
PTF1a, NKX2.2, and OLIGZ2 transcripts, all other analyzed
regional-specific transcripts were also detected at similar
levels in hESC-derived NSCs (Figure 4C). In contrast, the
mesodermal and endodermal markers BRACHURY and
SOX17 were undetectable in iNSCs (data not shown).
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Collectively, these results suggest that, similar to their
brain-derived counterparts (Kamiya et al., 2011), Zfp521-
iNSCs have a rostral identity (Figure S4).

Global Gene Expression in Human iNSCs

To assess the overall gene expression changes between
HNFs, HNF-iNSCs, and native WT-NSCs, we generated
transcriptomic data by RNA-seq and assessed the cellular
differences through bioinformatics analyses (Figure 5A).
These analyses revealed a high degree of similarity between
iNSCs and WT-NSCs and that both these cell types strongly
differed from HNFs. This is supported by the visualization
of the hierarchical clustering of the 4,587 variable genes
(Figure 5B). For the majority of variable genes, the expres-
sion profiles of iNSCs and WT-NSCs strongly corresponded
to each other and differed from HNFs (gene clusters 1 and 4
in Figure 5B). Nevertheless, a fraction of variable genes were
differentially expressed between iNSCs and WT-NSCs with
gene cluster 2 being more prominently expressed in WT-
NSCs and gene cluster 3 in iNSCs (Figure 5B). A statistical
one-way ANOVA model further revealed that the number
of significantly differentially expressed (DE) genes was
higher between WT-NSCs versus HNFs and between iNSCs

versus HNFs than between WT-NSCs versus iNSCs (Fig-
ure 5C). In all comparisons, most of the DE genes were
shown to be upregulated (2,109 in iNSC versus HNF,
2,839 in WT-NSC versus HNF, and 1,338 in WT-NSC versus
iNSC comparisons) while a lower number of genes were
downregulated (934 in iNSC versus HNF, 1,187 in WT-
NSC versus HNF, and 750 in WI-NSC versus iNSC compar-
isons). The comparison of DE genes between the control
HNFs and iNSCs or WT-NSCs shows that the largest
fractions of genes are equally regulated in both NSC types
(Figure SE). The FC-FC plot indicates that these similarly
regulated genes also exhibit similar fold changes in com-
parison with control HNFs (Figure 5D).

Gene Ontology Enrichment Analysis

To test that the biological processes are similarly regulated
in WT-NSCs and iNSCs, we performed a Gene Ontology
Enrichment Analysis (GOEA), followed by network visual-
ization (Figures SEF, S5A, and S5B). Focusing the analyses
first on those genes similarly DE between HNFs versus
WT-NSCs and HNFs versus iNSCs (i.e., overlapping genes
in the Venn diagram in Figure 5E), we found that the
largest cluster of GO terms is associated with neuronal
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NSCs and genes upregulated in WT-NSCs compared with
iNSCs are associated with similar biological functions. In
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addition, the GOEA network of specific DE genes in an
iNSC versus HNF comparison (Figure S5B) contains a
cluster that is associated with embryonic morphogenesis,
embryonic development, and neural tube patterning indi-
cating that iNSCs may represent a stem cell population at
an earlier developmental stage than WT-NSCs.

Human iNSCs Are Multipotent In Vitro

The developmental potential of Zfp521-iNSCs was evalu-
ated by assessing their ability to generate the three main
neural cell types: neurons, astrocytes, and oligodendro-
cytes. Under permissive differentiation conditions, iNSCs
derived from HNFs, HFFs, and HDFs differentiated into
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G Figure 6. Differentiation Potential of
HNF-iNSCs In Vitro and In Vivo

Figures (A-G) and (H) show the in vitro and
in vivo data, respectively.

(A) Representative images of in vitro dif-
ferentiation of iNSCs into TUJ1-and MAP2-
positive neurons, 04-positive oligodendro-
cytes and glial fibrillary acidic protein
(GFAP)-positive astrocytes.

(B) Quantification of the efficiency of iNSC
differentiation as determined by immuno-
staining for TUJ1, MAP2, and GFAP. Experi-
ments were performed with three different
single-cell-derived iNSC clones (C1-C3).
Data are shown as means + SD of three
biological replicates.

(C) Representative images of trilineage dif-
ferentiation in clonally derived HNF-iNSCs.

(D) Representative images of differentiation
of late passage (P60) HNF-iNSCs into neu-
rons, oligodendrocytes, and astrocytes.

(E) A representative image for synapse for-
mation between HNF-iNSC-derived neurons
using antibodies specific for TUJ1 and
Synapsin 6 weeks after spontaneous differ-
entiation.

(F) Representative images for directed dif-
ferentiation of HNF-iNSCs into (i) CHAT- and
HB9-positive cholinergic neurons, (ii) TH-
and DAT-positive dopaminergic neurons,
(iii) vGLUT1-positive glutamatergic neu-
rons, and (iv) GABA-positive GABAergic
neurons.

(G) Quantification of the efficiency of iNSC
differentiation as determined by immuno-
staining for TH, CHAT, and vGLUT1. Experi-
ments were performed with one clone of
iNSCs (C1). Data are shown as means + SD of
three biological replicates.

(H) Survival and differentiation potential of
HNF-iNSCs in vivo. The iNSCs were trans-
planted into the striatum of adult nude rats
(i, ii) or the cortices of newborn mice
(i, iv).

(i) Specific labeling against human marker
TRA-1-85 visualized by DAB revealed the
presence of the transplanted cells at the site of transplantation. (ii) Three weeks post-implantation, the cells migrated into the brain
tissue at close proximity to the initial implantation site (dotted line) and stained positive for NES using antibodies specific for human
protein. Scale bar represents 100 pm. (iii) Four weeks post-implantation, specific labeling against human TRA-1-85 (green) revealed the
expression of neuronal marker MAP2 (red) in cells transplanted into the cortex of the neonatal mouse brain. Specific labeling against
human GFAP shows astrocyte differentiation potential of human HNF-iNSC. Oligodendrocytes could not be detected by staining with
antibody against human PDGFRa at this time point.

Scale bars represent 50 um in (A), (C), and (F) and 100 um in (D), (E), and (H). See also Figure S6.

Positive cells (%) @

TUJ1- and MAP2-positive neurons, GFAP-positive astro- and S6B). Of note, the in vitro developmental potential
cytes, and O4-positive oligodendrocytes, all with charac- of HNF-INSCs was preserved in clonally derived HNF-
teristic morphological properties (Figures 6A, 6B, S6A, iNSCs (Figures 6B and 6C) and even after 60 passages
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(Figure 6D). The iNSC-derived neurons exhibited punctate
distribution of Synapsin protein, suggestive of the forma-
tion of synaptic structures (Figure 6E). These data demon-
strate that Zfp521-iNSCs retain their phenotypic stability
and multipotency following long-term expansion and sin-
gle-cell subcloning.

Next, we sought to determine the type and frequency of
the neuronal subtypes derived from HNF-iNSCs (Figures 6F
and 6G). The iNSCs differentiated into cholinergic neurons
as determined by the expression of choline acetyltransfer-
ase (CHAT, 22.5% + 2.2%; Figures 6Fi and 6G) and HB9 as
well as to dopaminergic neurons as judged by the expres-
sion of the dopaminergic neuron markers, dopamine trans-
porter (DAT), and tyrosine hydroxylase (TH, 25.8% + 1.9%;
Figures 6Fii and 6G). In addition, 33.9% =+ 2.1% of iNSC-
derived neurons exhibited a glutamatergic phenotype, as
shown by the expression of vesicular glutamate transporter
1 (vGLUT1), which is involved in the packaging of gluta-
mate into the synaptic vesicles (Figures 6Fiii and 6G). We
also detected a smaller number of GABAergic neurons, as
demonstrated by immunofluorescence (Figure 6Fiv). These
data indicate that diverse neuronal subtypes could be
derived in vitro from Zfp521-iNSCs.

In Vivo Survival and Developmental Potential of
iNSCs

In order to determine the capacity of iNSCs to survive after
transplantation into adult brain tissue, we injected HNEF-
iNSCs into the striatum of adult nude rats. Analysis of
tissue sections 1 week post-transplantation showed im-
planted cells that expressed human marker TRA-1-85 and
were tightly packed at the site of implantation (Figure 6Hi).
Evaluation at 3 weeks post-transplantation revealed that
transplanted iNSCs survived and started migrating into
the brain tissue in close proximity of the implantation
site. These cells retained the expression of NES, suggestive
of retention of neural-precursor characteristics of the sur-
viving and migrating human iNSCs (Figure 6Hii). Differen-
tiation into mature neural cell lineages was not observed
at this early time interval. The in vivo developmental po-
tential of iNSCs was further assessed by transplanting
HNF-iNSCs into the cortices of newborn mice. Analysis of
tissue sections 4 weeks post-transplantation revealed that
the transplanted iNSCs survived and integrated into the
brain tissue and expressed MAP2 and GFAP (Figures 6Hiii
and 6Hiv). The human origin of transplanted cells for
MAP2 and GFAP expression was confirmed by staining
with human-specific TRA-1-85 and human-GFAP-specific
antibodies, respectively. These data indicate that Zfp521-
iNSCs possess the capability to survive and integrate into
adult and neonatal brain tissue with the latter also being
capable of supporting their differentiation into mature
neural cells.

Electrophysiological Properties of Neurons Derived
from iNSCs

In order to functionally characterize iNSC-derived neu-
rons, electrophysiological properties of neurons derived
from HNF-INSCs were assessed in patch-clamp experi-
ments and compared with those derived from human
iPSC-NSCs. In both experimental groups, electrically active
cells were observed. In the iNSC group, 32 cells were electri-
cally active and 31% of them showed action potentials
(APs) with a mature shape, including quickly rising
upstrokes, an overshoot to positive potentials and an after
hyperpolarization (Figures 7A and 7B). In comparison,
APs were recorded in 63% of 19 patch-clamped, electri-
cally active iPSC-NSC-derived neurons. The resting mem-
brane potential was similar between both groups (about
—30 mV) (Figure 7C). To investigate the firing properties
of neurons in more detail, cells were held at —70 mV. Under
this condition, two firing patterns were observed: repetitive
firing (50.0% of the iPSC-NSC-derived neurons with APs
and 40.0% of iNSC-derived neurons with APs) and phasic
firing, which is characterized by a single AP, even if double
the current needed to reach threshold is injected (Fig-
ure 6B). Thus, both NSC populations produced function-
ally active neurons.

In voltage-clamp mode, we investigated the currents
evoked by ramp stimulation. In electrically active cells,
the maximal fast inward current was carried by voltage-
gated sodium channels (Nay), which were activated at
negative potentials (black line in Figure 7D; compared
with the current response of an electrically inactive cell
[gray line]). Na,, current density was calculated as maximal
inward current divided by cell capacitance (a measure of
the cell size) and revealed comparable values for iNSC-
and iPSC-NSC-derived neurons (Figure 7E). Voltage-gated
potassium currents (K,) are recorded as outward currents
at positive potentials, which often showed some inactiva-
tion on more positive voltages (Figure 7D). K, current den-
sity was comparable for both investigated neuron types
(Figure 7F) as well as their inactivating component (Fig-
ure 7G), which may hint at the expression of delayed recti-
fier potassium channels. Thus, neurons in both NSC
populations showed similar functional maturity, AP prop-
erties, and K, and Na, expression profiles.

DISCUSSION

In this study, we demonstrate that iNSCs can be success-
fully generated from human fetal, neonatal, and adult
fibroblasts by ectopic expression of a single Dox-inducible,
lentivirally encoded neurogenic transcription factor
Zfp521. These iNSCs display morphological characteristics
of endogenous NSCs, are clonogenic, exhibit rostral
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(A) Bright field image of a recorded HNF-
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cordings shown in lower panel). Cells were
held at —70 mV.

(C) Resting membrane potential (RMP) of
cells directly after break does not differ
between iNSC-derived neurons (n = 10) and
iPSC-derived neurons (n = 12). Only cells
that displayed an action potential were
analyzed. Data are shown as means =+ SD.
(D) Voltage ramp and example current
recording of an electrically active neuron
(black line) and an inactive cell (gray line).
(E and F) Sodium current density was
determined as maximal inward current (E),
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and potassium current density determined as maximal outward current (F) during a voltage ramp divided by cell capacitance as a measure
for cell size; see (D) for protocol. Data are shown as means + SD. n = 6 (iNSC-neurons) and 11 (iPSC-NSC-neurons).

(G) Percent of K, inactivation is calculated as outward current at the end of the ramp divided by maximal outward current. Prominent
inactivation indicates the expression of the delayed rectifier potassium channels. Data are shown as means + SD.

regional specificity, and maintain their self-renewal ability
and tripotency over prolonged passaging with retention of
a stable karyotype following serial passaging. Therefore,
Zfp521 seems to be sufficient to trigger a self-sustaining
gene regulatory network that confers a rostral NSC identity
to fetal, neonatal, and adult human fibroblasts (in the pres-
ence of a specific cocktail of small molecules), which is
concordant with its reported permissive and rostralizing
role in differentiation of neuroectodermal cells from undif-
ferentiated ESCs and epiblast-stage embryos (Kamiya et al.,
2011). Analysis of a global iNSC transcriptome confirmed
the acquisition of neural gene expression profiles and acti-
vation of biological processes associated with neuronal dif-
ferentiation and development in Zfp521-iNSCs. Although
many of these genes were also expressed at similar levels
in endogenous human NSCs isolated from fetal brain,
these two cell types differed in the expression of a subset
of genes that were differentially expressed between each
NSC type and HNFs. However, GO analysis of these DE
genes revealed that they still belonged to functional cate-
gories related to nervous system development and neuro-
genesis, supporting the conclusion that differences in
expression profiles observed between iNSCs and WT-
NSCs are more of a quantitative than of a qualitative nature
and may reflect technical variance rather than biological
differences.

We further show that Zfp521-iNSCs lines established
from fetal, neonatal, and adult fibroblasts have the capac-

ity to differentiate in vitro into the three main cell types:
neurons, astrocytes and oligodendrocytes. This trilineage
differentiation potential was also retained in three clon-
ally derived iNSC lines that were tested, which further
confirms that these cells are bona fide self-renewing
multipotent stem cells. Functional analyses revealed that
neurons derived from Zfp521-iNSCs exhibit resting
membrane potentials, express sodium and potassium cur-
rents, and fire APs with characteristics indistinguishable
from human iPSC-NSC-derived neurons that were used
as controls and human PSC-derived neurons described
by others (Pre et al., 2014; Song et al., 2013; Telias et al.,
2014).

iNSCs transplanted into the neonatal mouse brain inte-
grated into brain tissue and retained the capability to
differentiate into neurons and astrocytes after 4 weeks.
When transplanted into the adult rat brain, iNSCs sur-
vived and started migrating into the neighboring brain tis-
sue. Nonetheless, in contrast to cells transplanted into
neonatal brain, they retained the characteristics of neural
precursors 3 weeks after transplantation. This result is in
agreement with published data, which showed that a
much longer time interval of several months is required
for formation of mature neurons from transplanted human
iNSCs and PSC-derived NSCs (Hemmer et al., 2014; Koch
et al., 2009).

Several gene combinations have been successfully used
for reprogramming human somatic cells to an NSC-like
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state (Cassady et al., 2014; Corti et al., 2012; Han et al.,
2012a; Lu et al.,, 2013; Ring et al.,, 2012; Thier et al.,
2012). These strategies, however, mostly rely on the use
of multiple pluripotency-associated factors for reprogram-
ming and the resultant cells have been characterized inad-
equately or may have limited self-renewal capacity. Our
approach bypasses these limitations, as it is based on a
single reprogramming factor, which provides a safer tool
to generate iNSCs applicable for potential cell-based
therapies and a unique platform for unraveling the mecha-
nisms of iNSC reprogramming. Moreover, Zfp521-iNSCs
could be stably propagated for more than 60 passages and
were confirmed to be clonogenic. Furthermore, in the pre-
sent study, we showed that Zfp521 enables the direct con-
version of fetal and neonatal fibroblasts into stable iNSC
lines, however NSCs from adult human fibroblasts can be
derived by combinatorial treatment of Zfp521 and a
cocktail of small molecules to overcome restrictions on
neural fate conversion. Recently, it was also reported that
inhibition of the let-7 microRNA, or expression of its
target HMGA2, facilitates SOX2-mediated direct reprog-
ramming of human adult fibroblasts and blood cells into
iNSCs (Yu et al., 2015). Moreover, ectopic expression of
OCT#4 in the presence of SB431542, LDN-193189, Noggin,
and CHIR99021 cocktail resulted in the generation of
iNSCs from human neonatal and adult peripheral blood
progenitors (Lee et al., 2015).

Zfp521 is a transcriptional co-repressor protein, the
expression of which seems to be restricted to immature/
multipotent cells of the body, including mesenchymal
stem cells and hematopoietic stem cells (Bond et al., 2008;
Han et al., 2012b). The highest expression levels of Zfp521
in the nervous system have been observed in the cere-
bellum, NSCs, and striatonigral neurons (Lobo et al.,
2006). The importance of Zfp521 for neural development
is demonstrated by the finding that NSCs/neuroectoderm
cells cannot be generated from ESCs/epiblast when
Zfp521 is abrogated (Kamiya et al., 2011). In addition,
although homozygous Zfp521-deficient embryos appar-
ently develop normally and are phenotypically indistin-
guishable from normal littermates at the time of birth,
they exhibit behavioral abnormalities, lose weight over
time, and are unable to survive for more than 10 weeks
post-partum (Ohkubo etal., 2014) indicating the indispens-
able roles for Zfp521 in post-natal neurogenesis and devel-
opment. Zfp521 exhibits a conserved amino acid and
protein domain composition across diverse animal species
(>90% identity), which suggests indispensable and univer-
sal roles for Zfp521 in organismal development (Shen et al.,
2011). Notably, in this study, mouse Zfp521 has been used
for conversion of human cells. Thus, it will be worthwhile
to determine the mechanism underlying the regulatory
role of Zfp521 during reprogramming in future studies.

EXPERIMENTAL PROCEDURES

Generation of iNSCs
All animal-use procedures were in strict accordance with the
approval of the Royan Institutional Review Board and Institutional
Ethical Committee (approval ID J/90/1397) and the permission of
the LANUV NRW (84-02.04.2012.A227) according to the guide-
lines of the Deutsche Tierschutzgesetz and the Versuchstierord-
nung. Written informed consent was provided for all donors.
Fibroblasts were transduced with lentiviral vectors expressing
mouse Zfp521 (Life Technologies) and cultured for the first 2 days
in fibroblast medium, as described in more detail in the
Supplemental Information. Two days after viral infection, cells
were switched into the neural medium, which included
DMEM/Ham’s F12 (DMEM/F12; Invitrogen) supplemented with
10% knockout serum replacement (KOSR), 1% non-essential amino
acids (NEAA), 2 mM L-glutamine, ITS (1 mg/ml insulin, 0.55 mg/ml
transferrin, 0.67 mg/ml selenium), 1% N, 0.05% B27, penicillin/
streptomycin (all Invitrogen), and 1.6 g/l glucose (Sigma-Aldrich).
Dox (2 pg/ml) was added to the culture medium from this stage
through day 24 to induce Zfp521 expression. The medium was
changed every second day. Epidermal growth factor (EGE
20 ng/ml; Royan Institute) and basic fibroblast growth factor
(bFGF, 20 ng/ml; Royan Institute) were added to the neural medium
from day 18 (when changes in the morphology of the cells were
evident) until day 24. On day 24, NSC-like colonies emerged. Of
these, a fraction detached from the plate and was released into the
culture medium while the others remained adherent. Both cell
populations, designated as adherent and non-adherent primary
neurospheres (10-15 spheres), were collected under the microscope,
transferred into a dish and trypsinized into single cells. Cells were
subsequently seeded onto tissue culture dishes that were coated
with 0.001% poly-L-ornithine and 1 pg/ml laminin (Sigma-Aldrich)
for 1 hr at 37°C and were cultured in the neural medium supple-
mented with EGF and bFGF in the absence of Dox. Two to three
days later, each dish that reached 60%-70% confluence was trypsi-
nized, and the cells were transferred as a single-cell suspension
into a 6-cm non-adherent dish to form secondary neurospheres.
The procedure of plating onto tissue culture dishes followed by
plating into bacterial dishes was repeated two additional times in or-
der to obtain a pure population of induced neurosphere-forming
NSC-like cells (iNSCs). The resultant neurospheres were trypsinized
and plated onto laminin/poly-L-ornithine-coated 6-cm tissue cul-
ture dishes in neural medium containing EGF and bFGE. The cells
at this stage were considered to be in passage 1. The iNSCs were
then passaged after reaching a density of 80%-90% once every
3-4 days at a splitratio of 1:2. The medium was changed every other
day. For reprogramming HDFs, we used a small-molecule cocktail
consisting of valproic acid (0.5 mM; Sigma-Aldrich), CHIR099021
(3 nM; Stemgent), and SB431542 (1 uM; Sigma-Aldrich) under hyp-
oxic conditions (5% O;) (Cheng et al., 2014) along with induced
overexpression of Zfp521 as described above.

Statistical Analyses

Values are expressed as means + SD. ANOVA or the t test was used
to assess differences between means. A p value of <0.05 was consid-
ered statistically significant.
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