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Abstract
Tumorigenic potential of induced pluripotent stem cells (iPSCs) infiltrating population of

induced neural stem cells (iNSCs) generated from iPSCs may limit their medical applica-

tions. To overcome such a difficulty, direct reprogramming of adult somatic cells into iNSCs

was proposed. The aim of this study was the systematic comparison of induced neural cells

(iNc) obtained with different methods—direct reprogramming of human adult fibroblasts

with either SOX2 (SiNSc-like) or SOX2 and c-MYC (SMiNSc-like) and induced pluripotent

stem cells differentiation to ebiNSc—in terms of gene expression profile, differentiation

potential as well as proliferation properties. Immunocytochemistry and real-time PCR analy-

ses were used to evaluate gene expression profile and differentiation potential of various

iNc types. Bromodeoxyuridine (BrdU) incorporation and senescence-associated beta-

galactosidase (SA-β-gal) assays were used to estimate proliferation potential. All three

types of iNc were capable of neuronal differentiation; however, astrocytic differentiation was

possible only in case of ebiNSc. Contrary to ebiNSc generation, the direct reprogramming

was rarely a propitious process, despite 100% transduction efficiency. The potency of direct

iNSCs-like cells generation was lower as compared to iNSCs obtained by iPSCs differentia-

tion, and only slightly improved when c-MYC was added. Directly reprogrammed iNSCs-like

cells were lacking the ability to differentiate into astrocytic cells and characterized by poor

efficiency of neuronal cells formation. Such features indicated that these cells could not be

fully reprogrammed, as confirmed mainly with senescence detection. Importantly, SiNSc-

like and SMiNSc-like cells were unable to achieve the long-term survival and became

senescent, which limits their possible therapeutic applicability. Our results suggest that

iNSCs-like cells, generated in the direct reprogramming attempts, were either not fully

reprogrammed or reprogrammed only into neuronal progenitors, mainly because of the

inaccuracies of currently available protocols.
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Introduction
Recent progress made in the field of nuclear reprogramming and differentiation of stem cells
provides a great tool that can be applied to modeling of various human diseases as well as to
regenerative medicine. Nonetheless, current treatment of various neurological disorders
including neurodegenerative diseases such as Alzheimer’s disease (AD) or Parkinson’s disease
(PD) is not efficient enough. So far, several methods for generation of specialized neurons, i.a.
dopaminergic [1,2] or functional spinal motor neurons [3], from mouse and human fibroblast
have been developed. The aforementioned issues are hoped to be solved thanks to application
of stem cells technology that involves generation of induced neural stem cells (iNSCs) from dif-
ferentiated somatic cells. Nowadays, two methods of iNSCs generation are available: direct
reprogramming of somatic cells without going through the pluripotent state or with the gener-
ation of iPSCs as an intermediate step [4–8]. Although the tumorigenic potential of iPSCs may
be debatable, all in vivo studies, in which iNSCs were obtained with the intermediate iPSCs
step, report the lack of tumorigenic outgrowth [9]. Even though the second approach seems to
be very promising in regard to regenerative medicine, there are still many obstacles, which
need to be overcome in order to enable generation of mature and fully functional neurons.
Very low efficiency of direct reprogramming, ranging from 0.009–0.96% [7,10–12], constitutes
one of the major problems. Moreover, although it was shown that iNSCs are capable of differ-
entiating into functionally mature neurons and GFAP-expressing cells, their oligodendrocytic
differentiation still remains challenging [6,13].

For many years reprogramming process with only one transcription factor has been consid-
ered insufficient for neural stem cells formation [6]. However, in 2012 Ring et al. demonstrated
that under conditions conducive to neural stem cell expansion, including the presence of growth
factors and proper surface substrates, overexpression of SOX2 is enough to reprogram fibro-
blasts into multipotent neural stem cells [7]. Furthermore, it has been shown that endogenous
expression of neural precursor genes such as SOX1, SOX3, OLIG2, NCAM and PAX6 can be
detected only in the presence of SOX2 [13]. Hence, this transcription factor is thought to play a
critical role in direct reprogramming, which probably may be explained by the fact that SOX2 is
known to activate many genes that overlap the targeted genes for OCT4 or NANOG [14].

The reprogramming efficiency, defined as the colony formation in relation to the number of
fibroblasts initially transfected/transduced, is widely analyzed. However, the proliferation
potential is omitted in the majority of studies. It needs to be emphasized that if human neural
stem cells proliferate infinitely, the efficiency of reprogramming process will be less important.
To increase the proliferation potential and to enable extensive passaging of non-viral generated
iNSCs Maucksch et al. transfected fibroblasts with SOX2 and PAX6 [11]. The latter factor is
essential for neural stem cells proliferation, multipotency and neurogenesis [15]. Nonetheless,
proliferation potential, in contrast to multipotency and electrophysiology, is still poorly stud-
ied. Unlike human iNSCs, mouse iNSCs are widely described as easily propagated, even up to
30 passages [7].

In this study, we provide the first description of direct reprogramming of human adult
fibroblasts using SOX2 and c-MYC, performed to optimize proliferation capabilities of induced
neural stem cells-like cells (iNSCs-like cells). Quality and efficiency of iNSCs-like cells genera-
tion by means of different methods were compared. In our work, iNc were obtained either by
differentiation of induced pluripotent stem cells or by direct reprograming with one (SOX2) or
two transcription factors (SOX2 and c-MYC). SiNSc-like and SMiNSc-like cells were compared
to ebiNSc and neural stem cells (NSC) derived from human embryonic stem cells (hESCs) in
terms of gene expression profile, differentiation potential and proliferation properties. Finally,
proliferation analyses were conducted to verify whether direct reprogramming of adult
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fibroblasts into iNSCs-like cells is able to provide a virtually limitless source of specific neural
cells applicable in many medical areas, such as regenerative therapy or modeling of various
neurological disorders (e.g. Alzheimer’s or Parkinson’s diseases).

Materials and Methods

Reprogramming of the BJ fibroblasts into iPSCs
In Celther Polska laboratories induced pluripotent stem cells are generated either by lentiviral
transduction or by episomal transfection [16]. For this study, human iPSCs were generated
from BJ human neonatal foreskin fibroblasts (ATCC, USA) (at passages 1–3) by lentiviral
transduction using polycistronic vector pLV-OSKM containing four transcription factors—
OCT4, SOX2, KLF4 and c-MYC (LENTI-Smart OSKM kit, InvivoGen, France). One day prior
to transduction BJ cells were plated at 5 × 105 cells/well density on a 6-well plate in DMEM
supplemented with 10% FBS (Life Technologies, Thermo Fisher Scientific, USA) and antibiot-
ics (penicillin/streptomycin/gentamicin; GIBCO, Thermo Fisher Scientific). Next day lentiviral
medium, which was collected from transfected HEK293T cells (ATCC), filtered through a
0.45 μm filter (Merck Millipore, Germany) and supplemented with 8 μg/ml of Polybrene
(Merck Millipore), was added to BJ culture. The following day second lentiviral transduction
was performed. After 24 hours medium was changed to fibroblast culture medium. Seven days
after transduction, reprogrammed cells were seeded in ESC medium (DMEM/F-12 with Gluta-
MAX-I (1X), KnockOut Serum Replacement 20%, 2-Mercaptoethanol 100 μM, all from Life
Technologies, Non Essential Amino Acids 1% from Gibco and bFGF 10 ng/ml from Sigma
Aldrich, USA) on 10 cm culture dishes coated with feeder layer– 1.5 × 106 Mouse Embryonic
Fibroblasts inactivated with Mitomycin C (Merck Millipore). After another 7–14 days formed
ES-like colonies were collected and subsequently cultured on Geltrex-coated dishes in the
Essential 8 medium (both from Life Technologies).

Differentiation of iPSCs into iNSCs
The protocol of iPSCs differentiation into iNSCs involving EB formation was based on the
method presented by Yuan et al. [17]. The whole procedure can be divided into several distinct
steps. At approximately 80% confluency iPSCs colonies were firstly transferred from 4 wells of
6-well cell culture plate (Nunc, Thermo Fisher Scientific) coated with Geltrex to a 6 cm non-
adhesive culture dish/T25 non-adhesive culture bottle (Sarstedt, Germany) and grown in sus-
pension culture in Embryoid Body Formation medium (DMEM/F-12 with GlutaMAX-I (1X),
KnockOut Serum Replacement 20%, 2-Mercaptoethanol 100 μM, Non Essential Amino Acids
1%) for 4 days. During the next 4 days, 5 × 10−7 M retinoic acid (Sigma-Aldrich) was added
daily to the suspension culture. Next, 5 to 10 EBs were plated on Poly-L-Ornithine (20 μg/ml)/
Laminin (10 μg/ml) (both from Sigma Aldrich)–coated 6-well adherent culture dishes (Nunc)
and grown in Neural Stem Cell Induction medium (DMEM/F12 1X, B-27 Supplement 2%
both from Life Technologies), supplemented with 10 ng/ml hLIF (Merck Milipore), 2 μg/ml
heparin sodium salt in PBS (STEMCELL Technologies, Canada), 20 ng/ml EGF (Sigma
Aldrich), 10 ng/ml bFGF for the following 7 days. After reaching 85% confluency, 0.5–1 × 106

cells were seeded on Geltrex-coated dishes with ReNcell medium (Merck Millipore) supple-
mented with 20 ng/ml EGF and 20 ng/ml bFGF.

Reprogramming of BJ fibroblasts into SiNSc-like and SMiNSc-like cells
Human iNSCs-like cells were generated from BJ human neonatal foreskin fibroblasts (at pas-
sages 1–3) by lentiviral transduction using SOX2 alone or SOX2 and c-MYC. Reprogramming
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protocol, dedicated for iNSCs generation, was based on the method presented by Ring et al. [7]
with some modifications. One day prior to transduction BJ human neonatal foreskin fibro-
blasts were seeded in 24-well plates (1 × 104 cells/well) covered with feeder layer prepared the
previous day– 1.25 × 105 Mitomycin C-treated MEFs per well seeded on coverslips (Marienfeld
Laboratory Glassware, Germany) coated with 0.1% gelatin. According to Ring et al., the pres-
ence of coverslips drastically alters transduced cells morphology and therefore increases the
efficiency of iNSCs generation [7]. BJ cells were transduced with lentiviral medium, which was
collected from transfected HEK293T cells, filtered through a 0.45 μm filter and supplemented
with 8 μg/ml of Polybrene. Next day the procedure was repeated. Twenty-four hours post-
transduction medium was changed to fibroblast culture medium and after following 5 days to
Neural Stem Cell Culture medium (ReNcell or complete StemPro NSC Serum Free Medium,
both supplemented with 20 ng/ml EGF and 20 ng/ml bFGF) and maintained in such condi-
tions for another 7–10 days. iNSCs-like cells were subjected (mechanically or enzymatically—
StemPro Accutase, Life Technologies) to propagation and rounds of neurosphere formation.

Maintaining cell culture
The iPSCs were cultured on Geltrex-coated dishes in Essential 8 medium and passaged with
0.5 mM EDTA (Life Technologies) solution in PBS every 3–4 days.

BG01V, human embryonic stem cell line was purchased from AMS Biotechnology (Abing-
don, UK). hESCs were cultured on Geltrex-coated dishes in Essential 8 medium and passaged
with 0.5 mM EDTA solution in PBS every 3–4 days.

Human Neural Stem Cells (NSC; derived from the NIH approved H9 (WA09) human
embryonic stem cells, hESCs) were purchased from Gibco. NSC cell line was propagated as an
adherent culture on Geltrex-coated dishes in complete StemPro NSC SFM (KnockOut
D-MEM/F-12, GlutaMAX-I Supplement 2 mM, StemPro Neural Supplement 2% from Life
Technologies, bFGF 20 ng/ml, EGF 20 ng/ml). Culture medium was changed every two days
and cells were passaged with StemPro Accutase when confluency reached 85%.

ebiNS cell line was propagated as an adherent culture on Geltrex-coated dishes in ReNcell
medium supplemented with bFGF 20 ng/ml and EGF 20 ng/ml. Culture medium was changed
every two days and cells were passaged with StemPro Accutase when confluency reached 85%.

SiNSc-like and SMiNSc-like cells were propagated as adherent cultures on Geltrex-coated
dishes in ReNcell or complete StemPro NSC SFMmedium supplemented with bFGF 20 ng/ml
and EGF 20 ng/ml. Culture medium was changed every two days and cells were passaged with
StemPro Accutase when confluency reached 85%.

The efficiency of lentiviral transduction
The transduction efficiency was calculated as a ratio of SOX2-positive cells to the total number
of BJ fibroblasts transduced with SOX2 or SOX2 and c-MYC. Immunocytochemical staining
was performed with anti-SOX2 specific antibody four days after lentivirus delivery.

The efficiency of obtaining induced Neural Cells
In order to compare the efficiency of obtaining induced neural cells either by direct reprogram-
ming or iPSCs differentiation, the number of double SOX2- and nestin-positive cells (at the
second passage of the culture) in at least ten randomly selected fields of view from three inde-
pendent experiments was counted.
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Differentiation of Neural Cells (NSC, ebiNSc, SiNSc-like and SMiNSc-
like cells) into neuronal and astrocytic cells
Cells were seeded at 2.5 × 104 cells/well density onto 4-well plates (Nunc) with coverslips cov-
ered with Geltrex in medium for neural stem cell maintenance (ReNcell or StemPro NSC sup-
plemented with bFGF and EGF). After 24 hours, medium was changed to neuronal
differentiation medium (Neurobasal Medium 1X, B-27 Supplement 2%, GlutaMAX-I Supple-
ment 2 mM all from Life Technologies). Half of medium was changed every 2–3 days. Cells
were cultured in neural induction medium for 7 or 14 days, then subjected to immunocyto-
chemical analysis.

The potency of ebiNSc, SiNSc-like and SMiNSc-like cells differentiation
In order to compare the potency of ebiNSc, SiNSc-like and SMiNSc-like cells differentiation,
the number of MAP2-positive cells after 7 days of differentiation, in at least ten randomly
selected fields of view from three independent experiments was counted.

RNA isolation
Total RNA was extracted using AllPrep DNA/RNAMini Kit 50 (Qiagen, Germany) according
to the manufacturer’s protocol. 250 ng of RNA was reverse transcribed to cDNA using Quanti-
Tect Reverse Transcription Kit 50 (Qiagen) according to the manufacturer’s protocol. Samples
for real-time PCR analysis were collected between 3rd-7th week of direct reprogramming
(iNSCs-like cells) and between 3rd-8th passage (NSC, ebiNSc, hESCs).

Real-Time PCR Analysis
Real-time PCR was performed using StepOnePlus Real-Time PCR System instrument (Applied
Biosystems, Thermo Fisher Scientific). PCR products were synthesized from cDNA samples
using SYBR1 Select Master Mix. Each sample was amplified in triplicate in total reaction vol-
ume of 12 μl containing SYBR1 Select Master Mix (2X) (Life Technologies), 200 nM of both
forward and reverse primers and 250 ng of cDNA. HPRT1 gene was used as a reference gene to
normalize the expression levels of target gene, and tested genes were amplified using specific
primers (S1 Table). Cycling conditions were as follows: 2 min at 50°C (UDG activation), 10
min at 95°C (polymerase activation) followed by 40 cycles of: 15 s at 95°C (denaturation), 30 s
at 60°C (annealing) and 30 s at 72°C (extension). To confirm the specificity of amplification
signal, gene dissociation curve was analysed in each case. Normalized relative expression levels
of target genes in tested samples were calculated using the method described previously by
Pfaffl et al. [18], based on average Ct value for each sample and average PCR efficiency for each
gene. Non-template Control (NTC) reaction was used to identify possible PCR contamination.
Diluted mixture of cDNA from all tested samples was used as control to normalize the expres-
sion levels of target genes. All experiments were conducted in at least three biological replicates
(in the case of NSC and hESCs cells were collected at different time points and passage
number).

Immunocytochemistry
For immunocytochemical analyses monolayer cell cultures were fixed with 4% paraformalde-
hyde in PBS for 10 min and permeabilized with 0.1% Triton X-100 for 10 minutes at room
temperature. Nonspecific binding sites were blocked by incubation with 2% donkey serum
(Sigma Aldrich) in PBS for 1 h. For double immunolabeling, fixed cells were subsequently incu-
bated with the appropriate primary antibodies (S2 Table) for 1 h at room temperature. Double

Senescence Impairs Direct Reprogramming

PLOS ONE | DOI:10.1371/journal.pone.0141688 November 4, 2015 5 / 23



labeling was visualized by simultaneous incubation with a combination of species-specific fluo-
rochrome-conjugated secondary antibodies (1 h, room temperature) (S2 Table). Control sam-
ples were incubated with the secondary antibodies alone. Slides were mounted with ProLong1

Gold Antifade Reagent or ProLong1 Gold Antifade Reagent with DAPI (Molecular Probes,
Invitrogen, Life Technologies Group), coverslipped and examined using Nikon Eclipse Ci-S
epifluorescence microscope.

BrdU incorporation assay
To assess proliferation ability of NSC, ebiNSc, SiNSc-like and SMiNSc-like cells in fifth passage,
10 μM BrdU was added to NS cell cultures. After 48–120 h of incubation tested cultures were
processed for immunocytochemical BrdU co-staining. Firstly, an immunocytochemical staining
for SOX2 marker was performed as described, up to the step of PBS washing after incubation
with the secondary antibodies (S2 Table). Next, cells were post-fixed in 4% paraformaldehyde
and permeabilized with 0.1% Triton X-100 for 10 min at room temperature. Nonspecific bind-
ing sites were blocked by incubation with 2% donkey serum in PBS for 30 min. After blocking,
cells were treated with 2N HCl in 37°C for 40 min and then with 0.1 M borate buffer (pH 8.5) at
room temperature for 12 min. Then, cells were incubated with anti-BrdU antibody for 1 h,
washed with PBS and incubated with the appropriate secondary antibody at room temperature
for 1 h (S2 Table). Finally, cells were mounted with ProLong1 Gold Antifade Reagent, cover-
slipped and examined using Nikon Eclipse Ci-S epifluorescence microscope. For each analysis
100 nuclei were examined. Proliferation rate was defined as the percentage of BrdU-positive
cells compared to all cells in the visual field.

Senescence-Associated (SA)-β-Galactosidase Staining
SA-β-Gal staining was performed following the protocol by Dimri et al. [19]. Cells were washed
three times with PBS, fixed with cold 3% paraformaldehyde for 5 min and washed two times with
PBS for 5 min. Next, a fresh senescence-associated staining solution (1 mg/ml 5-bromo-4-chloro-
3-indolyl β-D-galactopyranoside, X-Gal in dimethylformamide (stock 20 mg/ml)/40 mM citric
acid/sodium phosphate, pH 6.0/5 mM potassium ferrocyanide/5 mM potassium ferricyanide/150
mMNaCl/2 mMMgCl2), pre-warmed to 37°C, was added and cells were incubated in 37°C (no
CO2) for 12 h. After incubation cells were washed two times with PBS for 5 min and photo-
graphed using Olympus CKX41 microscope. The percentage of the stained cells was calculated.

Statistical analysis
All statistical analyses were performed using Mann–Whitney U-test and STATISTICA 10 soft-
ware (Statsoft, USA).

Results

Efficiency of lentiviral transduction
To assess the transduction efficiency, four days after lentiviral infection, immunocytochemical
staining for SOX2 expression was performed. All cells were SOX2-positive indicating high trans-
duction efficiency of the lentiviral vector (Fig 1). Nevertheless, after 36 days in culture, substantial
repression of SOX2 expression was detected, as only single SOX2-positive cells were observed.

Reprogramming of BJ fibroblasts into iPSCs
For this experiment iPSCs were obtained via lentiviral transduction of four Yamanaka factors
[20,21]. ESC-like colonies were collected, expanded on Geltrex-coated dishes in Essential 8
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medium and examined for the expression of pluripotency markers by means of immunocyto-
chemistry. Obtained cells showed expression of SOX2, OCT4, NANOG, Tra-1-60 and Tra-1-81
as well as alkaline phosphatase activity. Additionally, to prove iPSCs identity, results were com-
pared to those for hESCs. Real time PCR analysis showed that SOX2 expression in hESCs and
iPSCs was at the same level (hESCs/iPSCs = 1.048; p = 0.8). Moreover, the pluripotent character
of these cells was confirmed by their multilineage differentiation potential. iPSCs were sponta-
neously differentiated into embryoid bodies and examined for expression of markers specific for
all three germ layers. Immunocytochemistry showed that resulting cells expressed markers of
ectoderm—presence of microtubule associated protein 2 (MAP2) and neuronal morphology;
mesoderm—alpha-smooth muscle actin (αSMA) and features of cytoskeleton and endoderm—

SOX17 (Fig 2). Detailed expression profile of pluripotency and lineage specific genes (assessed
with TaqMan Scorecard kit; Life Technologies) in established induced pluripotent stem cell
lines generated in Celther Polska Laboratories was presented by Drozd et al. [16].

Generation and characterization of induced neural cells (ebiNSc and
iNSCs-like cells)
Real-time PCR analysis was performed for all obtained types of iNc to investigate the expres-
sion levels of markers characteristic for neural stem cells (SOX2, nestin, Musashi-1 –MSI1 and

Fig 1. Immunocytochemical detection of SOX2 expression four days after transduction. BJ fibroblasts were stained with anti-SOX2 antibody (A),
counterstained with 4’,6-diamidino-2-phenylindole, DAPI (B) and results of staining were merged (C). Images were captured using Eclipse Ci-S
epifluorescence microscope with 40x objective; scale bar = 50 μm.

doi:10.1371/journal.pone.0141688.g001

Fig 2. Characterization of induced pluripotent stem cells (iPSCs) derived from BJ fibroblasts by means of lentiviral transduction. iPSCs were
spontaneously differentiated via embryoid body formation into cells from three germ layers. Differentiated cells expressed markers of ectoderm—MAP2 and
presented neuronal morphology (A); mesoderm—alpha-smooth muscle actin (αSMA) and features of cytoskeleton (B); and endoderm—SOX17 (C). Images
were captured using Eclipse Ci-S epifluorescence microscope with 20x objective; scale bar = 100 μm.

doi:10.1371/journal.pone.0141688.g002
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NKX2.2), markers of mesenchymal transition (COL1A1, SNAI1, TWIST2) and c-MYC. As a
positive control H9-hESC-derived NSC cell line was used. Results were also compared to start-
ing population of cells: iPSCs and BJ fibroblasts. All results are presented as graphs in linear
scale. For each sample expression values were normalized to pooled cDNA from all tested sam-
ples and compared to BJ fibroblasts (SOX2,MSI1, nestin, c-MYC) and iPSCs (NKX2.2) in Fig 3
and S3 Table.

The highest expression of neural stem cells-associated genes was observed in NSC. Never-
theless, an elevated level of SOX2 was also detected in ebiNSc and directly reprogrammed
SiNSc-like and SMiNSc-like cells (2955.8, p = 0.008; 1953.2 p = 0.014; 1360.5 p = 0.006, fold
respectively). Although the expression level of nestin was low in negative controls—BJ fibro-
blasts and iPSCs, it was still found to be 10.43 (p = 0.03) and 21.66 (p = 0.03) times lower when
compared to NSC, respectively. In the remaining cells the expression level of nestin was at a
similar level: SMiNSc-like cells (2.2, p = 0.11), SiNSc-like cells (1.9, p = 0.39), ebiNSc (1.64,
p = 0.27). Such small discrepancies between fibroblasts (negative control) and induced neural
cells result from the fact that fibroblasts express nestin [22–25]. Expression of other neural
stem cell markers (MSI1, NKX2.2) was detected mainly in NSC. The highest level of NKX2.2
was observed in SiNSc-like cells, while the lowest in ebiNSc (NSC/SiNSc-like = 5.7, p = 0.07;
NSC/SMiNSc-like = 9.23, p = 0.028; NSC/ebiNSc = 66.38, p = 0.008; ebiNSc/iPSCs = 1.47,
p = 0.8); however, these differences among induced neural cells were statistically insignificant.
Considering MSI1, directly reprogrammed cells did not show expression of this gene; however,
its level in ebiNSc was 2016.6 (p = 0.008) times higher than in the negative control. None of
these genes was expressed in BJ fibroblasts. Concerning the influence on direct reprogram-
ming, c-MYC expression was analyzed after 3–7 weeks following transduction. These results
show that ebiNSc, not SMiNSc-like cells, as expected, exhibit the highest level of this gene. In
respect to BJ fibroblast c-MYC expression value was 2.9 (p = 0.23) for ebiNSc, 1.06 (p = 0.86)
for SMiNS-like cells, 0.81 (p = 0.7) for SiNS-like cells and 0.23 (p = 0.052) for NSC.

Expression of mesenchymal marker genes (COL1A1, TWIST2, SNAI1) was detected mainly
in BJ fibroblasts and directly reprogrammed cells. Expression of TWIST2 in iNSCs-like cells
was even higher than in the initial cell line—BJ fibroblasts (SiNSc-like/BJ = 1.53, p = 0.19;
SMiNSc-like/BJ = 1.44, p = 0.15). When compared to fibroblasts, the expression of COL1A1
was significantly lower in SiNSc-like cells (BJ/SiNSc-like = 1.76, p = 0.014) and SMiNSc-like
cells (BJ/SMiNSc-like = 2.33, p = 0.0058). Trace levels of TWIST2 and COL1A1 expression
were found in ebiNSc (BJ/ebiNSc = 33.48, p = 0.008 and 87.51, p = 0.008, respectively). Inter-
estingly, expression of SNAI1 was detected in all analyzed samples (BJ/iPSCs = 2.19, p = 0.11;
BJ/ebiNSc = 1.21, p = 0.27; BJ/NSC = 3.97, p = 0.03), reaching the highest level in SiNSc-like
cells (SiNSc-like/BJ = 1.23, p = 0.88) and SMiNSc-like cells (BJ/SMiNSc-like = 1.07, p = 0.93).

In order to determine the identity of obtained cells, immunocytochemical staining was per-
formed two weeks after culture establishment (Fig 4). In contrary to NSC cell line, character-
ized by homogeneous expression of SOX2, SOX1 and nestin, all types of iNc were slightly
heterogeneous. Despite the fact that the vast majority of cells showed co-expression of analyzed
neural stem cell markers (SOX2, SOX1 and nestin), some cells were only SOX2-positive, nes-
tin-positive or did not express any of these markers. Moreover, the morphology of ebiNSc
resembled that of NSC (small cells, with bipolar morphology), whereas directly reprogrammed
cells were characterized by more elongated spindle, in most cases resembling mesenchymal
cells. Further analysis revealed that ebiNSc showed point expression of integrin-beta-1 in the
cytoplasm and nuclear expression of MSI1 (data not shown). As a negative control, BJ fibro-
blasts were used. No expression of SOX1 and SOX2 was detected, however, single cells were
positively stained for nestin.
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The effectiveness of ebiNSc, SiNSc-like and SMiNSc-like cells
generation
The procedure of differentiating iPSCs to induced neural stem cells consisted of four distinct
steps, within which the morphology of cells has been changing substantially. Starting from iPS

Fig 3. The results of real-time PCR analysis. Expression of each gene in each analyzed sample was firstly
normalized to cDNA from all analyzed samples (pooled cDNA) and compared to normalized expression in BJ
fibroblasts (SOX2, MSI1, nestin) and iPSCs (NKX2.2). The p-value was indicated in the selected samples (*
p < 0.05; ** p < 0.01; *** p < 0.001; SEM), all statistical data are summarized in S4 Table.

doi:10.1371/journal.pone.0141688.g003
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colonies, cells went through embryoid bodies stage (cultured with retinoic acid and neural
induction medium), ending in monolayer of differentiated cells with NSC-characteristic mor-
phology. The identity of generated cells was confirmed by immunocytochemical staining.
Almost all NSC cells (98.69 ± 0.35%) were SOX2/nestin double positive at the second passage
(Fig 5). Alike the NSC cells, nearly all ebiNSc expressed NSC markers, including SOX2, SOX1,
nestin, MSI1 and vimentin. In case of ebiNS cells, the portion of SOX2/nestin double positive
cells reached 90.36 ± 3.01% (Fig 5).

SOX2 and SOX2-MYC-directly reprogrammed cells, cultured in medium dedicated for neu-
ral stem cell culture, began to slowly disperse and to form star-shaped interconnected clusters.
Following the incubation in suspension culture for at least 7 days and subsequent re-transfer-
ring of cells into monolayer conditions, these cells began to resemble neural stem cells. Impor-
tantly, not all attempts of direct reprogramming led to successful production of iNSCs-like
cells. Some attempts yielded no SOX2- or SOX1-positive cells. On the other hand, in experi-
ments considered as propitious, the potency of iNSCs-like cells generation yielded
71.76 ± 7.92% and 82.69 ± 4.39% for SiNSc-like and SMiNSc-like cells, respectively (Fig 5).
Importantly, not every SOX2/nestin-positive cell acquired neural morphology. It should be
noted that the number of successful attempts was higher in the case of SMiNSc-like than
SiNSc-like cells (4/5 and 3/8).

Multipotency of ebiNSc, SiNSc-like and SMiNSc-like cells
Upon 7 days of differentiation, almost all types of neural cells presented MAP2 expression.
Although the morphology of differentiated NSC cells (positive control) was mostly homoge-
neous (large, flattened cells), single cells resembling neurons (with clearly marked soma, axons
and dendrites) with more intense MAP2-positive signal (Fig 6). Within these cells, neither
tyrosine hydroxylase (TH)-positive nor GFAP-positive cells were detected (Figs 6 and 7). Cul-
turing NSC for 14 days in differentiation medium did not result in any GFAP-positive cell, but
single TH-expressing cells were observed. Moreover, cells substantially changed their morphol-
ogy and the majority of cells, with long axons and dendrites, began to form clusters arranging
dense networks.

Fig 4. The expression of three neural stem cell markers SOX2, nestin and SOX1 in NSC (A, E), ebiNSc (B, F), SiNSc-like cells (C, G) and SMiNSc-
like cells (D, H). Images were captured using Eclipse Ci-S epifluorescence microscope with 20x (A, B, E, F) and 40x objective (C, D, G, H); scale
bar = 50 μm.

doi:10.1371/journal.pone.0141688.g004
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The number of ebiNSc-derived neuronal cells at 7th day of differentiation was significantly
lower comparing to NSC. Nevertheless, ebiNSc-derived neuronal cells had more mature and
distinct morphology—ranging fromMAP2-positive flattened cells with short fibers to uni-, bi-
and multipolar neuronal cells (Fig 6). During following 7 days of differentiation, this morphol-
ogy did not significantly change. Additionally, after 14 days in these conditions, single GFAP-
positive cells were detected (Fig 6). Single astrocytic cells were observed as early as on day 9 of
differentiation. Surprisingly, at early time points, most GFAP-positive cells co-expressed
MAP2. The total number of TH-positive cells obtained from ebiNSc was higher comparing to
cells obtained from NSC. After a week of differentiation, hundreds of TH-positive cells among
ebiNSc and single TH-positive cells among NSC were detected (Fig 7). The difference was also
observed in Tau expression level—Tau-positive cells appeared after one week of differentiation
in both NSC and ebiNSc cell lines (Fig 8), but again the number for ebiNSc-derived cells was
higher (varied from experiment to experiment, but at least 1.4-times higher). Tau-positive cells

Fig 5. The effectiveness of induced neural stem cell generation presented as the percentage of NSC, ebiNSc, SiNSc-like cells and SMiNSc-like
cells expressing simultaneously SOX2 and nestin (SEM).

doi:10.1371/journal.pone.0141688.g005
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additionally presented an enhanced expression of Synapsin I. After two weeks, the number of
cells expressing Tau and Synapsin I increased in both NSC and ebiNSc cultures. After one
week of culture in neural induction medium, the NSC differentiated into single VGLUT1-posi-
tive cells with intense signal (Fig 9). The majority of these cells showed flattened morphology
with point expression of this protein in the cytoplasm. Within ebiNSc culture, three popula-
tions of cells were identified—VGLUT1-positive cells with typical neuronal morphology (the
number of these cells was higher in comparison to cells differentiated from NSCs), flattened

Fig 6. The expression of MAP2 and GFAP in NSC (A, E), ebiNSc (B, F), SiNSc-like cells (C, G) and SMiNSc-like cells (D, H) after 7 and 14 days of
differentiation in the neural inductionmedium. Images were captured using Eclipse Ci-S epifluorescence microscope with 20x (A, B, E, F) and 40x
objective (C, D, G, H); scale bar = 50 μm.

doi:10.1371/journal.pone.0141688.g006

Fig 7. The expression of MAP2 and TH in NSC (A, E), ebiNSc (B, F), SiNSc-like cells (C, G) and SMiNSc-like cells (D, H) after 7 and 14 days of
differentiation in the neural inductionmedium. Images were captured using Eclipse Ci-S epifluorescence microscope with 20x (A, B, E, F) and 40x
objective (C, D, G, H); scale bar = 50 μm.

doi:10.1371/journal.pone.0141688.g007
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cells with VGLUT1 expression localized around the nucleus and undifferentiated stromal cells
with no expression of this marker (Fig 9).

Moreover, neuronal cells derived after 7 days of ebiNSc differentiation were subjected to
real-time PCR analysis to examine the level of GAD65 expression. GAD65, one of two isoforms
of glutamic acid decarboxylase enzyme, is involved in decarboxylation of glutamate to CO2

and γ-aminobutyric acid (GABA)–the major inhibitory neurotransmitter in the mammalian
brain [26]. GAD65 is localized to nerve terminals and synthesizes GABA specifically for neuro-
transmission [27]. Real-time PCR analysis showed that expression of GAD65 in ebiNSc-
derived neuronal cells after 7 days of differentiation increased 591.7 ± 45.26 when compared to
BJ fibroblasts and 34.92 ± 0.89 when compared to undifferentiated ebiNSc. This result strongly
suggest that ebiNSc differentiation leads to the formation of functional neuronal cells that are
capable of neurotransmitters synthesis.

Fourteen days of differentiation of SiNSc-like cells resulted in single MAP2-positive cells,
but in the majority of these cells signal was weak and non-specific, since morphology was
rather mesenchymal than neuronal (Fig 6). At the same time, SMiNSc-like cells were able to
differentiate into single bipolar neuronal cells (Fig 6). In both cases, no astrocytic cells were
obtained. iNSCs-like cells differentiated into single TH-positive cells (Fig 7). After 14 days of
differentiation of SiNSc-like cells, single Synapsin I-positive cells were present but no Tau-posi-
tive cells were observed (Fig 8). On the other hand, SMiNSc-like cells differentiated into single
Synapsin I-positive cells and single Tau/Synapsin I double positive cells, but some of these cells
did not present typical neuronal morphology (Fig 8).

The potency of ebiNSc, SiNSc-like and SMiNSc-like cells differentiation
into neuronal cells
NSC presented the highest total potency of neural differentiation, reaching 89.63 ± 1.52% of
MAP2-positive cells after 7 days of differentiation (Fig 10A). On the 7th day, the number of
MAP2-positive cells differentiated from ebiNSc was significantly lower compared to NSC–
34.51 ± 2.44% of the total population (NSC/ebiNSc = 2.60, p<0.001) (Fig 10A). Nevertheless,

Fig 8. The expression of Synapsin I and Tau in NSC (A, E), ebiNSc (B, F), SiNSc-like cells (C, G) and SMiNSc-like cells (D, H) after 7 and 14 days of
differentiation in the neural inductionmedium. Images were captured using Eclipse Ci-S epifluorescence microscope with 20x (A, B, E, F) and 40x
objective (C, D, G, H); scale bar = 50 μm.

doi:10.1371/journal.pone.0141688.g008
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most of these cells presented a typical neuronal morphology (24.19 ± 1.5%), whereas only
2.22 ± 0.40% of MAP2-positive NSC-derived cells were elongated (ebiNSc/NSC = 10.89,
p<0.001) (Fig 10B). After 14 days of differentiation, both ebiNSc and NSC formed dense neu-
ronal networks and thus could not be counted. In case of directly reprogrammed cells differen-
tiation, only single MAP2-positive cells were present in the culture. However, comparing
SMiNSc-like to SiNSc-like cells, more MAP2-positive cells were observed in the former type.
Interestingly, out of all analyzed iNc, astrocytic cells were obtained only from ebiNSc following
the two-week differentiation period.

BrdU incorporation assay and Senescence Associated (SA)-β-
Galactosidase Staining
Forty-eight hours after incubation with BrdU, significant differences in the proliferation level
of ebiNSc in comparison to directly reprogrammed cells were revealed (Fig 11). The highest

Fig 9. The expression of VGLUT1 in NSC (A, C) and ebiNSc (B, D) lines after 7 and 14 days of differentiation in the neural inductionmedium. Images
were captured using Eclipse Ci-S epifluorescence microscope with 20x objective; scale bar = 100 μm.

doi:10.1371/journal.pone.0141688.g009
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number of BrdU-positive cells was observed in NSC (94.99 ± 0.81%) and ebiNSc (91.68% ±
1.28%) while in the case of SMiNSc-like and SiNSc-like cells, BrdU was incorporated in only
54.05 ± 1.81% and 44.2 ± 4.38% of cells, respectively (Fig 12). After prolonged incubation (120
h) no increase in the proliferation rate of SiNSc-like and SMiNSc-like cells was reported.

Fig 10. The potency of neuronal cells generation.Comparing the total number of MAP2-positive cells (A)
and MAP2 expressing cells with distinctive neuronal morphology (B) within the population of NSC and
ebiNSc after seven days of differentiation (SEM).

doi:10.1371/journal.pone.0141688.g010
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Actually the number of BrdU-positive cells was even lower (27.86 ± 7.86% and 42.92 ± 3.07%,
respectively), most probably due to the fact that non-proliferating cells started to detach from
the surface of culture plates. Moreover, extended incubation time did not influence the prolifer-
ation rate of NSC or ebiNSc. Senescence-Associated (SA)-β-galactosidase staining performed
after 48 h of culture revealed that the majority of directly reprogrammed iNSCs-like cells
underwent senescence, whereas only single SA-β-Gal-positive cells were observed in case of
NSC and ebiNSc.

Discussion
Two methods of induced neural stem cells generation from somatic cells have been described
so far: direct reprogramming with combination of specific factors as well as iPSCs generation
and further differentiation. Hereby we present the first systematic comparison, regarding gene
expression profile, differentiation potential and proliferation properties, of induced neural cells
obtained via different methods. Direct reprogramming was performed by lentiviral transduc-
tion of either SOX2 or SOX2 with c-MYC. Surprisingly, not all experiments were considered as
propitious (not resulting in generation of SOX1-, SOX2- and nestin-positive cells). Introduc-
tion of a second reprogramming factor—c-MYC, positively affected the repeatability of the
experiment. Furthermore, the obtained iNSCs-like cells were more susceptible to stabilization.
It is possible that c-MYC enhances cells vulnerability to changes, resulting not only in the
increased yield, but also in elevated susceptibility of cells to reprogramming. Thereby this fac-
tor increases reproducibility of this process. c-MYC interacts with histone methyltransferases,
which leads to changes in chromatin structure, and thus elevates efficiency of reprogramming
into iPSCs [28]. c-MYC appears to be a key factor responsible for so called “first transcriptional
wave”, which is characterized by high rate of cell proliferation, changes in metabolism, cyto-
skeletal organization and down-regulation of genes associated with development and mesen-
chymal-to-epithelial transition [29]. Moreover, the Myc family genes play an important role in
neurogenesis, as they are expressed during fetal development of brain and c-MYC is involved
in maintenance of homeostasis in neural stem cells [30,31] via various signaling pathways (e.g.
Miz-1 or CIP2A) [30,31]. Real-time PCR analysis after 3–7 weeks post-transduction revealed

Fig 11. The results of BrdU incorporation assay and Senescence-Associated (SA)-β-galactosidase staining obtained for NSC (A, E), ebiNSc (B, F),
SiNSc-like cells (C, G) and SMiNSc-like cells (D, H) after 48 h of incubation. Images were captured using Eclipse Ci-S epifluorescence microscope with
20x objective; scale bar = 100 μm.

doi:10.1371/journal.pone.0141688.g011
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no significant differences in c-MYC mRNA level between SiNSc-like and SMiNSc-like cells.
This suggests that c-MYC played a key role at the beginning of reprogramming and its level
decreased over the time of culture.

SiNSc-like and SMiNSc-like cells showed increased level of NKX2.2 and MSI1. Moreover,
SOX2 expression in these cells was even 1953.2 (p = 0.014) and 1360.5 (p = 0.006) times higher,
respectively, when compared to BJ fibroblasts, from which they were generated. Poor differen-
tiation results, simultaneous expression of neural stem cell and mesenchymal markers and lack
of long-term survival ability suggest that SiNSc-like and SMiNSc-like cells were not fully repro-
gramed. Lentiviral transduction efficiency analysis conducted at the beginning of direct repro-
gramming (Fig 1) points to repression of SOX2 expression during the culture as the partial
cause of differences in gene expression profile and differentiation properties between ebiNSc
and directly reprogrammed cells. Despite application of the protocol by Ring et al. [7], the high
level of SOX2 expression was not enough to generate fully reprogrammed iNSCs, probably due
to some unknown mechanism of SOX2 expression gradual loss. Techniques used in this study

Fig 12. Incorporation of BrdU in analyzed cell lines after 48 h of incubation (SEM).

doi:10.1371/journal.pone.0141688.g012
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were adequate and properly conducted, since we are able to efficiently obtain induced pluripo-
tent stem cells from different types of somatic cells with different techniques and maintain
their pluripotent character for many passages, as described by Drozd et al. [16].

Lower initial number of SOX2/nestin double positive cells in directly reprogrammed cells,
when compared to ebiNSc should not be considered as an issue since these cells are able to pro-
liferate and thus can be further expanded. However, SiNSc-like and SMiNSc-like cells were
gradually losing their proliferative potential with every passage, as confirmed with BrdU incor-
poration assays (Figs 11 and 12). The proliferation assay results for directly reprogrammed cells
are contradictive to ebiNSc, which can be cultured for more than 15 passages without any loss
of proliferative potential and multipotency. Moreover, after the 3rd-5th passage, depending on
the experiment, directly reprogrammed cells either began to detach or became senescent (Fig
12). Different conditions of SiNSc-like and SMiNSc-like cells culture were tested in independent
experiments. Despite protocols modifications (e.g. different culture media—ReNcell, StemPro
NSC SFM, or different plate coating—Geltrex, Poly-L-Ornithine/Laminin) senescence in these
cells was inevitable. Senescence is considered as one of the factors limiting the efficiency of
reprogramming cells into iPSCs. The reprogramming process, by changing cell fate with intro-
duction of transgenes, is inextricably linked with cellular stress response and further increased
expression of p53, p16INK4a, and p21CIP [32]. As the up-regulated expression of senescence
effectors was found to be specific for pre-iPSCs [32], we postulate that this phenomenon may
also be associated with direct reprogramming, and introduction of even one transcription factor
can trigger a cascade of events leading to senescence. It is documented that senescence is a limit-
ing factor in direct conversion of somatic cells to neurons [33]. Herein presented results indicate
that direct reprogramming may also be impaired by senescence. In fact, insertion of reprogram-
ming factors causes changes in morphology, gene expression profile of SiNSc-like and SMiNSc-
like cells, which partially acquire potential of neural cells, but these process is compromised by
proliferation repression. Finally, senescence may be the cause of incomplete reprogramming of
iNSCs-like cells. The higher number of successful reprogramming attempts for SMiNSc-like
than SiNSc-like cells may indicate that c-MYC at some extent helps to overcome senescence. On
the other hand, it cannot be excluded that c-MYC, as an oncogene, may enhance this process—
oncogene induced senescence [34]. Therefore, a thorough analysis is essential to determine the
mechanism underlying the observed phenomenon. Identification and minimization influence
of senescence-promoting factors could increase direct reprogramming efficiency.

The main differences between the methods of direct and indirect iNc derivation are tempo-
ral kinetics and transcription factors used. During fibroblast-derived iPSCs differentiation into
iNSCs, which lasts about two weeks and consists of four different stages, the morphology of
cells changes substantially. Of note, time and efficiency of reprogramming fibroblasts to iPSCs
should also be considered in time required for ebiNSc derivation. Depending on the vector
used, efficiency of fibroblasts reprogramming varies considerably [21,35].

Contrary to directly reprogrammed cells, ebiNSc (iPSCs-derived induced neural stem cells)
presented gene expression profile, differentiation ability and proliferation properties, which
were the most similar to NSC. When compared to BJ fibroblasts, ebiNSc showed high expres-
sion of SOX2 (2955.8, p = 0.008 fold) and MSI1 (2016.6, p = 0.008 fold) and low expression of
mesenchymal markers. It was impossible to analyze NKX2.2 level, since BJ cells did not show
any expression of this gene. Surprisingly, the level of nestin was subtly higher in ebiNSc (alike
in iNSCs-like cells) than in fibroblasts, as fibroblasts also produce this protein [22–25]. In con-
trast to NSC, ebiNSc differentiation resulted in a very heterogeneous population with three
types of cells—MAP2-positive cells with flat morphology, elongated MAP2-positive cells with
neuronal morphology able to form networks, as well as MAP2-negative partially differentiated
cells with fibroblast-like morphology. The latter were observed to form stromal cell layer
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surrounding ebiNSc-derived neuronal cells. This is particularly important since stromal cells
were reported to support differentiation [36,37]. Despite the efficiency of neural differentiation
of ebiNSc was lower than in case of NSC (34.51 ± 2.44% and 89.63 ± 1.52%, respectively), the
ebiNSc-derived cells were morphologically and physiologically more mature than NSC-derived
neuronal cells after 7 days of differentiation. After another 7 days of differentiation, the number
of cells expressing markers of mature (Tau) and functional (TH—dopaminergic, VGLUT1—
glutamatergic) neuronal cells was higher within ebiNSc-derived neuronal cells than within
NSC-derived population. Real time PCR analysis confirmed that the resulting neuronal cells
are capable of GAD65 synthesis, which is in turn responsible for synthesis of GABA—the
major inhibitory neurotransmitter in the mammalian brain. Furthermore, GFAP-positive cells
were observed only within ebiNSc-derived population. Surprisingly, at early stage of differenti-
ation, most GFAP-positive cells were also positive for MAP2, what is a normal stage of astro-
glial development [38]. Finally, GFAP-positive astrocytic cells identified among differentiated
ebiNSc could support neuronal differentiation of these cells [39–41].

When compared to BJ, ebiNSc presented higher level of key genes expression, but still it was
several times lower than in NSC. The discrepancies between ebiNSc and NSC may suggest that
ebiNSc could be not fully developed or represent some immature type of neural stem cells.
Nevertheless, this hypothesis was not confirmed by any multipotency analyses. The differences
between NSC and ebiNSc may be caused by the origin of these cells –NSCs were derived from
hESCs, while ebiNSc originated from iPSCs. Many publications deliberate on subtle differences
in expression levels of several genes [42–44], mRNAs [44] and microRNAs [45], between
human ESCs and iPSCs. Additionally, when analyzing iPSCs, their gene expression [46],
genetic background [47] and “epigenetic memory” [48] should also be considered. It has also
been reported that iPSCs show line-to-line variability [49] what may influence their differentia-
tion potency [50,51]. These differences may be especially considered when analyzing cells of
iPSCs and hESCs origin [52].

Prior to introduction of NSC derivation techniques from embryonic stem cells or their gen-
eration from induced pluripotent stem cells, these cells (e.g. NSCs from biopsies) were charac-
terized by limited proliferative potential under in vitro culture conditions. So called normal
human astrocytes (NHA, Lonza, Switzerland) constitute a good example of GFAP-positive
neural stem cells which may be cultured for only a few passages before they become senescent
[53,54]. There are two possible explanations for such differences. Firstly, cells such as NHA or
directly reprogrammed iNSCs-like cells are in fact neural progenitors (non-multipotent stem
cells), thus they cannot proliferate indefinitely like multipotent cells derived from ESCs. Alter-
natively, it is possible to directly generate neural multipotent stem cells but the in vitro cell cul-
ture conditions do not resemble their in vivo niche and therefore do not promote self-renewal
of these cells. The second hypothesis is based on the assumption that neural stem cells derived
from ESCs or iPSCs self-renew themselves more easily under in vitro conditions than directly
reprogrammed iNSCs. Similarly, difficulties are associated with maintenance of hematopoietic
stem cells self-renewal potential under in vitro culture conditions [28].

Since normal human astrocytes (GFAP-positive neural stem cells or neural progenitors) has
been characterized as capable of glial and neuronal differentiation [53,54], senescence of these
cells under cell culture conditions may result from lack of appropriate niche. In case of SiNSc-
like and SMiNSc-like cells, the difficulties in glial differentiation may suggest their propensity
toward multipotent cells, thus their infinite proliferation could not be expected.

Apparently, it should be determined whether the process of direct reprogramming generates
multipotent stem cells or neural progenitors. If the first—therapeutic potential of directly repro-
grammed iNSc-like cells could be increased by optimization of cell culture conditions. In case of
neural progenitors generation, direct reprogramming would always be less effective than iPSCs-
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based method due to limited proliferation capacity of neural progenitors cells vs. neural stem
cells, but still with questionable therapeutic potential for iNSCs generated via such method.

Undoubtedly, direct reprogramming seems to constitute a very promising approach for
regenerative medicine, but still appears to be challenging in the context of human cells. On the
other hand, it has been reported that mouse cells can be reprogrammed successfully with high
yield [20]. It is well known that mouse cells, in particular mouse embryonic cells, undergo
reprogramming more easily than human cells obtained from an adult body [20,21]. Mouse
cells are in general less sensitive to replicative senescence [55]. The majority of data presented
by Ring et al. on SOX2 direct reprogramming referred to iNSCs derived from mouse fibroblasts
[7]. At the same time, the amount and quality of data on human cells appears to be insufficient.
The study by Schnerch et al. showed that conservation of classical pluripotency factors such as
OCT4/SOX2 plays an analogous role both in human and mouse iPSCs, however, downstream
regulators are not conserved to the same extent [56]. Finally, mouse fibroblasts present higher
proliferative potential than human fibroblasts in vitro [57].

Conclusion
In the presented work we made the first attempt to compare iNc obtained with different methods.
ebiNSc showed high efficiency of differentiation to neuronal and glial cells, whereas SiNSc-like and
SMiNSc-like cells showed only limited features of neuronal differentiation. In contrary to iNSCs-
like cells, NSC showed extremely high yield of neuronal cells generation. The potency of iNSCs-like
cells direct generation was lower in comparison to iNSCs obtained by iPSCs differentiation, and
only slightly improved when c-MYC was inserted. If SiNSc-like and SMiNSc-like cells proliferated,
the potency of their generation would be less important. Nonetheless, SiNSc-like and SMiNSc-like
cells were not able to achieve long-term survival and became senescent. Owing to this, ebiNSc
seemed to constitute a better approach for therapeutic applications, since reprogramming method
based on these cells is characterized by high reproducibility and high potency of iNSCs generation,
ensuring high proliferative potency, self-renewal and capability of differentiation into mature, func-
tional neuronal cells able to synthesize neurotransmitters. Therefore, iPSCs-derived neural stem
cells constitute better approach, possible to be used as therapeutic tool in the near future.

Supporting Information
S1 Table. Primer sequences used for real-time PCR analysis.
(PDF)

S2 Table. Primary and secondary antibodies used for immunocytochemical stainings.
(PDF)

S3 Table. Relative expression of selected genes in analyzed cell lines.
(PDF)

S4 Table. Statistical data from real-time PCR analysis of selected gene expression in ana-
lyzed cell lines (Mann-Whitney U-test). Statistically significant results (p< 0.05) are shown
in red.
(PDF)

Acknowledgments
We would like to thank Klaudia Majewska for technical assistance and Celther Polska for tech-
nical support. Special thanks to Karolina Janik and Marta Popeda for the manuscript revision
and to Monika Rieske for preparation of figures.

Senescence Impairs Direct Reprogramming

PLOS ONE | DOI:10.1371/journal.pone.0141688 November 4, 2015 20 / 23

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141688.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141688.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141688.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141688.s004


Author Contributions
Conceived and designed the experiments: MWK PR ESF. Performed the experiments: MWK
MS DPGMPW JZ KHB. Analyzed the data: MWKMS DPGMPW JZ KHB BK SP PR ESF.
Contributed reagents/materials/analysis tools: PR EFS SP DPG. Wrote the paper: MWK PR
ESF DPG. Revised manuscript critically for important intellectual content: DPG BK. Per-
formed bioethics analysis associated with the use of hESC-derived NSC cells: BK. Performed
statistical analysis: MWK. Participated in acquisition of funding: SP PR ESF.

References
1. Caiazzo M, Dell’Anno MT, Dvoretskova E, Lazarevic D, Taverna S, Leo D, et al. Direct generation of

functional dopaminergic neurons frommouse and human fibroblasts. Nature. 2011; 476(7359):224–7.
doi: 10.1038/nature10284 PMID: 21725324

2. Pfisterer U, Kirkeby A, Torper O, Wood J, Nelander J, Dufour A, et al. Direct conversion of human fibro-
blasts to dopaminergic neurons. Proc Natl Acad Sci U S A. 2011; 108(25):10343–8. doi: 10.1073/pnas.
1105135108 PMID: 21646515

3. Son EY, Ichida JK, Wainger BJ, Toma JS, Rafuse VF, Woolf CJ, et al. Conversion of mouse and
human fibroblasts into functional spinal motor neurons. Cell Stem Cell. 2011; 9(3):205–18. doi: 10.
1016/j.stem.2011.07.014 PMID: 21852222

4. Vierbuchen T, Ostermeier A, Pang ZP, Kokubu Y, Sudhof TC, Wernig M. Direct conversion of fibro-
blasts to functional neurons by defined factors. Nature. 2010; 463(7284):1035–41. doi: 10.1038/
nature08797 PMID: 20107439

5. Pang ZP, Yang N, Vierbuchen T, Ostermeier A, Fuentes DR, Yang TQ, et al. Induction of human neuro-
nal cells by defined transcription factors. Nature. 2011; 476(7359):220–3. doi: 10.1038/nature10202
PMID: 21617644

6. Han DW, Tapia N, Hermann A, Hemmer K, Höing S, Araúzo-Bravo MJ, et al. Direct reprogramming of
fibroblasts into neural stem cells by defined factors. Cell Stem Cell. 2012; 10(4):465–72. doi: 10.1016/j.
stem.2012.02.021 PMID: 22445517

7. Ring KL, Tong LM, Balestra ME, Javier R, Andrews-Zwilling Y, Li G, et al. Direct reprogramming of
mouse and human fibroblasts into multipotent neural stem cells with a single factor. Cell Stem Cell.
2012; 11(1):100–9. doi: 10.1016/j.stem.2012.05.018 PMID: 22683203

8. Kim SM, Flasskamp H, Hermann A, Arauzo-Bravo MJ, Lee SC, Lee SH, et al. Direct conversion of
mouse fibroblasts into induced neural stem cells. Nat Protoc. 2014; 9(4):871–81. doi: 10.1038/nprot.
2014.056 PMID: 24651499

9. Hemmer K, Zhang M, vanWüllen T, SakalemM, Tapia N, Baumuratov A, et al. Induced Neural Stem
Cells Achieve Long-Term Survival and Functional Integration in the Adult Mouse Brain. Stem Cell
Reports. 2014; 3:423–31. doi: 10.1016/j.stemcr.2014.06.017 PMID: 25241741

10. Kim J, Efe JA, Zhu S, Talantova M, Yuan X, Wang S, et al. Direct reprogramming of mouse fibroblasts
to neural progenitors. Proc Natl Acad Sci U S A. 2011; 108(19):7838–43. doi: 10.1073/pnas.
1103113108 PMID: 21521790

11. Maucksch C, Firmin E, Butler-Munro C, Montgomery JM, Dottori M, Connor B. Non-viral generation of
neural precursor-like cells from adult human fibroblasts. J Stem Cells Regen Med. 2012; 8(3):162–70.
PMID: 24693194

12. Kumar A, Declercq J, Eggermont K, Agirre X, Prosper F, Verfaillie CM. Zic3 induces conversion of
human fibroblasts to stable neural progenitor-like cells. J Mol Cell Biol. 2012; 4(4):252–5. doi: 10.1093/
jmcb/mjs015 PMID: 22508949

13. Lujan E, Chanda S, Ahlenius H, Sudhof TC, Wernig M. Direct conversion of mouse fibroblasts to self-
renewing, tripotent neural precursor cells. Proc Natl Acad Sci U S A. 2012; 109(7):2527–32. doi: 10.
1073/pnas.1121003109 PMID: 22308465

14. Mallanna SK, Ormsbee BD, Iacovino M, Gilmore JM, Cox JL, Kyba M, et al. Proteomic analysis of
Sox2-associated proteins during early stages of mouse embryonic stem cell differentiation identifies
Sox21 as a novel regulator of stem cell fate. Stem Cells. 2010; 28(10):1715–27. doi: 10.1002/stem.494
PMID: 20687156

15. Sansom SN, Griffiths DS, Faedo A, Kleinjan DJ, Ruan Y, Smith J, et al. The level of the transcription
factor Pax6 is essential for controlling the balance between neural stem cell self-renewal and neurogen-
esis. PLoS Genet. 2009; 5(6):20–3.

Senescence Impairs Direct Reprogramming

PLOS ONE | DOI:10.1371/journal.pone.0141688 November 4, 2015 21 / 23

http://dx.doi.org/10.1038/nature10284
http://www.ncbi.nlm.nih.gov/pubmed/21725324
http://dx.doi.org/10.1073/pnas.1105135108
http://dx.doi.org/10.1073/pnas.1105135108
http://www.ncbi.nlm.nih.gov/pubmed/21646515
http://dx.doi.org/10.1016/j.stem.2011.07.014
http://dx.doi.org/10.1016/j.stem.2011.07.014
http://www.ncbi.nlm.nih.gov/pubmed/21852222
http://dx.doi.org/10.1038/nature08797
http://dx.doi.org/10.1038/nature08797
http://www.ncbi.nlm.nih.gov/pubmed/20107439
http://dx.doi.org/10.1038/nature10202
http://www.ncbi.nlm.nih.gov/pubmed/21617644
http://dx.doi.org/10.1016/j.stem.2012.02.021
http://dx.doi.org/10.1016/j.stem.2012.02.021
http://www.ncbi.nlm.nih.gov/pubmed/22445517
http://dx.doi.org/10.1016/j.stem.2012.05.018
http://www.ncbi.nlm.nih.gov/pubmed/22683203
http://dx.doi.org/10.1038/nprot.2014.056
http://dx.doi.org/10.1038/nprot.2014.056
http://www.ncbi.nlm.nih.gov/pubmed/24651499
http://dx.doi.org/10.1016/j.stemcr.2014.06.017
http://www.ncbi.nlm.nih.gov/pubmed/25241741
http://dx.doi.org/10.1073/pnas.1103113108
http://dx.doi.org/10.1073/pnas.1103113108
http://www.ncbi.nlm.nih.gov/pubmed/21521790
http://www.ncbi.nlm.nih.gov/pubmed/24693194
http://dx.doi.org/10.1093/jmcb/mjs015
http://dx.doi.org/10.1093/jmcb/mjs015
http://www.ncbi.nlm.nih.gov/pubmed/22508949
http://dx.doi.org/10.1073/pnas.1121003109
http://dx.doi.org/10.1073/pnas.1121003109
http://www.ncbi.nlm.nih.gov/pubmed/22308465
http://dx.doi.org/10.1002/stem.494
http://www.ncbi.nlm.nih.gov/pubmed/20687156


16. Drozd AM, Walczak MP, Piaskowski S, Stoczynska-Fidelus E, Rieske P, Grzela DP. Generation of
human iPSCs from cells of fibroblastic and epithelial origin by means of the oriP/EBNA-1 episomal
reprogramming system. Stem Cell Res Ther. 2015; 6(1):122.

17. Yuan T, Liao W, Feng N-H, Lou Y-L, Niu X, Zhang A-J, et al. Human induced pluripotent stem cell-
derived neural stem cells survive, migrate, differentiate, and improve neurological function in a rat
model of middle cerebral artery occlusion. Stem Cell Res Ther. 2013; 4(3):73. doi: 10.1186/scrt224
PMID: 23769173

18. Pfaffl MW, Horgan GW, Dempfle L. Relative expression software tool (REST) for group-wise compari-
son and statistical analysis of relative expression results in real-time PCR. Nucleic Acids Res. 2002; 30
(9):e36. PMID: 11972351

19. Dimri GP, Lee X, Basile G, Acosta M, Scott G, Roskelley C, et al. A biomarker that identifies senescent
human cells in culture and in aging skin in vivo. Proc Natl Acad Sci U S A. 1995; 92(20):9363–7. PMID:
7568133

20. Takahashi K, Yamanaka S. Induction of Pluripotent Stem Cells fromMouse Embryonic and Adult Fibro-
blast Cultures by Defined Factors. Cell. 2006; 126(4):663–76. PMID: 16904174

21. Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, et al. Induction of Pluripotent Stem
Cells from Adult Human Fibroblasts by Defined Factors. Cell. 2007; 131(5):861–72. PMID: 18035408

22. Kishaba Y, Matsubara D, Niki T. Heterogeneous expression of nestin in myofibroblasts of various
human tissues. Pathol Int. 2010; 60(5):378–85. doi: 10.1111/j.1440-1827.2010.02532.x PMID:
20518888

23. Béguin PC, Gosselin H, Mamarbachi M, Calderone A. Nestin expression is lost in ventricular fibroblasts
during postnatal development of the rat heart and re-expressed in scar myofibroblasts. J Cell Physiol.
2012; 227(2):813–20. doi: 10.1002/jcp.22794 PMID: 21503881

24. Bi D, Chen FG, ZhangWJ, Zhou GD, Cui L, Liu W, et al. Differentiation of human multipotent dermal
fibroblasts into islet-like cell clusters. BMC Cell Biol. 2010; 11:46. doi: 10.1186/1471-2121-11-46 PMID:
20579360

25. Park TIH, Monzo H, Mee EW, Bergin PS, Teoh HH, Montgomery JM, et al. Adult human brain neural
progenitor cells (NPCs) and fibroblast-like cells have similar properties in vitro but only NPCs differenti-
ate into neurons. PLoS One. 2012; 7(6): e37742. doi: 10.1371/journal.pone.0037742 PMID: 22675489

26. Tian N, Petersen C, Kash S, Baekkeskov S, Copenhagen D, Nicoll R. The role of the synthetic enzyme
GAD65 in the control of neuronal gamma-aminobutyric acid release. Proc Natl Acad Sci U S A. 1999;
96(22):12911–6. PMID: 10536022

27. Pinal CS, Tobin AJ. Uniqueness and redundancy in GABA production. Perspect Dev Neurobiol. 1998;
5(2–3):109–18. PMID: 9777629

28. Glettig DL, Kaplan DL. Extending Human Hematopoietic Stem Cell Survival In Vitro with Adipocytes.
Biores Open Access. 2013; 2(3):179–85. doi: 10.1089/biores.2013.0006 PMID: 23741628

29. Polo JM, Anderssen E, Walsh RM, Schwarz BA, Nefzger CM, Lim SM, et al. A molecular roadmap of
reprogramming somatic cells into iPS cells. Cell. 2012; 151(7):1617–32. doi: 10.1016/j.cell.2012.11.
039 PMID: 23260147

30. Kerosuo L, Piltti K, Fox H, Angers-Loustau A, Häyry V, Eilers M, et al. Myc increases self-renewal in
neural progenitor cells through Miz-1. J Cell Sci. 2008; 121(Pt 23):3941–50. doi: 10.1242/jcs.024802
PMID: 19001505

31. Kerosuo L, Fox H, Perala N, Ahlqvist K, Suomalainen A, Westermarck J, et al. CIP2A increases self-
renewal and is linked to Myc in neural progenitor cells. Differentiation. 2010; 80(1):68–77. doi: 10.1016/
j.diff.2010.04.003 PMID: 20447748

32. Banito A, Rashid ST, Acosta JC, Dev G, Li S, Pereira CF, et al. Senescence impairs successful repro-
gramming to pluripotent stem cells. Genes Dev. 2009; 23(18):2134–9. doi: 10.1101/gad.1811609
PMID: 19696146

33. Sun C-K, Zhou D, Zhang Z, He L, Zhang F, Wang X, et al. Senescence impairs direct conversion of
human somatic cells to neurons. Nat Commun. 2014; 5:4112. doi: 10.1038/ncomms5112 PMID:
24934763

34. Chandeck C, Mooi WJ. Oncogene-induced cellular senescence. Adv Anat Pathol. 2010; 17(1):42–8.
doi: 10.1097/PAP.0b013e3181c66f4e PMID: 20032638

35. Robinton DA, Daley GQ. The promise of induced pluripotent stem cells in research and therapy. Nature.
2012; 481(7381):295–305. doi: 10.1038/nature10761 PMID: 22258608

36. Aiuti A, Friedrich C, Sieff CA, Gutierrez-Ramos JC. Identification of distinct elements of the stromal
microenvironment that control human hematopoietic stem/progenitor cell growth and differentiation.
Exp Hematol. 1998; 26(2):143–57. PMID: 9472804

Senescence Impairs Direct Reprogramming

PLOS ONE | DOI:10.1371/journal.pone.0141688 November 4, 2015 22 / 23

http://dx.doi.org/10.1186/scrt224
http://www.ncbi.nlm.nih.gov/pubmed/23769173
http://www.ncbi.nlm.nih.gov/pubmed/11972351
http://www.ncbi.nlm.nih.gov/pubmed/7568133
http://www.ncbi.nlm.nih.gov/pubmed/16904174
http://www.ncbi.nlm.nih.gov/pubmed/18035408
http://dx.doi.org/10.1111/j.1440-1827.2010.02532.x
http://www.ncbi.nlm.nih.gov/pubmed/20518888
http://dx.doi.org/10.1002/jcp.22794
http://www.ncbi.nlm.nih.gov/pubmed/21503881
http://dx.doi.org/10.1186/1471-2121-11-46
http://www.ncbi.nlm.nih.gov/pubmed/20579360
http://dx.doi.org/10.1371/journal.pone.0037742
http://www.ncbi.nlm.nih.gov/pubmed/22675489
http://www.ncbi.nlm.nih.gov/pubmed/10536022
http://www.ncbi.nlm.nih.gov/pubmed/9777629
http://dx.doi.org/10.1089/biores.2013.0006
http://www.ncbi.nlm.nih.gov/pubmed/23741628
http://dx.doi.org/10.1016/j.cell.2012.11.039
http://dx.doi.org/10.1016/j.cell.2012.11.039
http://www.ncbi.nlm.nih.gov/pubmed/23260147
http://dx.doi.org/10.1242/jcs.024802
http://www.ncbi.nlm.nih.gov/pubmed/19001505
http://dx.doi.org/10.1016/j.diff.2010.04.003
http://dx.doi.org/10.1016/j.diff.2010.04.003
http://www.ncbi.nlm.nih.gov/pubmed/20447748
http://dx.doi.org/10.1101/gad.1811609
http://www.ncbi.nlm.nih.gov/pubmed/19696146
http://dx.doi.org/10.1038/ncomms5112
http://www.ncbi.nlm.nih.gov/pubmed/24934763
http://dx.doi.org/10.1097/PAP.0b013e3181c66f4e
http://www.ncbi.nlm.nih.gov/pubmed/20032638
http://dx.doi.org/10.1038/nature10761
http://www.ncbi.nlm.nih.gov/pubmed/22258608
http://www.ncbi.nlm.nih.gov/pubmed/9472804


37. Takanashi H, Matsuishi T, Yoshizato K. Establishment and characterization of stromal cell lines that
support differentiation of murine hematopoietic blast cells into osteoclast-like cells. In Vitro Cell Dev
Biol Anim. 1994; 30A(6):384–93. PMID: 8087304

38. Rosser AE, Tyers P, Ter Borg M, Dunnett SB, Svendsen CN. Co-expression of MAP-2 and GFAP in
cells developing from rat EGF responsive precursor cells. Dev Brain Res. 1997; 98(2):291–5.

39. Song H, Stevens CF, Gage FH. Astroglia induce neurogenesis from adult neural stem cells. Nature.
2002; 417(6884):39–44. PMID: 11986659

40. Oh J, McCloskey MA, Blong CC, Bendickson L, Nilsen-Hamilton M, Sakaguchi DS. Astrocyte-derived
interleukin-6 promotes specific neuronal differentiation of neural progenitor cells from adult hippocam-
pus. J Neurosci Res. 2010; 88(13):2798–809. doi: 10.1002/jnr.22447 PMID: 20568291

41. Kilpatrick TJ, Talman PS, Bartlett PF. The differentiation and survival of murine neurons in vitro is pro-
moted by soluble factors produced by an astrocytic cell line. J Neurosci Res. 1993; 35(2):147–61.
PMID: 8320747

42. Polouliakh N. Reprogramming resistant genes: in-depth comparison of gene expressions among iPS,
ES, and somatic cells. Front Physiol. 2013; 4:7. doi: 10.3389/fphys.2013.00007 PMID: 23386832

43. Guenther MG, Frampton GM, Soldner F, Hockemeyer D, Mitalipova M, Jaenisch R, et al. Chromatin
structure and gene expression programs of human embryonic and induced pluripotent stem cells. Cell
Stem Cell. 2010; 7(2):249–57. doi: 10.1016/j.stem.2010.06.015 PMID: 20682450

44. Chin MH, Mason MJ, Xie W, Volinia S, Singer M, Peterson C, et al. Induced pluripotent stem cells and
embryonic stem cells are distinguished by gene expression signatures. Cell Stem Cell. 2009; 5(1):111–
23. doi: 10.1016/j.stem.2009.06.008 PMID: 19570518

45. Wilson KD, Venkatasubrahmanyam S, Jia F, Sun N, Butte AJ, Wu JC. MicroRNA profiling of human-
induced pluripotent stem cells. Stem Cells Dev. 2009; 18(5):749–58. doi: 10.1089/scd.2008.0247
PMID: 19284351

46. Soldner F, Hockemeyer D, Beard C, Gao Q, Bell GW, Cook EG, et al. Parkinson’s disease patient-
derived induced pluripotent stem cells free of viral reprogramming factors. Cell. 2009; 136(5):964–77.
doi: 10.1016/j.cell.2009.02.013 PMID: 19269371

47. Brambrink T, Hochedlinger K, Bell G, Jaenisch R. ES cells derived from cloned and fertilized blasto-
cysts are transcriptionally and functionally indistinguishable. Proc Natl Acad Sci U S A. 2006; 103
(4):933–8. PMID: 16418286

48. Kim K, Doi A, Wen B, Ng K, Zhao R, Cahan P, et al. Epigenetic memory in induced pluripotent stem
cells. Nature. 2010; 467(7313):285–90. doi: 10.1038/nature09342 PMID: 20644535

49. Rouhani F, Kumasaka N, de Brito MC, Bradley A, Vallier L, Gaffney D. Genetic background drives tran-
scriptional variation in human induced pluripotent stem cells. PLoS Genet. 2014; 10(6):e1004432. doi:
10.1371/journal.pgen.1004432 PMID: 24901476

50. Polo JM, Liu S, Figueroa ME, Kulalert W, Eminli S, Tan KY, et al. Cell type of origin influences the
molecular and functional properties of mouse induced pluripotent stem cells. Nat Biotechnol. 2010; 28
(8):848–55. doi: 10.1038/nbt.1667 PMID: 20644536

51. Kim K, Zhao R, Doi A, Ng K, Unternaehrer J, Cahan P, et al. Donor cell type can influence the epigen-
ome and differentiation potential of human induced pluripotent stem cells. Nat Biotechnol. 2011; 29
(12):1117–9. doi: 10.1038/nbt.2052 PMID: 22119740

52. Hu B-Y, Weick JP, Yu J, Ma L-X, Zhang X-Q, Thomson JA, et al. Neural differentiation of human
induced pluripotent stem cells follows developmental principles but with variable potency. Proc Natl
Acad Sci U S A. 2010; 107(9):4335–40. doi: 10.1073/pnas.0910012107 PMID: 20160098

53. Rieske P, Augelli BJ, Stawski R, Gaughan J, Azizi SA, Krynska B. A population of human brain cells
expressing phenotypic markers of more than one lineage can be induced in vitro to differentiate into
mesenchymal cells. Exp Cell Res. 2009; 315(3):462–73. doi: 10.1016/j.yexcr.2008.11.004 PMID:
19061885

54. Rieske P, Azizi SA, Augelli B, Gaughan J, Krynska B. A population of human brain parenchymal cells
express markers of glial, neuronal and early neural cells and differentiate into cells of neuronal and glial
lineages. Eur J Neurosci. 2007; 25(1):31–7. PMID: 17241264

55. Parrinello S, Samper E, Krtolica A, Goldstein J, Melov S, Campisi J. Oxygen sensitivity severely limits
the replicative lifespan of murine fibroblasts. Nat Cell Biol. 2003; 5(8):741–7. PMID: 12855956

56. Schnerch A, Cerdan C, Bhatia M. Distinguishing between mouse and human pluripotent stem cell regu-
lation: the best laid plans of mice and men. Stem Cells. 2010; 28(3):419–30. doi: 10.1002/stem.298
PMID: 20054863

57. Kodama S, Mori I, Roy K, Yang Z, Suzuki K, Watanabe M. Culture condition-dependent senescence-
like growth arrest and immortalization in rodent embryo cells. Radiat Res. 2001; 155(1 Pt 2):254–62.
PMID: 11121243

Senescence Impairs Direct Reprogramming

PLOS ONE | DOI:10.1371/journal.pone.0141688 November 4, 2015 23 / 23

http://www.ncbi.nlm.nih.gov/pubmed/8087304
http://www.ncbi.nlm.nih.gov/pubmed/11986659
http://dx.doi.org/10.1002/jnr.22447
http://www.ncbi.nlm.nih.gov/pubmed/20568291
http://www.ncbi.nlm.nih.gov/pubmed/8320747
http://dx.doi.org/10.3389/fphys.2013.00007
http://www.ncbi.nlm.nih.gov/pubmed/23386832
http://dx.doi.org/10.1016/j.stem.2010.06.015
http://www.ncbi.nlm.nih.gov/pubmed/20682450
http://dx.doi.org/10.1016/j.stem.2009.06.008
http://www.ncbi.nlm.nih.gov/pubmed/19570518
http://dx.doi.org/10.1089/scd.2008.0247
http://www.ncbi.nlm.nih.gov/pubmed/19284351
http://dx.doi.org/10.1016/j.cell.2009.02.013
http://www.ncbi.nlm.nih.gov/pubmed/19269371
http://www.ncbi.nlm.nih.gov/pubmed/16418286
http://dx.doi.org/10.1038/nature09342
http://www.ncbi.nlm.nih.gov/pubmed/20644535
http://dx.doi.org/10.1371/journal.pgen.1004432
http://www.ncbi.nlm.nih.gov/pubmed/24901476
http://dx.doi.org/10.1038/nbt.1667
http://www.ncbi.nlm.nih.gov/pubmed/20644536
http://dx.doi.org/10.1038/nbt.2052
http://www.ncbi.nlm.nih.gov/pubmed/22119740
http://dx.doi.org/10.1073/pnas.0910012107
http://www.ncbi.nlm.nih.gov/pubmed/20160098
http://dx.doi.org/10.1016/j.yexcr.2008.11.004
http://www.ncbi.nlm.nih.gov/pubmed/19061885
http://www.ncbi.nlm.nih.gov/pubmed/17241264
http://www.ncbi.nlm.nih.gov/pubmed/12855956
http://dx.doi.org/10.1002/stem.298
http://www.ncbi.nlm.nih.gov/pubmed/20054863
http://www.ncbi.nlm.nih.gov/pubmed/11121243

