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Abstract

Background

A number of studies generated induced neural progenitor cells (iINPCs) from human fibro-
blasts by viral delivering defined transcription factors. However, the potential risks associ-
ated with gene delivery systems have limited their clinical use. We propose it would be safer
to induce neural progenitor-like cells from human adult fibroblasts via a direct non-genetic
alternative approach.

Methodology/Principal Findings

Here, we have reported that seven rounds of TAT-SOX2 protein transduction in a defined
chemical cocktail under a 3D sphere culture gradually morphed fibroblasts into neuroepithe-
lial-like colonies. We were able to expand these cells for up to 20 passages. These cells
could give rise to cells that expressed neurons and glia cell markers both in vitro and in vivo.

Conclusions/Significance

These results show that our approach is beneficial for the genetic material-free generation
of INPCs from human fibroblasts where small chemical molecules can provide a valuable,
viable strategy to boost and improve induction in a 3D sphere culture.

Introduction

The unique capability of neural progenitor cells (NPCs) to induce regeneration in several ani-
mal models of neurological disorders [1] make them the best potential cell source for regenera-
tive medicine. However, the low availability of reliable human NPC sources limits their validity
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for these treatments. The ideal cell source for cell-based therapies and their downstream use in
drug discovery and regenerative medicine should be patient specific, easy to obtain and expand
with controlled differentiation, have the capability to generate desired derivatives, as well as
safety and non-tumorigenicity [2]. Human NPCs can be generated from pluripotent stem

cells (PSCs), however the remainder of even a few undifferentiated PSCs in the resultant cell
mixture can cause tumor formation after transplantation [3,4]. To address this problem, tre-
mendous efforts have been undertaken to convert one cell type directly into induced neural
progenitor cells (iNPCs) from accessible cell types such as skin fibroblasts by forced expression
of defined transcription factors [5-9].

This modern-day alchemy also represents a useful tool for basic research, drug screening,
disease modeling and therapeutic discovery because they have the ability to produce a sufficient
amount of cells for downstream applications [10-12]. Currently there are numerous ways in
which iNPCs can be obtained from various differentiated somatic cell types [13-19]. The gen-
eration of multipotent NPCs from mouse and human fibroblasts by overexpression of SOX2
alone provides an opportunity to obtain an ideal NPC source for human therapy [9]. However,
because of the use of exogenous genes major clinical safety issues still remain to be overcome
such as the potential risks associated with the use of viruses, genetic material transfection, the
risk of mutagenesis and unpredictable genetic dysfunction [20].

An attractive approach to solve these safety issues involves the use of proteins of desired
keystone genes that contain a protein transduction domain of the human immunodeficiency
virus transactivator of transcription (HIV/TAT) [21]. Researchers have utilized TAT ability to
translocate various biomolecule cargoes (such as drug molecules, nucleic acids and particularly
large proteins), as well as its ability to cross the plasma and nuclear membrane and trigger
expected cell responses to reprogram mouse and human fibroblasts in the absence of genetic
intervention [22-25]. Several studies reported that specific culture conditions can evoke cellu-
lar reprogramming and transdifferentiation [15,26-28]. Recent studies have reported that a
chemical cocktail and specific culture condition [28,29] could also induce mouse somatic cells
to iNPCs without introducing exogenous factors by activation of endogenous SOX2 expression.
The advantage of conversion by these systems over viral gene delivery is the applicability to all
cell types, controlled administration, and generation of genetic material-free cell sources.

In this study, we have sought to determine whether human fibroblasts could be induced to
NPCs via a genetic material-free approach. Here, we generated human iNPCs without any
genetic alterations by using SOX2 in the form of a TAT fusion protein and the presence of a
chemical cocktail under 3D sphere culture conditions.

Materials and Methods
TAT recombinant proteins production

The pDest17/TAT-SOX2 and pDest17/TAT-EGFP constructed by Gateway Technology (Invi-
trogen, Carlsbad, CA, USA). Expression clones were transferred into Library Efficiency DH50.
Competent Cells (Invitrogen, Carlsbad, CA, USA) by the heat shock method as described by
the manufacturer for confirming recombination and making glycerol stock for further uses.
Confirmed clones were used for recombinant protein production.

Recombinant protein production was performed as previously described [30]. Briefly,
pDest17/TAT-SOX2 and TAT-EGFP expression vector were transformed into E. coli strain
BL21 competent cells (DE3; Novagen, W1, US). The transformed cells were cultured to reach an
OD 600 ~ 0.8 and then induced by 1 mM isopropyl-beta-D-thiogalactopyranoside (IPTG, Fer-
mentas, Lithuania). His6 was also used for protein purification. The His6-TAT-SOX2 and
His6-TAT-EGFP proteins were purified by the Ni-NTA Fast Start Kit (Qiagen, USA) in
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denature condition. Immobilized SOX2 proteins eluted with 8 M urea (pH 3.5), then desalted
by Tris (5 mM) that contained 50% glycerol and maintained at -20°C until use. The purified
proteins were analyzed by SDS-PAGE, Coomassie blue staining (S1 Fig).

Cell culture and iNPCs generation

Human foreskin fibroblasts were kindly provided by the Royan Institute Stem Cell Bank (Iran)
as a primary cell culture (male donor, 7-day old). This study was approved by the ethical com-
mittee of Royan Institute while the written consent of the donor's parent was obtained. The
human fibroblasts were maintained in fibroblast medium (FM: DMEM, Invitrogen) supple-
mented with 10% fetal bovine serum (FBS, Invitrogen). For the 3D sphere culture, initial cells
were seeded at a density of 1 x 10° cells/mL onto agarose coated plates [29]. After 48 h in FM,
the medium replaced by M1 [DMEM/F12; neurobasal (1:1) supplemented with 7.5% KSR,
2.5% FBS, 1% N2, 1% B27 (all from Invitrogen)]; 10 ng/ml human LIF (Royan Institute);

and a cocktail of small molecules (SM) composed of 5 nM LDN, 10 uM SB431542, 3 uM
CHIR99021, 2 uM purmorphamine, and 50 uM VPA (all from Sigma-Aldrich). The medium
was replenished every other day and protein transductions were carried out in seven repeated
transduction cycles (every 48 h) using the TAT-SOX2 protein (Royan Institute) with a total
protein amount of 10 pg/ml per transduction cycle. After 14 days of protein transduction, cells
were dissociated with trypsin-EDTA (Invitrogen) and then reseeded onto Matrigel (Invitrogen)
pre-coated plates (Nunc) in M2:NPC medium [DMEM/F12: neurobasal 1:1, N2, and B27 sup-
plemented with 20 ng/ml bFGF [30] and EGF] supplemented with SM (2 uM SB431542, 1 uM
CHIR99021, and 0.5 uM purmorphamine). The same medium was used for cell expansion.
The medium was changed every two days.

In vitro adherent colony formation assay

Fully dissociated cells were seeded onto laminin-coated 96-well plates (Nunc) at an average
density of 1 cell per well and cultured in our M2 medium. All wells were visually inspected
under phase contrast microscope (Zeiss) to exclude wells that contained no cells or more than
one cell. After a two-week culture period, the wells were observed for the presence of sphere
colonies. Next, the primary clones were dissociated into single cells which were cultured as one
cell/well in 96-well culture plates with the intent to generate sub-clones (secondary spheres).

In vitro differentiation

Dissociated cells were reseeded onto laminin coated plates in differentiation medium [Neuro-
basal with 1% N2, 2% B27, 1% NEAA supplemented with 10 ng/ml BDNF, 10 ng/ml GDNF,
and 200 pM ascorbic acid (all from Sigma-Aldrich), without growth factors- bFGF and EGF]
for up to 3-4 weeks and differentiated spontaneously. Half the volume of the medium was
replaced by fresh medium every 2-3 days. For spheroid differentiation, cells were trypsinized
into single cells and transferred into non-adherent plates in EB medium without any anti-dif-
ferentiation factors.

Real time-PCR

RNA extraction was performed using the TRIzol reagent according to the manufacturer’s
instructions (Sigma-Aldrich). Extracted RNA was used for cDNA synthesis with a Reverse
Transcription kit (Takara). Quantitative RT-PCR (qRT-PCR) was performed by using the
SYBR Green kit (Takara). All primer sequences used in this study are listed in S1 Table. We
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used the 207! Pelt2 €1 pethod and the normalizer gene for our studies was GAPDH. At least
three independent samples were analyzed.

Immunocytochemistry and flow cytometry

Cells were fixed in 4% neutral-buffered paraformaldehyde (PFA) for 20 min at 4°C and per-
meabilized with 0.05% triton X-100 in phosphate-buffered saline (PBS) for 10 min at room
temperature, then blocked with 10% secondary host serum in 1% bovine serum albumin in
PBS (BSA-PBS) for 1 h at room temperature. These cells were subsequently incubated over-
night at 4°C with primary antibodies diluted in PBS that contained 1% BSA. The cells were
washed three times with PBS plus 0.02% Tween 20 and incubated with their respective second-
ary antibodies conjugated to Alexa Fluor 568 and 546 (red) or Alexa Fluor 488 (green) in the
dark for 30 min at room temperature. The cells were washed three times and then counter
stained with 4, 6-diamidino-2-phenylindole (DAPI). Finally cells were observed using a fluo-
rescence microscope (Zeiss). For quantitation, the number of positive cells was scaled to the
total cells based on DAPI staining of the nuclei.

For flow cytometry, cells were harvested with 0.25% trypsin/EDTA, centrifuged, resus-
pended, and fixed in 4% PFA at room temperature for 10 min. Then cells (1-5 x 10°) were per-
meabilized, blocked and incubated with primary antibodies or the isotype control antibody
diluted in PBS that contained 1% BSA as described above. After washing cells with washing
buffer, the cells were incubated with secondary antibodies in the dark for 30 min at room tem-
perature, washed with washing buffer, and resuspended in PBS. Flow cytometry was performed
using a FACScalibur (BD Biosciences) and the data were analyzed by software version 2.5. All
primary and secondary antibodies, sources, and dilutions are listed in S2 Table.

Transplantation of INPCs, tissue processing and immunofluorescence
staining

Royan Institutional Review Board and the Institutional Ethical Committee approved all study
experiments. Animals were maintained according to the guidelines for laboratory animal care
and safety. The approval ID is J/90/1397. In order to generate green fluorescent protein (GFP)-
expressing iNPCs, we infected cells with lenti-GFP virus (Gene art). 2-day-old rat Pups were
cryoanesthetized in melting ice. Fluorescent protein (GFP)-expressing iNPCs were suspended
at 10° cells/pl in PBS. Each rat received 2 ul iNPCs injection slowly into the both right and left
hemispheres at 1 mm from the midline and 1 mm below the surface of skull using Hamilton
syringe. After 10 days of cell transplantation following anesthesia, the brains were collected
and post fixed in 4% paraformaldehyde, and then transferred in 20% sucrose solutions. Coro-
nal sections (10 um) were cut on a cryostat. The immunohistochemisty was performed as
described by Pouya et al. [31]. All antibodies, sources, and dilutions are listed in S2 Table.

Statistical analysis

Values were expressed as mean + SD. Differences between means were assessed by the t-test. A
p-value of <0.05 was considered statistically significant.

Results
Assessment of TAT recombinant protein transduction

The efficacy of transduction is affected by protein concentration [32], therefore we treated the
human fibroblasts with 5, 10 and 20 pg/ml TAT recombinant proteins. We observed that the
optimal concentration was between 10-20 pg/ml but higher concentrations resulted in
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excessive cell death (data not shown). We chose 10 pg/ml for our following experiments in
order to minimize any potential cytotoxic effects.

We assessed the influence of the 3D sphere culture which supported the protein/cell interac-
tion to promote intracellular delivery. Fibroblasts are routinely expanded as a monolayer on
conventional tissue cultures. When human fibroblasts were grown in a 3D sphere culture
under low attachment conditions, they formed spheres with a mean size of 78 + 56 um
(n =100) within 24 h (Fig 1A). This 3D sphere culture system might induce reprogramming
signals towards neural stem cells in human fibroblasts [28,29,33]. We could not begin protein
transduction on the day of the initial cell seeding (-2d), due to an excessive cell death and non-
compact cell aggregates. Therefore, we decided to treat cells 48 h after initial cell seeding (day
0) which resulted in aggregate formation and cell adaptation. In order to visualize the ability of
the recombinant TAT to enter its cargo proteins into the cultured fibroblasts under 3D sphere
culture, we used a TAT-EGEFP fusion protein as a control recombinant protein. We demon-
strated that TAT could efficiently translocate EGFP into the fibroblasts within 4-8 h post-
transduction (data not shown). After 24 h, many spheres were EGFP positive however there
were a few positive cells in the monolayer culture (Fig 1A and S2A Fig). We observed that TAT
harboring proteins efficiently transduced cells in a 3D structure (Fig 1B). The delivered pro-
teins degraded gradually and were absent 48-72 h post-transduction. To estimate the efficiency
of the protein transduction and the time course in which the proteins could subsist inside the
cells, we used flow cytometry to analyze the TAT-EGFP fusion proteins present in these cells at
24, 48, and 72 h post-transduction. The results showed that at 24, 48, and 72 h post-transduc-
tion, 66%, 40%, and 3% of the transduced cells, respectively, were fluorescent, whereas in
monolayer was very lower than these levels (Fig 1B, and S2A Fig). Thus the 3D sphere culture
was better condition for protein transduction since the relative amount of transduced cells was
increased and the relative stability of TAT fusion proteins was higher than that of monolayer-
around 48-72 h post-transduction; under monolayer culture conditions this stability was less
than 24 h (Fig 1B, S2A and S2B Fig). These results demonstrated that TAT was capable of
delivering EGFP as an active protein into human fibroblasts under 3D sphere culture
conditions.

We employed the recombinant SOX2 protein to address whether it was possible to generate
iNPCs from human fibroblasts without DNA vectors by TAT-mediated protein transduction.
The recombinant TAT-fusion proteins were synthesized by utilizing a bacterial expression vec-
tor. Cellular uptake of the TAT-SOX2 protein was visualized by probing for the presence of
recombinant protein. Immunocytochemistry demonstrated that the proteins appeared to be
sustained inside the cells for up to 24 h as the majority of cells stained positive (Fig 1C). TAT--
SOX2 protein entered the cells where the fusion protein was localized in ‘endosome-like’ vesi-
cles in the cytoplasm, around and inside the nucleus (Fig 1D). However, the percent of positive
cells decreased over time (Fig 1B and S2C Fig). Unlike viral- or other DNA-based methods,
recombinant proteins must be continually supplied and repeat cycles were necessary for suc-
cessful transduction. A time-dependent uptake was observed following protein transduction,
which indicated that the frequency of treatment must be every 48 h (Fig 1C and 1D). We tested
the effects of 1 to 12 treatment cycles with a 48 h transduction interval on the expression of
neural markers (SOX2 and PAX6) that were human neuroectoderm cell fate determinants (Fig
1E). When this procedure was repeated for further cycles, we observed excessive cell death
(data not shown). Because the expression of SOX2 and PAX6 showed no significant differences
between days 10-18 and 14-18 respectively, we chose day 14 with 7 rounds of protein treat-
ment. Our results showed that SOX2 recombinant proteins could be delivered intracellularly as
biologically active proteins that had the capability to induce neural gene expression in human
fibroblasts. Therefore, we used this system as a tool to deliver our target protein (SOX2) into
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Fig 1. Assessment of TAT recombinant protein transduction. (A) Visualization of fusion proteins in in suspension cultured HFFs transduced with 10 pg/
ml TAT-EGFP for 24 h. Scale bars represent 200 uM. (B) To determine protein stability, 10 ug/ml of TAT-EGFP proteins were added to HFFs for 24, 48 and
72 h, and the presence of transduced protein in the cells were analyzed by flow cytometery (M; monolayer and S; 3D sphere culture). (C) The uptake and
stability of the TAT fusion protein were visualized by TAT immunostaining of transduced human fibroblasts after 24 and 48 h post-TAT-SOX2 transduction
(Scale bars: 200 pm). (D) The middle panels represent double staining TAT and SOX2 with higher magnification in transduced cells at 24 h post-transduction
(50 um). The nuclei were counterstained with DAPI. (E) Determining the time required for protein transduction. Relative expression of neural markers (SOX2
and PAX6) induced by 10 pg/ml TAT-SOX2 with a 48 h transduction interval (d0: Non-transduced cells).

doi:10.1371/journal.pone.0135479.g001
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the human fibroblasts, which triggered the neural conversion events, as observed by the endog-
enous expression of PAX6 and SOX2.

Generation of iINPCs from human fibroblasts

As previously mentioned, in order to generate iNPCs from human fibroblasts we initially cul-
tured the cells in a 3D sphere culture. Cells were subsequently subjected to seven repeated pro-
tein transduction cycles at 48 h intervals. After completion of the protein transduction cycles,
the cells were finely dissociated into single cells and transferred onto Matrigel-coated plates in
NPC medium to achieve an adherent culture (S3 Fig). With this process, the expression of
NPC markers (SOX2, PAX6, NESTIN, and OLIG2) were up regulated (S3A Fig). We demon-
strated that the 3D sphere culture alone (-SOX2/-SM) markedly induced OLIG2 and NESTIN
expressions in human fibroblasts, and lower extend SOX2 and PAX6. However, protein trans-
duction could substantially increase the SOX2 and PAXE6 levels (+SOX2/-SM S3A Fig). Fur-
thermore, the treated cells acquired different behaviors and morphologies compared to their
initial human fibroblasts (S3B Fig). However, no colonies formed after further incubation on
NPC expansion medium (S3B Fig) and after a number of passages the culture contained a
high incidence of dying cells. Interestingly, when the medium was changed to differentiation
medium very few cells exhibited immature neuronal morphology. We therefore concluded that
these cells should not be considered as an expandable stem cell line. This might be due to the
fact that the transduced cells were partially converted and could not be maintained under this
condition (S3A Fig).

We were therefore interested in investigating the completion of this conversion and induce
NPC-like colonies using chemicals. We tested a condition that could promote NPC mainte-
nance, SOX2 expression, and facilitate neural conversion efficiency [15,28]. We treated cells in
NPC medium supplemented with recombinant human LIF and a chemical cocktail composed
of SB431542 (TGF-B inhibitor), CHIR99021 (GSK3b inhibitor) [35], valproic acid (VPA- an
HDAC inhibitor that can significantly improve reprogramming and neural conversion effi-
ciency) [23,28] and purmorphamine (hedgehog signaling agonist, [26])-all referred to M1, for
the first 14 days (Fig 2A). Then, cells were transferred onto Matrigel-coated plates to establish
an adherent culture and, at the same time, we replaced the medium with M2 medium. The cell
culture process is also outlined in Fig 2A.

Under this modified condition (+SOX2/+SM), small colonies were observed at approxi-
mately 30 to 40 days (~35+8 days in different independent experiments) post-protein trans-
duction (Fig 2B). We also obtained 2.2 + 0.48 colonies per 5 x 10° cells which called them
iNPCs. In contrast, no such colonies were observed in either those only treated with SM
(-SOX2/+SM or SOX2 (+SOX2/-SM); S3B Fig), even though NPC related genes upregulated
at the early stage of the procedure (S3A Fig).

The first induced colony emerged as a small cluster which grew rapidly over the following
days; by days 35-40 these colonies were large enough to be manually picked up (Fig 2B). The
colony had an epithelial-like morphology. The cells showed a small round morphology with a
large clear nucleus and two to three nucleoli (a high nucleus to cytoplasm ratio; Fig 2B). We
hypothesized that these colonies might go through a pluripotent state. To address this assump-
tion, we assessed the expressions of pluripotency markers (OCT4, NANOG, REX1, and BMII).
These markers were trivial in iNPCs compared to human ES cells, but they were more similar
to ES-NPCs (Fig 2C). We analyzed the expression levels of three primary germ layer marker
genes in our expansion medium (M2) and in an embryoid body (EB)-like condition or spher-
oid differentiation to make sure the generated cells are not pluripotent. Real-time PCR analysis
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Fig 2. Generation and characterization of protein iNPCs from human fibroblasts. (A) Schematic
representation of the protein INSCs generation strategy. (B) Morphological changes of human fibroblasts
through iINPCs generation. Phase-contrast image of human fibroblasts (left panel) and an early iNPC colony
generated by a combination of small molecule (SM) and TAT-SOX2 protein transduction (right). The lower
pictures represent the shape of a large induced colony after 40 days and morphological changes of the cells
in the induced colonies (right). (C) Quantitative-PCR analysis of pluripotency markers (Oct4, Nanog, Rex1
and Bmi1). (D) Real-time RT-PCR analysis of iNPCs in NSC expansion medium (M2) and embryoid body
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(EB)-like conditions (spheroid differentiation) for neural and non-neural lineages. All sample data (d, e and f)
are normalized to that of non-treated human fibroblasts, which is considered as 1. (E) The induced colonies
were NCAM, and Nestin positive. The nuclei were counterstained with DAPI. (F) Real-time analysis of neural
progenitor markers: SOX1, SOX2, PAX6, Nestin, and OLIG2. ES-derived neural stem cells (ES-NPCs) were
used as the positive control.

doi:10.1371/journal.pone.0135479.g002

revealed the expression of neuroectodermal related genes (SOX1, PAX6) whereas non-neural
lineage markers, Brachyury (T), SOX17, GATA4, and FSPI were repressed (Fig 2D).

We used immunofluorescence staining to determine if these colonies had neural stem/pro-
genitor-like characteristics by examining them for the presence of neuronal markers. The
emerging neuroepithelial-like colonies were confirmed by staining of neural stem cell markers
NCAM and NESTIN (Fig 2E). Untransfected human fibroblasts were negative for NPC related
markers (S4 Fig). Quantitative real-time RT-PCR (qRT-PCR) confirmed the expressions of
NPC marker genes including SOX1, SOX2, PAX6, NESTIN, and OLIG2 (Fig 2F).

These data suggested a direct conversion nature of our NPC-like colonies as the related gene
expression levels were distinct from ES cells and non-neural lineage populations in addition to
an upregulation of neural genes SOX1, SOX2, PAX6, and NESTIN.

Characterization of iINPCs from human fibroblasts

For further characterization, we expanded the selected colonies for over 20 passages in M2
expansion medium. The iNPCs were highly proliferative, grew in colonies (Fig 3A), could be
passed every 5-6 days, had the capability to be expanded to large numbers of cells and be cryo-
preserved. qRT-PCR confirmed that these iNPCs expressed a set of NPC marker genes that
included SOX1, SOX2, PAX6, NESTIN, and OLIG2 which was similar to the ES-NPCs (Fig 3B).
Additionally, the expression level of fibroblast specific protein-1 (FSPI) significantly decreased
in iNPCs compared with their starting cells (Fig 3B). The majority of cells were positive for
PAX6, SOX2, and Ki67, as further confirmed by flow cytometric analysis (Fig 3C and 3D).

The first emerged colonies portrayed similar but not identical characteristics to ES-NPCs.
However, after several passages they gradually became more similar to ES-NPC in terms of
morphology and gene expression.

To further address full stem cell potential of these iNPCs, we initially examined their clonal-
ity by culturing single iNPCs and tracking them to determine their potential to proliferate into
clonal neurospheres. The number of colonies was determined by counting all colonies within
14 days. We found that 2.1 + 0.3% of the total seeded single cells formed a colony within 7 days
(Fig 3E). Over the following days, these colonies grew rapidly and formed a large primary col-
ony. However, the ability of our iNPC to form colonies from single cells was lower than those
formed from the ES-NPCs (Fig 3E). When we dissociated these primary colonies into single
cells, the extreme stress caused the vast majority of these cells to die. Therefore, we aimed to
propagate iNPCs by passaging them at a low density in neurosphere culture in a serum-free
suspension culture (Fig 3F). We reseeded the primary colonies into a single cell per well. They
gave rise to secondary colonies, which we propagated at a low density in a 3D sphere culture.
We demonstrated that these secondary derived cells expressed NPC related genes (Fig 3F). At
higher densities, the adherent iNPCs had a tendency to aggregate spontaneously and detach
from the plate to form floating neurospheres (data not shown). These cells also grew in size in
the 3D sphere culture and formed secondary spheres upon dissociation.

To determine the regional identity of these iINPCs, we examined expression of the anterior-
posterior and dorsal-ventral markers of the brain (Fig 3G). Real-time PCR assays showed that
the expression of FOXG1, a forebrain restricted gene, was down regulated which suggested that
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Fig 3. Characterization of established protein iNPCs. (A) Phase contrast of established iINSCs
morphology at higher passages (p20). (B) Real-time analysis of INPC and ES-derived NPC (ES-NPC) for
neural progenitor markers. (C) Expressions of Nestin, PAX6 and SOX2 were visualized by immunostaining.
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established protein iINPC grew clonally. (F) Real-time analysis of secondary spheres of iNPCs for neural
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progenitor markers. (G) Relative expression levels of region-specific marker genes over human fibroblasts,
whose expression was considered to be 1 for all genes.

doi:10.1371/journal.pone.0135479.g003

iNPCs acquired a more posterior identity [5,33]. Interestingly, the INPCs expressed the fore-
brain/midbrain gene OTX2 and other midbrain genes ENI, and LMXI1A. We also detected a
strong expression of anterior hindbrain HOXA2 but no expression of HOXB2, or posterior
brain marker HOXA4 in these cells (data not show). Notably, we detected strong expression of
the ventral marker OLIG2 and slight NKX2.2 expression, whereas dorsal marker PAX7 was
undetectable; other dorsal markers such as PAX3 and BMP4 expressions downregulated in
iNPCs. These observations together suggested an imaginary mid/hindbrain regional identity
with a more ventral position for these iNPCs (Fig 3G).

Conjunctively, these data provided further evidence for the induction of a neural conversion
program under our genetic material-free protocol.

In vitro differentiation

To further characterize iNPCs, we examined their differentiation potential by dissociating
them into single cells which were cultured on laminin coated plates in the presence of BDNF,
GDNF (10 ng/ml) and ascorbic acid (200 pM), and removal of growth factors from the NPC
medium for up to 3-4 weeks. Under these conditions, cells spontaneously differentiated into a
distinct neuronal morphology with elongated cytoplasmic process and multiple arborizing
dendrites-like processes (Fig 4A). They had the capacity to differentiate into immature
(TUJ1-positive cells) and mature neurons (MAP2-positive cells; Fig 4B-4D). GFAP positive
astrocytes and O4 expressing oligodendrocytes could be also derived from piNPCs (Fig 4B and
4C). Upon further cultivation, the iNPC-derived mature neurons could express Synapsin-a
marker for synapse formation in vitro (Fig 4E). In addition, different subtypes of neurons
which included GABAergic (GABA positive cells) and dopaminergic (TH positive cells) were
observed in the culture (Fig 4F and 4G). The major population of iNPC-derived neurons was
GABA positive and a small population of neurons was TH positive. Together, these results sug-
gested that our SOX2/SM treatment was sufficient to create a NPC-like population that had
neurogenic/gliogenic potential.

In vivo differentiation

Finally, we investigated the in vivo differentiation potential of iNPCs. We microinjected 10
GFP labeled iNPCs into the brains of neonatal rat pups. After 10 days, we analyzed the fate of
the transplanted cells in brain slices by staining against neural marker TUJ1 and a human-spe-
cific GFAP antibody, which indicated the cells had differentiated into astrocytes (Fig 5A and
5B). This study showed that iNPCs had the capability to generate differentiated neural cells
(neurons and astrocytes) in vivo.

Discussion

In this study we developed a protocol to generate genetic material-free iNPCs directly from
human fibroblasts. This was achieved by SOX2 protein transduction in combination with a
cocktail of SM in a 3D sphere culture.

Opver the past few years numerous studies reported the direct generation of neural stem/pro-
genitor cells from mouse and human fibroblasts by either the viral delivery of reprogrammed
transcription factors in a transient manner [5,35] or of one or a mixture of more than 12 neural
stem cell associated factors [8,9]. However, some employed human samples and the majority
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Positive cells (%)

MAP2 GFAP 04

GFAP DAPI O4 DAPI

Fig 4. In Vitro differentiation potential of protein iNPCs. (A) Human protein iNPC-derived neural cells
exhibited typical neuronal morphology. (B) Quantification of MAP2" neurons, GFAP* astrocytes and O4*
oligodendrocytes among total cells. Data are represented as mean + SD. (C) Differentiation potential of
iNSCs into neurons by TUJ1, astrocytes as determined by GFAP, and oligodendrocytes by O4 antibody via
immunocytochemistry. DAPI staining is shown in blue. (D) MAP2* neurons derived from iNPCs. (E) Dotted
Synapsin expression in proximity of the TUJ1* nerve fibers suggested morphological synapse formation. (F)
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The major population of INPC-derived neurons was GABA™. (G) A small population of neurons were TH*.
TUJ: B-Tubulin class Ill; MAP2: Microtubule-associated protein 2; TH: Tyrosine hydroxylase.

doi:10.1371/journal.pone.0135479.g004

of methods have been based on integrating viruses [9,33]. Therefore, the risks for potential
spontaneous reactivation of the viral transgenes such as gene disruption, instability and tumor
formation limit their use in human therapy [36]. In contrast, in this study we utilized TAT
fusion protein transduction and small chemicals to induce NPCs from human fibroblasts to
eliminate these risks.

There are some other genetic material-free approaches that have generated iNPCs such as
induction by forced growth of fibroblasts into a 3D sphere culture [29] or recently by only SMs
and hypoxia [28]. To date, apart from a small study conducted on mouse fibroblasts by these
conditions [28,29], there has been very little empirical research that report human gene-free
iNPC generation. These protocols have not been applied to human fibroblasts which are of
clinical interest and therefore currently not directly applicable to human systems. The current
study has shown that either induction of hypoxia under 3D sphere culture [33], SM treatment
or SOX2 protein alone did not convert human fibroblasts into iNPCs. We found that although
the resultant cells expressed neuronal markers in the early stage of their conversion there
was no colony formation after further culturing. These observations suggested that the cells

Fig 5. In Vivo transplantation of iNPCs. (A) Transplanted GFP* protein iNPCs were TUJ* at 10 days post-transplantation into the brain of a rat pup. Nuclei
were counterstained with DAPI. (B) GFAP* astrocytes were derived from GFP* iNPCs in vivo.

doi:10.1371/journal.pone.0135479.9005
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underwent an incomplete conversion and appeared to have undergone substantial reprogram-
ming to become neural stem/progenitor cell-like.These data also confirmed the hypothesis that
unlike mouse cells, human cells needed more inductive signals and time to reprogram [37,38].
In this line, Mitchell et al. recently reported that human adult fibroblasts failed to convert into
neural progenitors by viral transduction of SOX2 alone despite upregulation of neural progeni-
tor related genes [39]. Lu et al. reported similar results for generation of iNPCs from human
adult fibroblasts by using SM alone [15]. Accordingly, we developed a modified method that
could provide a supportive condition for induction and maintenance of fully converted NPC-
like colonies. Previous studies have shown that an SM cocktail can support and sustain long-
term self-renewal of human ESC-derived neural stem cells [34], generation of iNPCs [15,28]
and enhance neural conversion efficiency [27]. Thus, we first provided a lineage specification
reprogramming signal by 3D sphere culture, then protein transduction in the induction
medium that contained the SMs which have been shown to promote NPC maintenance, SOX2
expression and facilitate neural conversion efficiency. Importantly, in this culture system NPC-
like colonies emerged from human fibroblasts. Although, iNPC have been generated from
human fibroblasts via non-integrating Sendai viruses in the presence of an SM cocktail similar
to the one used in this study [15], the existence of the remnant viral genome of reprogramming
factors within cells remains a safety concern. We have used SOX2 alone instead of four Yama-
naka factors, which is degradable and a safer step. Considering that PSCs and other cell lineages
might be induced during this process, we further analyzed these colonies for the expressions

of pluripotent and non-neural lineage genes. The lack of these markers under our induction
medium and spheroid differentiation condition excluded the possibility of pluripotent state
induction and its rapid differentiation into NPCs. Therefore, we concluded that these colonies
behaved more like the ES derived NPCs than pluripotent cells. This was also evident by the ele-
vated expressions of NPC marker genes SOX1, SOX2, PAX6, NESTIN, and OLIG2, and down
regulation of FSP1, which differed from PSCs. They could also be expanded to large numbers
in the presence of a cocktail of growth factors and SM. Furthermore, we have suggest that this
conversion is a gradual process in which the morphology and transcriptional program becomes
more NPC-like over a period of time. The established iNPCs expressed typical NPC markers,
could self-renew over several passages, grow clonally, generate neurospheres and were tripotent
in vitro. In addition, the chemical cocktail in our culture system has kicked cells to acquire a
mid/hindbrain-like fate. Interestingly, alternative chemical cocktails exhibited dorsal hindbrain
[15] and ventral fore/midbrain regionalization [28,34]. These differences might be attributed
to the different combination we used and dose-dependent effect of SMs on caudalizing and
dorsalizing the iNPCs [40]. Of note, the high expression of LMX1a and the large number of
differentiated GABA positive neurons generated from our iNPC suggested a bias toward
GABAergic progenitors, which was supported by a past report that Lmx1a positive cells are
predominantly GABAergic progeitors than dopaminergic in vitro [41].

In conclusion, the simple and facile system described here lays the foundation for future
potential clinical applications which can alleviate concerns of the potential risks associated
with conventional strategies. Beyond providing a safer means for the generation of patient-spe-
cific neural cells directly from autologous fibroblasts as a promising cell source, this strategy
may also be a potential method for in vivo/in situ reprogramming of endogenous cells. Under-
lying many of these perspectives is the concept of human induced neuro-regeneration and
reconstruction treatment options. However, our study is far from exhaustive and future investi-
gations with further characterization such as electrophysiological characterization shall be con-
sidered. Moreover evaluation of cell survival, migration and differentiation as well as safety
issue for longer time frame, may be very helpful to validate cell properties in vivo. Alternatively,
it can be used in one of the neurological disease models to evaluate cell-based therapeutic
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effects. Further developments in lineage conversion approaches are poised to have substantial
clinical implications for personalized cell therapy.

Supporting Information

S1 Fig. SDS-PAGE analysis of SOX2 and EGFP expression. Recombinant TAT-his-SOX2
and TAT-his-EGFP expressed and purified successfully. The purified proteins showed
expected size band. The protein band was excised and analyzed using mass spectrometry that
resulted in identification of related transcription factors as single protein in band.

(TIF)

S2 Fig. Assessment of TAT-recombinant protein transduction. (A) Visualization of fusion
proteins in monolayer cultured HFFs transduced with 10 pg/ml TAT-EGFP for 24 h. (B) Visu-
alization of fusion proteins in a section of HFFs-sphere cultured with 10 pug/ml TAT-EGFP (24
h). Scale bar represent 50 uM in B. (C) TAT fusion protein were visualized by TAT staining
after 48 and 72 h post TAT-SOX2 transduction.

(TTF)

S3 Fig. Protocol design. (A) Schematic design of the protocol setting. Relative expression of
neural genes with/without TAT-SOX2 protein transduction (+/- SOX2) and small molecules
treatment (+/- SM). The results from three independent experiments are shown as mean+SD.
(B) Morphological changes of different groups. Scale bars represent 200 M.

(TIF)

$4 Fig. Immunocytochemistry of NPC marker genes in HFFs.
(TIF)

S1 Table. Primers used for Real-time PCR.
(DOC)

S2 Table. Antibodies, sources, and dilutions.
(DOC)

Acknowledgments

We are indebted to Dr. Aidin Zarifi and Hooman Sadri-Ardekani for encouragement and
advice. We thank all members of the differentiation lab for sharing reagents and critical discus-
sion. We also thank Razieh Karamzadeh for the TAT-EGFP recombinant protein, and Fazel
Samani and Mohammad Pakzad for technical assistance.

Author Contributions

Conceived and designed the experiments: FM HB. Performed the experiments: FM HR SH SK.
Analyzed the data: BZ. Contributed reagents/materials/analysis tools: ES. Wrote the paper: FM
BZ GHS HB.

References

1. Gogel S, Gubernator M, Minger SL. (2011) Progress and prospects: stem cells and neurological dis-
eases. Gene therapy 18: 1-6 doi: 10.1038/gt.2010.130 PMID: 20882052

2. TanHK, Toh CX, MaD, YangB, Liu TM, Lu J, et al. (2014) Stem cell banking for regenerative and per-
sonalized medicine. Biomedicines 2: 50-79.

3. Blum B, Benvenisty N. (2008) The tumorigenicity of human embryonic stem cells. Adv Cancer Res
100: 133-158. doi: 10.1016/S0065-230X(08)00005-5 PMID: 18620095

PLOS ONE | DOI:10.1371/journal.pone.0135479 August 12,2015 15/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135479.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135479.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135479.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135479.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135479.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135479.s006
http://dx.doi.org/10.1038/gt.2010.130
http://www.ncbi.nlm.nih.gov/pubmed/20882052
http://dx.doi.org/10.1016/S0065-230X(08)00005-5
http://www.ncbi.nlm.nih.gov/pubmed/18620095

@’PLOS ‘ ONE

Genetic Material-Free Induced Neural Progenitor-Like Cells

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

Miura K, Okada Y, Aoi T, Okada A, Takahashi K, Okita K, et al. (2009) Variation in the safety of induced
pluripotent stem cell lines. Nat Biotechnol 27: 743-745. doi: 10.1038/nbt.1554 PMID: 19590502

Han DW, Tapia N, Hermann A, Hemmer K, H6ing S, Aratizo-Bravo MJ, et al. (2012) Direct reprogram-
ming of fibroblasts into neural stem cells by defined factors. Cell Stem Cell 10: 465-472. doi: 10.1016/j.
stem.2012.02.021 PMID: 22445517

Kim J, Efe JA, Zhu S, Talantova M, Yuan X, Wang S, et al. (2011) Direct reprogramming of mouse fibro-
blasts to neural progenitors. Proc Natl Acad Sci U S A 108: 7838-7843. doi: 10.1073/pnas.
1103113108 PMID: 21521790

Kumar A, Declercq J, Eggermont K, Agirre X, Prosper F, Verfaillie CM. (2012) Zic3 induces conversion
of human fibroblasts to stable neural progenitor-like cells. J Mol Cell Biol 4: 252—-255. doi: 10.1093/
jmeb/mjs015 PMID: 22508949

Lujan E, Chanda S, Ahlenius H, Sudhof TC, Wernig M (2012) Direct conversion of mouse fibroblasts to
self-renewing, tripotent neural precursor cells. Proc Natl Acad Sci U S A 109: 2527-2532. doi: 10.
1073/pnas.1121003109 PMID: 22308465

Ring KL, Tong LM, Balestra ME, Javier R, Andrews-Zwilling Y, Li G, et al. (2012) Direct reprogramming
of mouse and human fibroblasts into multipotent neural stem cells with a single factor. Cell Stem Cell
11: 100-109. doi: 10.1016/j.stem.2012.05.018 PMID: 22683203

Sancho-Martinez |, Baek SH, Izpisua Belmonte JC. (2012) Lineage conversion methodologies meet
the reprogramming toolbox. Nat Cell Biol 14: 892—899. doi: 10.1038/ncb2567 PMID: 22945254

Efe JA, Hilcove S, Kim J, Zhou H, Ouyang K, Wang G, et al. (2011) Conversion of mouse fibroblasts
into cardiomyocytes using a direct reprogramming strategy. Nature Cell Biology 13:215-222. doi: 10.
1038/ncb2164 PMID: 21278734

Liu GH, YiF, Suzuki K, Qu J, Izpisua Belmonte JC. (2012) Induced neural stem cells: a new tool for
studying neural development and neurological disorders. Cell Research 22: 1087-1091. doi: 10.1038/
cr.2012.73 PMID: 22547025

Corti S, Nizzardo M, Simone C, Falcone M, Donadoni C, Salani S, et al. (2012) Direct reprogramming
of human astrocytes into neural stem cells and neurons. Exp Cell Res 318: 1528—1541. doi: 10.1016/j.
yexcr.2012.02.040 PMID: 22426197

Matsui T, Takano M, Yoshida K, Ono S, Fujisaki C, Matsuzaki Y, et al. (2012) Neural stem cells directly
differentiated from partially reprogrammed fibroblasts rapidly acquire gliogenic competency. Stem Cells
30: 1109-1119. doi: 10.1002/stem.1091 PMID: 22467474

Lu J, Liu H, Huang CT, Chen H, Du Z, Liu Y, et al. (2013) Generation of Integration-free and Region-
Specific Neural Progenitors from Primate Fibroblasts. Cell Rep 3: 1580-1591. doi: 10.1016/j.celrep.
2013.04.004 PMID: 23643533

Sheng C, Zheng Q, Wu J, Xu Z, Wang L, Li W, et al. (2012) Direct reprogramming of Sertoli cells into
multipotent neural stem cells by defined factors. Cell Res 22: 208—218. doi: 10.1038/cr.2011.175
PMID: 22064700

Lujan E, Wernig M (2012) The many roads to Rome: induction of neural precursor cells from fibroblasts.
Curr Opin Genet Dev 22: 517-522. doi: 10.1016/j.gde.2012.07.002 PMID: 22868177

Zhou Q, Tripathi P (2012) How to remake a fibroblast into a neural stem cell. Cell Stem Cell 10: 347-
348. doi: 10.1016/j.stem.2012.03.005 PMID: 22482497

Kim J, Ambasudhan R, Ding S (2012) Direct lineage reprogramming to neural cells. Current Opinion in
Neurobiology 22: 778-784. doi: 10.1016/j.conb.2012.05.001 PMID: 22652035

Phillips MI1, Tang YL. (2008) Genetic modification of stem cells for transplantation. Adv Drug Deliv Rev
60 160-172. PMID: 18031863

Ford KG, S B, Darling D, Farzaneh F. (2001) Protein transduction: an alternative to genetic interven-
tion?. Gene Ther 8: 1—4. PMID: 11402295

Morris MC, D S, Heitz F, Divita G (2008) Cell-penetrating peptides: from molecular mechanisms to ther-
apeutics Biol Cell 100: 201-217. doi: 10.1042/BC20070116 PMID: 18341479

Zhou H1, Wu S, Joo JY, Zhu S, Han DW, Lin T, et al. (2009) Generation of Induced Pluripotent Stem
Cells Using Recombinant Proteins. Cell Stem Cell 4: 381-384. doi: 10.1016/j.stem.2009.04.005 PMID:
19398399

ZhouY, S M, LiH., Yan M., Xie T. (2012) Differentiation of rhesus adipose stem cells into dopaminergic
neurons. Neural Regeneration Research 7: 2645-2652. doi: 10.3969/j.issn.1673-5374.2012.34.001
PMID: 25337110

ZhangH1,Ma, Gu J, Liao B, Li J, Wong J, et al. (2012) Reprogramming of somatic cells via TAT-
mediated protein transduction of recombinant factors. Biomaterials 33: 5047-5055. doi: 10.1016/j.
biomaterials.2012.03.061 PMID: 22494883

PLOS ONE | DOI:10.1371/journal.pone.0135479 August 12,2015 16/17


http://dx.doi.org/10.1038/nbt.1554
http://www.ncbi.nlm.nih.gov/pubmed/19590502
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/10.1073/pnas.1103113108
http://dx.doi.org/10.1073/pnas.1103113108
http://www.ncbi.nlm.nih.gov/pubmed/21521790
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/10.1016/j.stem.2012.05.018
http://www.ncbi.nlm.nih.gov/pubmed/22683203
http://dx.doi.org/10.1038/ncb2567
http://www.ncbi.nlm.nih.gov/pubmed/22945254
http://dx.doi.org/10.1038/ncb2164
http://dx.doi.org/10.1038/ncb2164
http://www.ncbi.nlm.nih.gov/pubmed/21278734
http://dx.doi.org/10.1038/cr.2012.73
http://dx.doi.org/10.1038/cr.2012.73
http://www.ncbi.nlm.nih.gov/pubmed/22547025
http://dx.doi.org/10.1016/j.yexcr.2012.02.040
http://dx.doi.org/10.1016/j.yexcr.2012.02.040
http://www.ncbi.nlm.nih.gov/pubmed/22426197
http://dx.doi.org/10.1002/stem.1091
http://www.ncbi.nlm.nih.gov/pubmed/22467474
http://dx.doi.org/10.1016/j.celrep.2013.04.004
http://dx.doi.org/10.1016/j.celrep.2013.04.004
http://www.ncbi.nlm.nih.gov/pubmed/23643533
http://dx.doi.org/10.1038/cr.2011.175
http://www.ncbi.nlm.nih.gov/pubmed/22064700
http://dx.doi.org/10.1016/j.gde.2012.07.002
http://www.ncbi.nlm.nih.gov/pubmed/22868177
http://dx.doi.org/10.1016/j.stem.2012.03.005
http://www.ncbi.nlm.nih.gov/pubmed/22482497
http://dx.doi.org/10.1016/j.conb.2012.05.001
http://www.ncbi.nlm.nih.gov/pubmed/22652035
http://www.ncbi.nlm.nih.gov/pubmed/18031863
http://www.ncbi.nlm.nih.gov/pubmed/11402295
http://dx.doi.org/10.1042/BC20070116
http://www.ncbi.nlm.nih.gov/pubmed/18341479
http://dx.doi.org/10.1016/j.stem.2009.04.005
http://www.ncbi.nlm.nih.gov/pubmed/19398399
http://dx.doi.org/10.3969/j.issn.1673-5374.2012.34.001
http://www.ncbi.nlm.nih.gov/pubmed/25337110
http://dx.doi.org/10.1016/j.biomaterials.2012.03.061
http://dx.doi.org/10.1016/j.biomaterials.2012.03.061
http://www.ncbi.nlm.nih.gov/pubmed/22494883

@’PLOS ‘ ONE

Genetic Material-Free Induced Neural Progenitor-Like Cells

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

Kang PJ, Moon JH, Yoon BS, Hyeon S, Jun EK, Park G, et al. (2014) Reprogramming of mouse
somatic cells into pluripotent stem-like cells using a combination of small molecules. Biomaterials 35:
7336-7345. doi: 10.1016/j.biomaterials.2014.05.015 PMID: 24881998

Ladewig J, Mertens J, Kesavan J, Doerr J, Poppe D, Glaue F, et al. (2012) Small molecules enable
highly efficient neuronal conversion of human fibroblasts. Nat Methods 9: 575-578. doi: 10.1038/
nmeth.1972 PMID: 22484851

Cheng L, HuW, QiuB, Zhao J, Yu 'Y, Guan W, et al. (2014) Generation of neural progenitor cells by
chemical cocktails and hypoxia. Cell Res 24: 665-679. doi: 10.1038/cr.2014.32 PMID: 24638034

Su G, Zhao Y, Wei J, Xiao Z, Chen B, Han J, et al. (2013) Direct conversion of fibroblasts into neural
progenitor-like cells by forced growth into 3D spheres on low attachment surfaces. Biomaterials 34:
5897-5906. doi: 10.1016/j.biomaterials.2013.04.040 PMID: 23680365

Rassouli H1, Tabe Bordbar MS, Rezaei Larijani M, Pakzad M, Baharvand H, Salekdeh GH. (2013)
Cloning, expression and functional characterization of in-house prepared human basic fibroblast
growth factor. Cell J 14:282-291. PMID: 23577308

Pouya A, S L, Kiani S., Javan M., Baharvand H. (2011) Human Induced Pluripotent Stem Cells Differen-
tiation into Oligodendrocyte Progenitors and Transplantation in a Rat Model of Optic Chiasm Demyelin-
ation. Plos One 6: 1-10.

Fonoudi H, Yeganeh M, Fattahi F, Ghazizadeh Z, Rassouli H, Alikhani M, et al. (2013) ISL1 protein
transduction promotes cardiomyocyte differentiation from human embryonic stem cells. PLoS One 8:
e€55577. doi: 10.1371/journal.pone.0055577 PMID: 23383231

Liu'Y, Mukhopadhyay P, Pisano MM, Lu X, Huang L, Lu Q, et al. (2013) Repression of Zeb1 and hyp-
oxia cause sequential mesenchymal-to-epithelial transition and induction of aid, oct4, and dnmt1, lead-
ing to immortalization and multipotential reprogramming of fibroblasts in spheres. Stem Cells 31:
1350-1362. doi: 10.1002/stem.1382 PMID: 23554223

Li W, Sun W, Zhang Y, Wei W, Ambasudhan R, Xia P, et al. (2011) Rapid induction and long-term self-
renewal of primitive neural precursors from human embryonic stem cells by small molecule inhibitors.
Proc Natl Acad Sci U S A 108: 8299-8304. doi: 10.1073/pnas.1014041108 PMID: 21525408

Thier M, Wérsdorfer P, Lakes YB, Gorris R, Herms S, Opitz T, et al. (2012) Direct conversion of fibro-
blasts into stably expandable neural stem cells. Cell Stem Cell 10: 473-479. doi: 10.1016/j.stem.2012.
03.003 PMID: 22445518

Seifinejad A, Tabebordbar M, Baharvand H, Boyer LA, Salekdeh GH (2010) Progress and promise
towards safe induced pluripotent stem cells for therapy. Stem Cell Rev 6: 297-306. doi: 10.1007/
$12015-010-9121-x PMID: 20180049

Mirakhori F, Z B, Hosseini Salekdeh G., Baharvand H. (2014) Induced Neural Lineage Cells as Repair
Kits: So Close, Yet So Far away. J of cellular physiology 229: 728-742.

Soufi A, Donahue G, Zaret KS (2012) Facilitators and impediments of the pluripotency reprogramming
factors' initial engagement with the genome. Cell 151: 994-1004. doi: 10.1016/j.cell.2012.09.045
PMID: 23159369

Mitchell RR, Szabo E, Benoit YD, Case DT, Mechael R, Alamilla J, et al. (2014) Activation of neural cell
fate programs toward direct conversion of adult human fibroblasts into tri-potent neural progenitors
using OCT-4. Stem Cells Dev 23: 1937-1946. doi: 10.1089/scd.2014.0023 PMID: 24694094

Kirkeby A1, Grealish S, Wolf DA, Nelander J, Wood J, Lundblad M, et al. (2012) Generation of region-
ally specified neural progenitors and functional neurons from human embryonic stem cells under
defined conditions. Cell Rep 1: 703—-714. doi: 10.1016/j.celrep.2012.04.009 PMID: 22813745

Nefzger CM1, Su CT, Fabb SA, Hartley BJ, Beh SJ, Zeng WR, et al. (2012) Lmx1a allows context-spe-
cific isolation of progenitors of gabaergic or dopaminergic neurons during neural differentiation of
embryonic stem cells. Stem Cells 30: 1349-1361. doi: 10.1002/stem.1105 PMID: 22495882

PLOS ONE | DOI:10.1371/journal.pone.0135479 August 12,2015 17/17


http://dx.doi.org/10.1016/j.biomaterials.2014.05.015
http://www.ncbi.nlm.nih.gov/pubmed/24881998
http://dx.doi.org/10.1038/nmeth.1972
http://dx.doi.org/10.1038/nmeth.1972
http://www.ncbi.nlm.nih.gov/pubmed/22484851
http://dx.doi.org/10.1038/cr.2014.32
http://www.ncbi.nlm.nih.gov/pubmed/24638034
http://dx.doi.org/10.1016/j.biomaterials.2013.04.040
http://www.ncbi.nlm.nih.gov/pubmed/23680365
http://www.ncbi.nlm.nih.gov/pubmed/23577308
http://dx.doi.org/10.1371/journal.pone.0055577
http://www.ncbi.nlm.nih.gov/pubmed/23383231
http://dx.doi.org/10.1002/stem.1382
http://www.ncbi.nlm.nih.gov/pubmed/23554223
http://dx.doi.org/10.1073/pnas.1014041108
http://www.ncbi.nlm.nih.gov/pubmed/21525408
http://dx.doi.org/10.1016/j.stem.2012.03.003
http://dx.doi.org/10.1016/j.stem.2012.03.003
http://www.ncbi.nlm.nih.gov/pubmed/22445518
http://dx.doi.org/10.1007/s12015-010-9121-x
http://dx.doi.org/10.1007/s12015-010-9121-x
http://www.ncbi.nlm.nih.gov/pubmed/20180049
http://dx.doi.org/10.1016/j.cell.2012.09.045
http://www.ncbi.nlm.nih.gov/pubmed/23159369
http://dx.doi.org/10.1089/scd.2014.0023
http://www.ncbi.nlm.nih.gov/pubmed/24694094
http://dx.doi.org/10.1016/j.celrep.2012.04.009
http://www.ncbi.nlm.nih.gov/pubmed/22813745
http://dx.doi.org/10.1002/stem.1105
http://www.ncbi.nlm.nih.gov/pubmed/22495882

