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Several transcription factors and methods have been used to convert fibroblasts directly to neural fate and have
provided insights into molecular mechanisms as to how each of these required factors orchestrate neural fate
conversion. Here, we provide evidence and detailed characterization of the direct conversion process of primary
adult human fibroblasts (hFib) to neural progenitor cells (NPC) using OCT4 alone. Factors previously associated
with neural cell fate conversionwere induced during hFib-NPCOCT-4 generation, whereOCT-4 alone was sufficient to
induce neural fate conversion without the use of promiscuous small-molecule manipulation. Human Fib-NPCOCT-4

proliferate, express neural stem/progenitor markers, and possess developmental potential that gives rise to all three
major subtypes of neural cells: astrocytes, oligodendrocytes, and neurons with functional capacity. We propose a de-
convoluted reprogramming approach for neural fate conversion in which OCT4 is sufficient for inducing neural
conversion from hFib for disease modeling as well as the fundamental study of early neural fate induction.

Introduction

D irect conversion transcription factor reprogram-
ming of somatic cells holds great potential for the gen-

eration of patient-specific disease models, and possibly cells
for transplantation therapy. Although first reported in the
1980s [1], this reprogramming method has been the basis for
a plethora of studies, all of which achieve alteration of cell
fate in the absence of establishing pluripotency [2–4]. The
catalyzing study which resulted in the revisiting of direct
conversion/transdifferentiation methods demonstrated that the
expression of neural lineage-associated transcription factors in
mouse fibroblasts leads to the activation of endogenous neural
genes [5]. Through a process of elimination, Brn-2, Myt1-l, and
Ascl-1were identified as a key set of factors that could initiate a
change in cell fate from fibroblast to functional neuron (iN), in
the presence of neural supportive culture conditions [5]. Soon
after, with the addition ofNEUROD1, this same combination of
genes was found to induce direct conversion of human fibro-
blasts (hFib) to neurons. Generation of neural tissue for study or
transplantation is of great value, as the physical and ethical
barriers regarding biopsies of the brain are numerous. To date,
the iN approach has been harnessed to produce multiple neuron
subtypes by introduction of additional lineage-specific tran-
scription factors, from both mouse and human starting cell

populations of varied tissue origin [6–10]. In addition to di-
rectly converting somatic cells to postmitotic neurons, Kim et
al. demonstrated the conversion of mouse fibroblasts to neu-
ronal progenitor cells. This transformation was achieved
through a brief expression of pluripotency transcription factors
followed by the addition of neural supportive culture conditions
[11]. Many groups have adapted this strategy by expressing
the pluripotency factors alone, or in combination with neural
lineage-specific factors to produce both mouse- and human-
induced neural progenitor cells (iNPCs) [12–15]. iNPCs are
capable of proliferating and differentiating to all three families
of neural cells, including neurons, astrocytes, and oligoden-
drocytes. Despite the large number of studies demonstrating the
direct conversion of somatic cells to NPCs, the reprogramming
mechanism behind these cellular transformations remains to be
completely understood. Here, we demonstrate the direct con-
version of adult hFib to NPCs through the use of a single factor
OCT4, and provide insights into the minimal essential mech-
anisms of reprogramming induction.

Materials and Methods

Cell culture

Dermal skin biopsies (5 · 5mm) were obtained from the
forearm of consenting donors in accordance with Research
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Ethics Board-approved protocols at McMaster University.
Primary hFib cultures were established as described [16].
Human dermal adult fibroblasts (Sciencell and Donor de-
rived) were initially maintained in fibroblast medium:
DMEM (Gibco) supplemented with 10% v/v FBS (Neonatal
Bovine Serum; HyClone), 1mM l-glutamine (Gibco), and
1% v/v nonessential amino acids (NEAA; Gibco) before
transduction with OCT4 lentivirus vector.

Cell viability

Viable cells were determined by Trypan Blue exclusion
assay that was performed using a Countess automated cell
counter (Life Technologies).

Lentivirus preparation and transduction

pSIN-EF1a-OCT4-Puro [or pHIV-EF1a-IRES-eGFP
(Addgene 21373) subcloned with OCT4 sequence from
Addgene 16579] was obtained (Addgene 16579) and co-
transfected with pMD2.G (Addgene 12259) and psPAX2
(Addgene 12260) plasmids into the 293-FT cell line (In-
vitrogen) in order to initiate virus particle production. Viral
supernatants were harvested at 48 h after transfection and
ultracentrifuged to concentrate the virus. hFib were trans-
duced in 50% Fibroblast medium: 50% reprogramming
medium [F12 DMEM 20% Knockout Serum Replacement
(Gibco), l-glutamine (Gibco), and 1% v/v nonessential
amino acids (NEAA; Gibco), 0.1mM beta-mercaptoethanol,
16 ng/mL basic fibroblast growth factor (bFGF), 30 ng/mL
insulin growth factor 2 (IGF2), supplemented with 8 mg/mL
polybrene (SIGMA)].

Reprogramming, neural progenitor

and differentiation culture

Adult hFib were seeded on tissue culture-treated plates at
*2 · 104 cells per well of a six-well standard plate. Fibro-
blasts were transduced in 50% fibroblast media: 50% re-
programming media containing 8mg/mL polybrene with
sufficient eGFP or OCT4 expressing lentivirus to achieve
*20% transduction efficiency as measured by flow cyto-
metry for eGFP or OCT4, respectively. hFib expressing
eGFP and/or OCT4 were cultured for 8 days post trans-
duction in reprogramming media before being trypsinzed
and seeded as single cells in ultra-low attachment plates at a
concentration of 1 · 105 cells per mL of progenitor culture
media: F12:DMEM supplemented with 1·N2 and 1·B27
20 ng/mL bFGF, 20 ng/mL epidermal growth factor. Spheres
were fed fresh media and growth factors after 7 days of
culture. After 14 days, sphere clusters were dissociated us-
ing Accutase (Gibco) and seeded onto POLY-L-OR-
NATHINE/Mouse laminin-coated tissue culture plates in
neural progenitor media for continued maintenance or in
differentiation culture media consisting of F12 DMEM
1XN2 1XB27. For best differentiation, cells were cultured
adherently in progenitor media until dense colony clusters
appeared such as those depicted in Fig. 1K before passaging
into differentiation conditions. For neuronal differentiation,
media was supplemented with 5 nM forskolin. For Astrocyte
differentiation, media was supplemented with 5% FBS. For
Oligodendrocyte differentiation, media was supplemented
with 100 ng/mL insulin growth factor 1 (IGF1), 200 nm As-

corbic Acid (Sigma), and 5 nM forskolin (Tocris). NSC from
H9 were derived and cultured as previously described [17].

Flow cytometry

Intracellular staining for OCT4 [BD OCT3/4-PE(1:100),
OCT3/4-647(1:100)], SOX2 [BD SOX2-647(1:1,000)],
Ki67 [BD Ki67-PE(1:400)], and Live Dead Discrimination
Dye [BD LiveDeadViolet (1:7,500)] was performed on cells
having undergone fixation and permeablization using the
BD Fix/Perm kit. Briefly, cells were washed in phosphate-
buffered saline (PBS) and stained for 30min at 4�C in Li-
veDeadViolet. Cells were then washed in PBS and fixed for
20min at 4�C in Fix solution. Cells were then washed in
Perm solution, and left to block in Perm solution for 1 h at
4�C. Cells were stained overnight at 4�C, before washing in
PBS and acquisition. Live cell visualization of eGFP ex-
pression was performed on cells treated with 7AAD [BD
(1:50)] live dead discriminator. Acquisition was performed
using LSRII (BD Biosciences), and analysis was performed
using FlowJo 9.2 Software.

Immuncytochemistry

For surface marker staining, cells were stained directly in
PBS 3% FBS or fixed using BD Fixation buffer for 40min 4�C.
Cells were washed in 3% FBS HBSS (Gibco). For intracellular
staining, cells were fixed using BD Fixation/Permeabilization
buffer for 40min at 4�C. Cells were washed in BD 1·Perm
solution. Neural lineage cells were identified by staining with
monoclonal antibodiesOCT4-PE (BD), SOX2-647 (BD), SOX2
anti-human (BD), Nestin anti-Human (R&D), Beta-III Tubulin/
Tuj1 anti-Human (R&D), Microtubule-associated protein 2/
MAP2 anti-Human (Abcam), Oligodendrocyte marker 4/O4
anti-Human (R&D), Glial fibrilliary acidic protein/GFAP anti-
Human (SIGMA), and CD133-PE (Miltenyi). Antibodies were
diluted in BD 1·wash buffer and incubated overnight at 4�C.
Nonconjugated antibodies were visualized using appropriate
Alexa-Flour secondary reagents (Life Technologies). Optimal
working dilutions were determined for individual antibodies.

Teratoma assay

5 · 105 iPSCs or hFib-NPCOCT4 were injected intrates-
ticularly into male NOD/SCID mice. Teratomas/testis were
extracted at 10–12 weeks after the injection and analyzed as
previously described [17]. Samples were stained with He-
matoxylin-Eosin and OCT4, mounted using Permount, and
imaged by scanning slides using Aperio Scan Scope. Tissue
typing was performed based on stringent histological and
morphological criteria that were specific for each germ-layer
subtype. The presence of the germ layers and tissue typing
was confirmed by the McMaster Pathology department.

Quantitative polymerase chain reaction

Total RNA was isolated using the Qiagen mini RNA
isolation kit. RNA was then subjected to cDNA synthesis
using superscript III (Invitrogen). Quantitative PCR (qPCR)
was performed using Platinum SYBR Green–UDP mix
(Invitrogen). Threshold was set to the detection of Gus-B (b-
glucuronidase)46 and then normalized to GAPDH. Primer
Sequences: ASCL1: 5¢ caagagagcgcagccttag, 5¢ gcaaaagtcag
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tgctgaacg BRN-2: 5¢ aataaggcaaaaggaaagcaact, 5¢ caaaac
acatcattacacctgct MYT1L: 5¢ caatggaaagggattttaagca, 5¢ tttg
agattatgtaccaacgttagatg NEUROD1: 5¢ gttattgtgttgccttagc
acttc, 5¢ agtgaaatgaattgctcaaattgt MSI2: 5¢ ggcagcaagagga
tcagg. 5¢ccgtagagatcggcgaca NCAN: 5¢ gccttgggccttttgatgc,
5¢ ccttggtccactttatccgagg COL1A1: 5¢ gagggccaagacgaagac
atc, 5¢ cagatcacgtcatcgcacaac DKK3: 5¢ aggacacgcagcaca
aattg, 5¢ ccagtctggttgttggttatctt SNAI1: 5¢ tcggaagcctaactaca
gcga, 5¢ agatgagcattggcagcgag.

Cytosolic calcium imaging

Measurement of cytosolic calcium was performed by
monitoring Fluo-4 fluorescence of cells, adhered to plastic
35mm dishes or six-well plastic plates using an Olympus
IX81 inverted epi-fluorescence microscope (Olympus) that
was coupled to a xenon arc lamp (EXFO). Cells were wa-
shed and incubated in Hanks’ balanced salt solution HBSS,
supplemented with 25mM HEPES buffer, 5.5mM Glucose.
Indicated agonists, diluted in the aforementioned solution,
were washed over the cells at the indicated timepoints, using
a custom applicator and an aspirator system. Fluo-4 was
loaded into the cells by incubation with 1 mM Fluo-4 (In-
vitrogen) acetoxymethyl ester (45min incubation followed
by a 45min period for de-esterification). Fluorescent images
were collected using an intensified charge-coupled device
video camera (Photometrics) every 2 s through a GFP filter
cube (Semrock). Off-line analysis of the intensity pattern of
Fluo-4 signal was performed in ImageJ (NIH).

Action potential/patch clamping

To determine whether cells could fire action potentials,
the cells were transferred on a coverslip to an upright mi-
croscope and were continuously perfused with artificial ce-
rebrospinal fluid (ACSF, pH 7.2) containing (in mM) 125
NaCl, 1 MgSO4, 5 KCl, 1.25 KH2PO4, 10 dextrose, 26
NaHCO3, and 2 CaCl2�2H2O. ACSF was heated to *33�C
and superfused with 95% O2/5% CO2. Electrodes for cell-
attached and whole-cell voltage clamp recordings had re-
sistances of 2–4MO and were filled with a K-gluconate
solution (pH 7.3) containing (in mM) 100 K-gluconate, 20
KCl, 10 Na2-phosphocreatine, 10 HEPES, 0.3 GTP-Na, and
4 ATP-Mg�3.5H20. Recordings (MultiClamp 700B or Ax-
opatch 200B amplifier; Molecular Devices) were sampled at
5 or 10 kHz, filtered at 2 or 5 kHz, and saved for offline
analysis with Origin or custom Matlab software. Cell-
attached and whole-cell recording configuration were
achieved in voltage-clamp mode, and recordings were sub-
sequently made in current-clamp mode. Whole-cell record-
ings were compensated by a minimum of 80% with < 10ms
lag, and were discarded if series resistance changed by more
than 15% from its initial value. In the attempt to initiate
action potentials, current injections were made in six steps
(1–6 nA) via the patch electrode. To ensure that voltage-
sensitive sodium channels were not in a chronic inactivated
state, the recording configuration was periodically turned
back to voltage-clamp mode and the cell was held at a po-
tential of - 60mV or less in order to de-inactivate sodium
channels. If reliable action potential-like firing was observed
in a cell, the broad-spectrum antagonist zonisamide (10mM;
Ascent) or the fast acting sodium channel tetrodotoxin
(1 mM) was added to the perfusate.

Results

OCT4 direct conversion reprogramming facilitates

generation of a proliferative neural progenitor

phenotype from fibroblasts

In an effort to assess the functional conversion capacity of
OCT4 expressing cells, we devised a culture strategy in-
corporating elements from our previous direct conversion
approach using OCT4, and the derivation of neural pro-
genitors (NPCs) from pluripotent stem cells (Fig. 1A)
[18,19]. Adult hFib transduced with lentivirus expressing
OCT4 were cultured in reprogramming media (R) (hFi-
bROCT4) for 1 week to enable sufficient expansion of
transduced cells (Fig. 1B). hFibROCT4 were then trypsinized
to form a single-cell suspension and seeded in neural pro-
genitor culture media. Single-cell suspensions of hFibROCT4

maintained in neural progenitor culture formed neural
sphere-like clusters similar to those described from plurip-
otent cells (Fig. 1C) [19]. To address whether these spheres
were a result of proliferation rather than coalescence of
cells, we dissociated the spheres and performed cell-cycle
analysis using Ki67, a marker of all stages of the active cell
cycle. Ki67 expression was evident in a defined subset of
sphere-derived cells, of which nearly all cells co-expressed
OCT4 (Fig. 1D). Since proliferation is a property of NPCs
(Supplementary Fig. S1A; Supplementary Data are avail-
able online at www.liebertpub.com/scd), we asked whether
hFibROCT4 sphere-derived cells also expressed key neural
progenitor regulators. Given that recent reports suggest
SOX2, a key regulator of NPCs (Supplementary Fig. S1A),
is sufficient to induce direct conversion of mouse and human
fetal fibroblasts to neural progenitors [20], we analyzed
adult-derived hFibROCT4 cells for SOX2 expression. A small
but distinct population of cells expressed SOX2, of which
nearly all co-expressed OCT4, indicating that OCT4 ex-
pression in conjunction with neural progenitor culture
can induce hallmarks of a neural progenitor phenotype (Fig.
1E). Further analysis of hFibROCT4 for the expression of
additional neural progenitor markers revealed a subset of
OCT4-positive cells that co-expressed the cell surface marker
CD133 (Fig. 1F). In addition to these protein-level analy-
ses, hFibROCT4 also displayed up-regulation of MSI2 and
NCAN transcript compared with hFibs (Supplementary Fig.
S1C). Importantly, hFibROCT4 down-regulated key fibro-
blast genes COL1A1, DKK3, and SNAI1 in response to the
reprogramming process (Supplementary Fig. S1D). Taken
together, these results demonstrate that hFibROCT4 sphere-
derived cells have initiated a molecular shift from fibroblastic
programs toward that which reflects well-characterized pri-
mary human NPCs [21].

To further characterize these emerging neural-like cells
from hFibROCT4 cells, we cultured them on the neural
substrate poly-ornathine/laminin (POL). hFibROCT4 sphere-
derived cells cultured on POL displayed a similar mor-
phology to NPCs derived from pluripotent cells (Fig. 1F and
Supplementary Fig. S1B) [22]. In agreement with flow cy-
tometric analysis, immunofluorescence for OCT4 and SOX2
revealed co-expressing populations of cells organized in
colony-like regions consistent with an emerging progenitor
phenotype (Fig. 1G). Continued passaging on laminin re-
sulted in linear growth on an exponential scale, indicat-
ing that the proliferating population of cells had become
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FIG. 1. Expression of OCT4 in combination with neural progenitor culture induces conversion of fibroblasts to a pro-
liferating neural progenitor-like cell (hFib-NPCOCT4). (A) Schematic of conversion strategy. (B) Flow cytometric plot of
intracellular OCT4 expression in adult human fibroblasts after 8 days of culture in reprogramming media culture (hFi-
bROCT4). (C) Phase-contrast image of hFibROCT4 neural sphere-like clusters after 14 days in neural progenitor culture. (D)
Flow cytometric plot of OCT4 versus Ki67 expression in hFibROCT4 sphere-derived cells. (E) Flow cytometric plot of
OCT4 versus SOX2 expression in hFibROCT4 sphere-derived cells. (F) Flow cytometric plot of eGFP expression from
hFibROCT4 cells generated with pHIV-ef1a-OCT4-IRES-eGFP versus CD133 on live cells. (G) Phase-contrast image of
hFibROCT4 sphere-derived cells cultured on poly-ornathine/laminin (POL). (H) Immunofluorescence results for OCT4 and
SOX2 expression in hFibROCT4 sphere-derived cells cultured on POL. (I) Cell growth curve illustrating cumulative number
of viable trypan blue excluding cells with increasing passage number. (J) Flow cytometric plot of SOX2 versus Ki67
expression in passage 5 POL cultured hFibROCT4 sphere-derived cells. (K) Flow cytometric plot of OCT4 versus SOX2
expression in passage 5 POL cultured hFibROCT4 sphere-derived cells. (L) Immunofluorescence results for NESTIN and
SOX2 expression in passage 5 POL cultured hFibROCT4 sphere-derived cells. Representative results from n = 4 rounds of
hFib-NPCOCT4 conversion. Scale bar = 100 mM. White arrows denote areas of interest.
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abundant (Fig. 1H). Consistent with this observation as well
as with expansion of the neural progenitor phenotype, nearly
all of the cells in culture expressed the proliferation marker
Ki67 in combination with SOX2 (Fig. 1I). Moreover, the
vast majority of cells co-expressed OCT4 and SOX2, a clear
indication that passaging of hFibROCT4 on laminin had en-
riched for this phenotype (Fig. 1J). Despite being highly
proliferative and expressing the pluripotency-associated
transcription factors OCT4 and SOX2, hFibROCT4 cells
failed to produce teratomas (or tumors of any kind) when
injected into immune-deficient mice at cell concentrations
well above the tumor initiating requirement of iPSC (Sup-
plementary Fig. S2A, B). Having verified the absence of
pluripotency, we assessed whether the expansion of this
phenotype occurred alongside up-regulation of additional
neural stem/progenitor marks. Accordingly, we performed
immunofluorescence for SOX2 in combination with the
neural filament NESTIN, a marker of primitive neural stem/
progenitor cells. This analysis revealed co-expression
of both SOX2 and NESTIN within hFibROCT4 cells (Fig.
1K). Cumulatively, these results demonstrate that culturing
of hFibROCT4 cells in neural progenitor culture is sufficient

to confer both growth and phenotypic properties of neural
stem/progenitor cells. As such, we termed these cells hFib-
NPCOCT4.

To determine whether OCT4 expression was required to
induce direct conversion of adult hFib to NPCs, we cultured
eGFP expressing fibroblasts using the strategy highlighted in
Fig. 1A. Similar to hFibROCT4, hFibReGFP were propagated in
reprogramming media to expand eGFP expressing cells
(Supplementary Fig. S3A). hFibReGFP were then seeded as
single cells in progenitor culture media and analyzed for
sphere formation. Surprisingly, hFibReGFP in these conditions
formed sphere-like clusters similar in morphology to hFi-
bROCT4 (Supplementary Fig. S3B). However, cell-cycle
analysis of the resulting spheres revealed a comparatively
small number of Ki67-positive cells to that of hFibROCT4

spheres (Supplementary Fig. S3C). In addition to the lack of
proliferation, hFibReGFP sphere-derived cells failed to up-
regulate the neural stem/progenitor transcription factor SOX2
(Supplementary Fig. S3D), and they displayed fibroblastic
morphology after culturing on laminin (Supplementary Fig.
S3E). Together, these results indicate that culturing of adult
hFib in neural progenitor media is insufficient to sustain

FIG. 2. hFib-NPCOCT4 display tri-potent differentiation potential. (A–D) Immunofluorescence images of neural lineage
protein expression (A), GFAP expressing astrocytes. (B) O4 expressing oligodendrocytes. (C) TUJ1 expressing neurons.
(D) TUJ1 MAP2 co-expression in a subset of neurons. Representative images from n = 4 rounds of hFib-NPCOCT4 con-
version. Scale bar = 100mM.
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FIG. 3. Differentiated hFib-NPCOCT4-derived neurons demonstrate functional response to neurotransmitters and current
injection. (A) hFib-NPCOCT4 differentiated cells treated with calcium reactive compound FLUO-4 and various calcium
release stimuli. Representative fluorescent microscopy images of FLUO-4 dye reacting with calcium after administration
with neurotransmitter glutamate. Fluorescent intensity cell trace diagrams of individual cells and cell–cell junctions during
treatment with intracellular calcium release stimulants. (B) Fibroblasts cultured in neural progenitor and neural differen-
tiation medium treated with FLUO-4 and assayed for calcium release using stimulants. Representative fluorescent mi-
croscopy images of FLUO-4 dye reacting with calcium after administration with histamine. Fluorescent intensity cell trace
diagrams of individual cells and cell–cell junctions during treatment with intracellular calcium release stimulants. (C)
Action potential measurements of hFib-NPCOCT4-derived neurons. (D) Action potential measurement during administration
of fast acting sodium channel inhibitor tetrodotoxin (TTX). (E) Averaged traces of evoked repetitive action potentials in
four separate cells.
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growth and phenotypic characteristics of induced human
neural progenitors.

OCT4-NPC differentiate to all three neural

subfamilies, including iNs

Although neural progenitor phenotype is defined by the
expression of specific transcription factors and structural
proteins, progenitor function is assessed in part by the ability
to differentiate to the three major families of neural cells:
neurons, astrocytes, and oligodendrocytes. Differentiation of
neural stem/progenitors can be achieved by withdrawal of
factors shown to support proliferation and addition of those
that support the generation of specific lineages of neural cells
(Supplementary Fig. S4) [22]. Accordingly, the culturing of
hFib-NPCOCT4 in differentiation conditions shown to support
the generation of glial cells produced glial fibrilliary acidic
protein expressing cells resembling astrocytes (Fig. 2A) and
O4 expressing cells resembling oligodendrocytes (Fig. 2B).
Moreover, culturing of hFib-NPCOCT4 in neuronal differen-
tiation media was able to induce the generation of a neuronal
phenotype, marked by expression of the neuron-specific class
III beta-tubulin protein or TUJ1 (Fig. 2C). Further exposure
of hFib-NPCOCT4-derived neurons to differentiation media
resulted in the formation of a subset of TUJ1-positive neurons
that up-regulated the mature neuronal marker MAP2 (Fig.
2D). Importantly, cells which expressed high levels of TUJ1
also demonstrated little to no expression of OCT4, suggesting
that differentiation toward mature functional cell types occurs
concomitantly with silencing of OCT4 expression (Supple-
mentary Fig. S5A, B).

To assess the functional capacity of hFib-NPCOCT4-
derived mature neurons, we evaluated their response to the
neurotransmitters ATP and glutamate via calcium transient
formation using a FLUO-4 fluorescence assay. Nearly all

hFib-NPCOCT4-derived neurons produced calcium transients
in response to ATP, while a distinct subset responded to
glutamate. Importantly, hFib-NPCOCT4 neurons did not re-
spond to histamine, a known inducer of calcium release in
fibroblasts (Fig. 3A, B). Furthermore, hFib-NPCOCT4-
derived neurons fired repetitive action potentials in response
to a current injection, and exhibited sensitivity to a sodium
channel inhibitor (Fig. 3C–E). These collective results
suggest that hFib-NPCOCT4 possess all of the defining fea-
tures of tri-potent NPCs, confirming successful cell fate
transition through the expression of OCT4.

OCT4 expression activates a hierarchy

of neural conversion transcription factors

during reprogramming of adult hFib to NPC

Having confirmed that hFib-NPCOCT4 possess both phe-
notypic and developmental characteristics of NPCs, we next
aimed at better understanding the molecular events underly-
ing the reprogramming process. Given that hFib-NPCOCT4

express SOX2, a neural fate conversion factor, we investi-
gated whether other genes shown to induce neural fate were
similarly activated during the reprogramming process. We
performed qRT-PCR on Fibs, hFibReGFP, and hFibROCT4

sphere-derived cells to measure the expression of genes
shown to induce the neural fate from fibroblasts: BRN-2,
ASCL1, MYT1L, and NEUROD1 (Fig. 4A–D). With the ex-
ception of ASCL1, hFibROCT4 progenitor culture demon-
strated elevated expression of neural conversion genes
compared with naı̈ve fibroblasts and hFibReGFP progenitor
culture. Based on these results and the induced expression of
SOX2, we hypothesized that the combination of OCT4 and
neural progenitor culture may regulate a hierarchy of estab-
lished transcriptional networks for converting fibroblasts to
the neural lineage. Considering recent reports, we postulated

FIG. 4. hFib-NPCOCT4 activate neural conversion transcription factors. (A–D) qRT-PCR results for expression of neural
conversion transcription factors in hFibReGFP cultured in neural progenitor culture, and hFibROCT4 cultured in neural
progenitor culture. Expression levels are normalized to expression in hFibs.
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FIG. 5. Expression of SOX2 in combination with neural progenitor culture fails to induce conversion of adult fibroblasts
to neural progenitors, despite successfully activating downstream neural conversion transcription factors. (A) Flow cyto-
metric plot of intracellular SOX2 expression in adult human fibroblasts after 8 days in reprogramming media (hFibRSOX2).
(B) Phase-contrast image of hFibRSOX2 sphere-like clusters after 14 days in neural progenitor culture. (C) Flow cytometric
plot of SOX2 versus OCT4 expression in hFibRSOX2 sphere-derived cells. (D) Flow cytometric plot of SOX2 versus Ki67
expression in hFibRSOX2 sphere-derived cells. (E) Phase-contrast image of hFibRSOX2 sphere-derived cells cultured on POL.
(F) Cell growth curve illustrating cumulative number of viable trypan blue excluding cells with increasing passage number.
(G–J) qRT-PCR results for expression of neural conversion transcription factors in hFibeGFP cultured in neural progenitor
culture, and hFibRSOX2 cultured in neural progenitor culture. Expression levels are normalized to expression in hFibs (n = 2).
Representative results from n = 3 attempts of hFibRSOX2 conversion. White arrows indicate areas of interest.
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that SOX2 should act downstream of OCT4, and, therefore,
should be able to convert adult hFib to neural progenitors in
the absence of OCT4. To test this hypothesis, we transduced
adult hFib with lentivirus expressing SOX2 and cultured them
according to the strategy in Fig. 1A. hFibRSOX2 were cultured
in reprogramming media to enable expansion of SOX2 ex-
pressing cells (Fig. 5A). hFibRSOX2 cells were seeded as
single cells in neural progenitor culture media and analyzed
for sphere formation. After 2 weeks in neural progenitor
culture, hFibRSOX2 single cells had given rise to neural
sphere-like clusters similar to hFibROCT4 (Fig. 5B). Although
forced expression of OCT4 was able to up-regulate ex-
pression of SOX2 (Fig. 1E), forced expression of SOX2 did
not up-regulate OCT4 (Fig. 5C). Similar to hFibReGFP,
hFibRSOX2 sphere-like clusters contained low percentages of
Ki67-positive proliferating cells (Fig. 5D). Moreover, prop-
agation of hFibRSOX2 sphere-derived cells on the neural
substrate laminin resulted in the generation of cells with fi-
broblastic morphologies (Fig. 5E), and a sharp decline in cell
viability (Fig. 5F). Despite the failure of hFibRSOX2 to
propagate in neural supportive culture conditions, qRT-PCR
analysis displayed a similar pattern to hFibROCT4 regarding
the up-regulation of BRN-2, MYT1L, and NEUROD1 (Fig.
5G–J). These results suggest that SOX2 expression is acti-
vated in response to OCT4 expression, and that SOX2 ex-
pression is sufficient to activate neural fate conversion factors
BRN-2, MYT1L, ASCL1, and NEUROD1. However, forced
expression of SOX2 alone is not sufficient to induce neural
progenitor fate from adult hFib, suggesting a unique addi-
tional role for OCT4 during the reprogramming process.

Reprogramming technologies are seen to hold great po-
tential for the construction of patient-specific disease models
and cells for drug screening. However, in order to ensure
applicability of a given reprogramming technology to pa-
tient-specific endeavors, freshly derived cell cultures from
donors should prove to be a suitable starting material for
successful cell fate transition. To ensure that hFib-NPCOCT4

reprogramming was applicable to donor-derived fibroblasts,
we generated hFib-NPCOCT4 cells from a freshly isolated
skin biopsy [hFib(2)]. hFibR(2)OCT4 formed spheres in neural
progenitor culture media, and on dissociation were able to
propagate on the neural substrate laminin (Supplementary
Fig. S6A). Laminin-adapted hFibR(2) sphere-derived cells
displayed a similar morphology to hFibROCT4 sphere-derived
cells and NPCs derived from ESCs (Fig. 1G and Supple-
mentary Fig. S1B). Importantly, hFibR(2)OCT4 sphere-
derived cells activated established neural conversion factors
in an OCT4-dependent manner, suggesting that they had
established similar neural conversion regulatory networks
as hFib-NPCOCT4 (Supplementary Fig. S6B). Furthermore,
when cultured in neural differentiation conditions, hFi-
bR(2)OCT4 cells successfully differentiated to all three major
subfamilies of neural cells, including astrocytes, oligoden-
drocytes, and neurons (Supplementary Fig. S6C). Taken
together, these results confirm that hFib-NPCOCT4 repro-
gramming is applicable to multiple lines of adult fibroblasts,
illustrating the robust nature of OCT4 to alter cell fate.

Discussion

Derivation of hFib-NPCOCT4 is simple, rapid, and pro-
duces a proliferative, nontumorgenic population of progen-

itor cells that are capable of differentiating to all three major
neural subtypes: neurons, astrocytes, and oligodendrocytes.
Importantly, hFib-NPCOCT4-derived neurons functionally
respond to both current injection and neurotransmitters,
positioning hFib-NPCOCT4 as an appealing reprogramming
tool for the generation of neuronal-based disease models in a
manner that is not convoluted by the use of other factors
associated with stages of neural development [23] or pro-
miscuous chemical manipulation in vitro [24]. This repro-
gramming technology is sufficiently robust and enables the
use of donor-derived adult fibroblasts as a starting material
for cell fate conversion, positioning it as a candidate for the
construction of relevant patient-specific disease models for
use in drug screening.

Our study represents the only example where a single
exogenous factor, OCT4, has directly reprogrammed adult
human somatic cells to tri-potent neural progenitors without
other manipulations. Although co-expression of SOX2

hallmarks the emergence of hFib-NPCOCT4, expression of
SOX2 alone in adult hFib using our culture system does not
result in successful reprogramming to neural progenitors.
However, forced expression of SOX2 in the presence of a
feeder support layer has been shown to induce direct con-
version of human fetal fibroblasts to tri-potent NPCs [20].
Therefore, it is likely that the required (yet undefined) reg-
ulation bestowed by the feeder layer on cells undergoing
SOX2 neural cell fate conversion is intrinsic to cells un-
dergoing OCT4-induced neural cell fate conversion. The up-
regulation of key neural conversion factors during repro-
gramming of fibroblasts to hFib-NPCOCT4 in this study is not
unlike the up-regulation of key hematopoietic transcription
factors reported during the conversion of fibroblasts to
multipotent blood progenitors using OCT-4 alone [18].
Together, these findings highlight the acquisition of crucial
fate-inducing transcriptional programs as a result of forced
OCT-4 expression in hFib that may also enable other cell
fates to be induced. These and other lineage-based studies
are currently ongoing in our lab.
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