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Abstract

Differentiation of human fibroblasts into functional neurons depends on the introduction of viral-mediated transcription factors, which
present risks of viral gene integration and tumorigenicity. In recent years, although some studies have been successful in directly inducing
neurons through sustained expression of small molecule compounds, they have only been shown to be effective on mouse-derived cells.
Thus, herein we delivered vectors containing Epstein-Barr virus-derived oriP/Epstein-Barr nuclear antigen 1 encoding the neuronal tran-
scription factor, Ascll, the neuron-specific microRNA, miR124, and a small hairpin directed against p53, into human fibroblasts. Cells
were incubated in a neuron-inducing culture medium. Immunofluorescence staining was used to detect Tuj-1, microtubule-associated
protein 2, neuron-specific nucleoprotein NeuN and nerve cell adhesion molecules in the induced cells. The proportion of Tujl-positive
cells was up to 36.7% after induction for 11 days. From day 21, these induced neurons showed neuron-specific expression patterns of mi-
crotubule-associated protein 2, NeuN and neural cell adhesion molecule. Our approach is a simple, plasmid-based process that enables
direct reprogramming of human fibroblasts into neurons, and provides alternative avenues for disease modeling and neurodegenerative
medicine.
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Liu et al., 2013; Dell’Anno et al., 2014). However, integra-
tion of the viral vectors into the host cell genome can affect

Introduction
Fibroblasts can be converted, bypassing the pluripotent

state, into diverse cell types, such as human induced neu-
rons (Vierbuchen et al., 2010; Pang et al., 2011). Direct re-
programming of neurons has been used to model diseases,
and is promising for regenerative medicine (Xu et al., 2015).
Most studies on direct conversion of fibroblasts to neurons
used doxycycline-regulated lentiviral vectors that intro-
duced specific cell fate-determining transcription factors or
microRNAs (Vierbuchen et al., 2010; Caiazzo et al., 2011;

expression of endogenous genes and cause insertional muta-
genesis (Nienhuis et al., 2006; Okita et al., 2008), which may
be problematic for applications of this method.

To overcome the obstacle of viral integration, episomal
plasmids can be used to derive non-integrating induced plu-
ripotent stem cells (Kim et al., 2016). In such plasmids, an
Epstein-Barr nuclear antigen 1-encoded protein is expressed
from a viral promoter after transfection into host cells, and
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then it recognizes the oriP sequence of the vector and induc-
es plasmid amplification during DNA amplification of the
host cell. Episomal vectors can be removed from mammali-
an cells by simple cell culturing without any additional ma-
nipulations (Nanbo et al., 2007; Okita et al., 2013). Here, we
report a method for generating functional induced neurons
using non-integrating episomal vectors.

Materials and Methods

Plasmid construction

The woodchuck hepatitis post-transcriptional regulatory
element was inserted upstream of the polyadenylation signal
for efficient gene expression (Niwa et al., 1991). The back-
bone vectors, pCXLE-hSK and pCXLE-hOCT3/4-shP53-F
(Okita et al., 2008), were purchased from Addgene (Plasmid
#27078 and Plasmid #27077; Cambridge, MA, USA). The
human Ascll and microRNA124 (miR124) sequences were
amplified by PCR. The pCMV promoter sequence was am-
plified from pcDNA3.1(-) (Invitrogen, Carlsbad, CA, USA),
subcloned into pGEM-T Easy vector (Promega, Madison,
WI, USA), and sequenced. The human Ascll-encoding frag-
ment was digested with EcoRI and subcloned into pCXLE.
DNA encoding miR124 and the pCMV promoter (with or
without shp53) was digested with BamHI and cloned into
pCXLE. The final versions of these combined vectors are
shown in Figure 1A.

Cell cultures and plasmid transfection

Human foreskin fibroblast cells were purchased from ATCC
Global Bioresource Center (Manassas, VA, USA) and cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (Invitrogen,
Carlsbad, CA, USA), 10% penicillin and 10% streptomycin.
Cultures were grown under 5% CO, at 37°C and passaged
every 2-3 days. One million human foreskin fibroblast
cells in Human Nucleofector Stem Cell Kit 1 buffer (Lonza,
Allendale, NJ, USA) were nucleofected with 5 pg of pCX-
LE using Nucleofection Program A23, in accordance with
the manufacturer’s protocol. Then, cells were cultured in
fibroblast medium for 24 hours. One day after nucleofec-
tion, the medium was replaced with the induction medi-
um, DMEM:Nutrient Mixture F-12, with N2 supplement,
B27 supplement (both from Invitrogen), 20 uM vitamin C
(Sigma, St. Louis, MO, USA), 3 uM CHIR99021 (Stemgent,
Beltsville, MD, USA), 1 uM purmorphamine (Selleckchem,
Houston, TX, USA), 20 uM brain-derived neurotrophic fac-
tor, 20 uM glial-derived neurotrophic factor, 20 pM nerve
growth factor (all from Invitrogen) and 10 pM Y27632
(Stemgent, Beltsville, MD, USA). Eight days after induction,
the medium was replaced with maturation medium, which
was induction medium without CHIR99021 and purmor-
phamine.
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Immunofluorescence staining

Cells were cultured in 12-well plates. On days 11, 21 and 29
after induction, cells were fixed in 4% paraformaldehyde
(Sigma) for 20 minutes at room temperature, permeabilized
with 0.1% Triton X-100 for 15 minutes at room tempera-
ture, blocked in 3% bovine serum albumin for 30 minutes
at room temperature, and then incubated overnight with
primary antibodies at 4°C. The primary antibodies used
(all from Millipore, Temecula, CA, USA; all diluted 1:1000;
mouse anti-human) were: class III p-tubulin (Tuj-1), micro-
tubule-associated protein 2 (Map2), neuron-specific nuclear
protein (NeuN) and neural cell adhesion molecule (NCAM).
The following day, cells were incubated with goat an-
ti-mouse AlexaFluor 488 or 594-labeled secondary antibod-
ies (1:1000; Invitrogen) for 1 hour at 37°C. Cell nuclei were
stained with 4',6-diamidino-2-phenylindole (DAPI; 1:5000;
ZhongShan Goldenbridge Biotechnology Co., Ltd., Beijing,
China) for 5 minutes at room temperature. Morphology was
examined using a Leica TCS SP5 X confocal laser scanning
microscope (Wetzlar, Hesse, Germany). Experiments were
repeated five times. At least 10 immunofluorescence staining
pictures were taken per experiment, and all the Tuj-1-pos-
itive cells were counted. The reprogramming efficiency was
expressed as Tuj-1-positive cells/total cells.

Statistical analysis

All values are expressed as the mean + SEM. Differences be-
tween two groups were compared with unpaired t-test using
SPSS 16.0 software (SPSS, Inc., Chicago, IL, USA). P < 0.05
was considered statistically significant.

Results

Direct conversion of human fibroblasts into neurons
using an integration-free episomal system

The direct conversion of fibroblasts into neurons is relative-
ly fast when cells are infected with lentiviruses expressing
transcription factors such as Ascll, miRNA124 and p53
shRNA (Cheng et al., 2009; Vierbuchen et al., 2010; Pang
et al,, 2011; Jiang et al., 2015). However, as explained in
the Introduction, this approach is problematic. Here, we
attempted to reprogram fibroblasts into neurons by com-
bining Ascll, miRNA124 and p53 shRNA, using an integra-
tion-free episomal system. The combined episomal vectors
pCXLE-Ascll-shP53 (AP), pCXLE-Ascll-miR124 (AM) and
pCXLE-Ascll-miR124-shP53 (AMP) were transfected into
human foreskin fibroblasts by nucleofection (Figure 1A and
B). Human foreskin fibroblasts were cultured in induction
medium after nucleofection, and the culture medium was
replaced by maturation medium on day 8 after induction.
The induced neurons were maintained in culture in the mat-
uration medium for 2 to 3 weeks for further analysis (Figure
1C). Neuron-like cells started to emerge on day 4 after plas-
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mid nucleofection. Figure 1D shows the cell morphology
during the fibroblast reprogramming.

Induced cells express early- and late-stage neuronal
markers

To determine whether these neuron-like cells had charac-
teristics of early-stage neurons, we assessed the expression
of neuronal markers. As Figure 2A shows, the neuron-spe-
cific marker, Tuj-1, was expressed in these cells 11 days
after induction. The reprogramming efficiency of the AP
group (Ascll + shp53) and the AMP group (Ascll + miR124
+ shp53) was higher than that of the AM group (Ascll +
miR124) (P < 0.05; Figure 2B). We further investigated
whether these converted neurons became mature neurons.
Immunofluorescence staining demonstrated the expression
of the neuron-specific markers, Map2 and NeuN, in the
converted cells on day 21 (Figure 3A). Furthermore, the
marker, NCAM, was detected on day 29 (Figure 3B). There
was no significant difference in the expression levels of the
mature neuronal markers among the three groups (P >
0.05). However, the morphology of neurons from the AMP
group was better than that of neurons from the AP group,
which may be caused by the neurogenesis-promoting role of
miR124.

Discussion

A big problem in neurodegenerative medicine is obtain-
ing functional neurons for therapeutic treatment. Many
studies have reported direct conversion of somatic cells to
functional neurons (Vierbuchen et al., 2010; Caiazzo et al.,
2011; Pang et al.,, 2011; Pfisterer et al., 2011; Son et al., 2011;
Karow et al,, 2012; Zhang et al,, 2013). Direct lineage repro-
gramming is a promising fast approach for manipulating cell
fate that avoids the risk of teratoma associated with plurip-
otent stem cells. However, most of these studies used viral
vectors, with the associated risk of genomic modifications
and positional mutagenesis with the insertion of transgenes
(Nienhuis et al., 2006; Okita et al., 2008; Lombardo et al.,
2011). Recent developments led to plasmid-based protocols
(Capetian et al., 2016). Here, we used episomal vector com-
binations including three factors (Ascll, miR124 and shP53)
to induce reprogramming and obtain induced neurons
without viral integration.

Ascll plays an important role in differentiation and
maturation of neurons in vivo and in vitro (Chanda et al,,
2014; Liu et al., 2015), and introduction of Ascll as a single
reprogramming factor is enough to generate neuronal cells.
MiR124, which is only expressed in neurons, promotes neu-
rogenesis in vitro and in vivo, and may regulate the activity
of postmitotic neurons (Krichevsky et al., 2006; Cheng et
al., 2009; Akerblom et al., 2012). p53 inhibition using di-
rect viral infection or transient transfection enhanced the
efficiency of induced pluripotent stem cell formation from

fibroblasts by reducing apoptosis following the initial trans-
gene induction (Hong et al., 2009; Kawamura et al., 2009).
The suppression of p53 has recently been demonstrated to
enhance the efficiency of the transcription factor-mediated
conversion of human fibroblasts into neurons (Jiang et al.,
2015). The present study used Ascll, miR124 and p53 shR-
NA to successfully direct conversion of human fibroblasts
into neurons. We also found that shp53 enhanced the repro-
gramming efficiency.

Our approach is a simple plasmid-based process that
enables direct reprogramming of human fibroblasts into
neurons, and provides alternative avenues for disease mod-
eling and neurodegenerative medicine. However, our study
has some limitations. We did not examine the electrophys-
iological properties of these neurons because of laboratory
conditions. Furthermore, we only tested a few transcription
factors and additional transcription factors should be exam-
ined in the system, as they may further enhance the repro-
gramming efficiency.
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Figure 1 Direct conversion of human fibroblasts
into neurons by nucleofection of non-viral vectors.
(A) The three combinations of episomal vectors:
pCXLE-Ascll-shP53 (AP), pCXLE-Ascll-miR124
(AM) and pCXLE-Ascl1-miR124-shP53 (AMP). (B,
C) The protocol of human foreskin fibroblast cell
conversion into neurons. FM: Full medium. (D) Cell
morphology during fibroblast reprogramming in the
AMP group. Day 2: fibroblast cell morphology; Day
4: the cells gradually changed their morphological
characteristics; Day 11: the shape of the cells exhibit-
ed neuron-like morphology. Scale bars: 50 pm.
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Figure 2 Immunofluorescence staining of early-stage
conversion neurons.

(A) Tuj-1 was expressed in these cells on day 11 after
induction. The fluorescent indicator is AlexaFluor 488
(red). Scale bars: 50 um. (B) The reprogramming effi-
ciency. The reprogramming efficiency is expressed as
Tuj-1-positive cells/total cells. Data are expressed as the
mean + SEM (unpaired ¢-test). Five independent exper-
iments were carried out, each with three replicates. *P
< 0.05. AP: Ascll + shP53; AM: Ascll + miR124; AMP:
Ascll + miR124 + shP53. Tuj-1: Class III b-tubulin;
DAPI: 4',6-diamidino-2-phenylindole.

Figure 3 Immunofluorescence staining of late-stage
neurons in the AMP group.

(A) Expression of neuron-specific Map2 and NeuN in
the converted cells was detected by day 21 in the AMP
group. (B) NCAM, another neuron-specific marker
(Fiszbein et al., 2015) was detected in the converted
cells on day 29. AMP: Ascll + miR124 + shP53; Tuj-1:
Class IIT b-tubulin; Map2: microtubule-associated pro-
tein 2; NeuN: neuron-specific nuclear protein; NCAM:
neural cell adhesion molecule; DAPI: 4',6-diamidi-
no-2-phenylindole. Scale bars: 50 pm.
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