
Yuanyuan Huang and Jianwei Jiao
Zixiao Shi, Tianjin Shen, Yanli Liu,
  
Fibroblasts to Functional Neurons
Member 2 (Nr5a2) Promote Conversion of
Nuclear Receptor Subfamily 5, Group A, 

 (Rarg) andγRetinoic Acid Receptor 
Neurobiology:

doi: 10.1074/jbc.M113.515601 originally published online January 23, 2014
2014, 289:6415-6428.J. Biol. Chem. 

  
 10.1074/jbc.M113.515601Access the most updated version of this article at doi: 

  
.JBC Affinity SitesFind articles, minireviews, Reflections and Classics on similar topics on the 

 Alerts: 

  
 When a correction for this article is posted•  

 When this article is cited•  

 to choose from all of JBC's e-mail alertsClick here

  
 http://www.jbc.org/content/289/10/6415.full.html#ref-list-1

This article cites 27 references, 6 of which can be accessed free at

 at IN
ST

IT
U

T
E

 O
F Z

O
O

L
O

G
Y

 on June 24, 2014
http://w

w
w

.jbc.org/
D

ow
nloaded from

 
 at IN

ST
IT

U
T

E
 O

F Z
O

O
L

O
G

Y
 on June 24, 2014

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://affinity.jbc.org/
http://neuro.jbc.org
http://cell.jbc.org
http://www.jbc.org/lookup/doi/10.1074/jbc.M113.515601
http://affinity.jbc.org
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;289/10/6415&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/289/10/6415
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=289/10/6415&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/289/10/6415
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/289/10/6415.full.html#ref-list-1
http://www.jbc.org/
http://www.jbc.org/


Retinoic Acid Receptor � (Rarg) and Nuclear Receptor
Subfamily 5, Group A, Member 2 (Nr5a2) Promote Conversion
of Fibroblasts to Functional Neurons*
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Background: It is necessary to identify more factors to increase fibroblast to neuron conversion with non-integration
adenovirus.
Results: Nuclear receptor Rarg and Nr5a2 or agonist greatly enhance the conversion efficiency.
Conclusion: Rarg and Nr5a2 both promote transdifferentiation and improve neuronal function.
Significance: It would be of potential advantage to obtain safe and functional neurons with high efficiency.

Somatic cells can be reprogrammed to neurons and various
other cell types with retrovirus or lentivirus. The limitation of
this technology is that these genome-integration viruses may
increase the risk of gene mutation and cause insertional
mutagenesis. We recently found that non-integration adenovi-
rus carrying neuronal transcription factors can induce fibro-
blasts to neurons. However, the conversion efficiency by the
adenovirus is lower than that of the retrovirus or lentivirus.
Therefore, it is crucial to identify other factors or chemical com-
pounds to obtain neurons with high efficiency. In this study we
show that the combination of Rarg (retinoic acid receptor �) and
Nr5a2 (nuclear receptor subfamily 5, group A, member 2; also
known as Lrh-1 (liver receptor homologue 1)) rapidly promote
the iN cell maturation within 1 week and greatly facilitate the
conversion with neuronal purities of �50% and yields of >130%.
They also improve neuronal pattern formation, electrophysi-
ological characteristics, and functional integration in vivo.
Moreover, the chemical compound agonists to Rarg and Nr5a2
function effectively as well. This approach may be used for the
generation and application of iN cells in regenerative medicine.

The direct conversion of mouse and human fibroblasts
(mesodermal lineage) to neurons (ectodermal lineage) (1, 2)
skips the neuronal differentiation processing from embryonic
stem cells or induced pluripotent stem cells, thereby providing
the possibility of direct applications for clinical therapy. How-
ever, the direct transdifferentiation efficiency using a non-inte-
grating system for induced pluripotent stem cell generation or
other reprogramming is especially low (3, 4). We previously

found that the combination of Asc1, Brn2, and Ngn2 (ABN)2

could convert fibroblasts to neurons (5). However, the effi-
ciency was not high using the adenoviral delivery system either.
Therefore, we set out to increase the conversion efficiency by
screening other transcription factors or small molecules in
combination with ABN.

Retinoic acid (RA) plays an important role during neurogen-
esis in the central nervous system of vertebrates (5–7), and RA
is commonly used to promote neural stem cell differentiation
into neurons in culture and in vivo (8, 9). RA triggers neuronal
differentiation through activating RA receptors (RARs), and
various RARs-related downstream molecules have been
reported to be involved in the process (10, 11). RARs consist of
three isoforms, RAR-�, RAR-�, and RAR-�, that bind to both
all-trans-RA and 9-cis-RA (12, 13). If RA signaling is disrupted,
neurogenesis is affected, resulting in decreased numbers of
newborn neurons (14, 15). As RAR is important for neuronal
differentiation, it is possible that RAR signaling could be bene-
ficial for fibroblast-neuron transdifferentiation and could
enhance the conversion efficiency. To validate this hypothesis,
we overexpressed RARs or used RA agonists to explore the
function of RARs in the conversion of fibroblasts to neurons.

Because RARs belong to the family of nuclear receptors that are
important for differentiation and neurogenesis (8), it will be of
interest to uncover other nuclear receptor members that could be
used to enhance neuronal conversion. Recent studies showed that
one important orphan nuclear receptor, Nr5a2, can enhance the
reprogramming efficiency in the derivation of induced pluripotent
stem cells (16, 17). Therefore, we explored whether the nuclear
receptors of Nr5a2 together with Rarg enable efficient conversion
of fibroblasts to neurons. In this study we used non-integrating
adenoviruses carrying a different combination of transcription
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factors of ABN (Ascl1, Brn2, Ngn2), Rarg, and Nr5a2 for the direct
conversion of fibroblasts to functional neurons.

Here we show that overexpression of Rarg or Nr5a2
increases the fibroblast-to-neuron conversion efficiency. The
combination of Rarg and Nr5a2 could not only significantly
promote the conversion efficiency but also improve the neuro-
nal pattern formation and physiological function of induced
neuron (iN) cells both in vitro and in vivo. Similarly, the chem-
ical compound agonists to Rarg and Nr5a2 work as effectively
as the transcription factors. The strategy of using an adenoviral
delivery system to obtain high iN cell conversion efficiency is
promising and may be used as an improved tool for the appli-
cation of iN cells in regenerative medicine.

EXPERIMENTAL PROCEDURES

Adenovirus Production and Infection—We used the Invitro-
gen Gateway Expression System to produce the adenovirus car-
rying the transcription factors Ascl1, Brn2, Ngn2, Rarg, and
Nr5a2. The selected genes were amplified from a mouse cDNA
library and inserted into the pEntr 3C vector (Invitrogen).
According to the manufacturer’s instructions, the resulting
plasmids were generated by homologous L/R recombination.
Then, viral constructs were transduced into a 293A cell line,
and high titer (108-1010 IU/ml) viral particles were obtained
through two rounds of amplification. The adenoviral titer was
determined using the same method as that of the lentiviral titer,
which takes advantage of 293T cells, except that the virus stock
was diluted first because the high titer adenovirus could cause
293T cells to die quickly. Then, we used the adenovirus to infect
mouse embryonic fibroblasts (MEFs) twice for 4 h per day at
multiplicities of infection (number of viral particles per cell) of
10. Twenty-four hours post infection, half of the culture
medium was changed into neural medium (Neural Basal/
DMEM-F-12 1:1, 1�B-27, 5 ng/ml BDNF) every day for two
successive days. Next, half of the medium was changed every 2
days until the cells were ready for immunostaining and electro-
physiological experiments. Chemical compounds were freshly
added in neural medium when culture medium was changed.

Fibroblast Isolation and Culture—We used E13.5 C57BL/6
mouse embryos to isolate primary MEFs, as described previ-
ously (1). The head, vertebral column, dorsal root ganglia, and
visceral organs were removed, and then the remaining tissues
were dissected into small pieces and digested for 10 min in
0.25% trypsin (Invitrogen). The dissociated cells were cultured
in high glucose DMEM (Invitrogen), supplemented with 10%
fetal bovine serum (FBS) (Biochrom), 0.1 mM non-essential
amino acids, and 2 mM Glutamax in a 37 °C, and 5% CO2 incu-
bator. The cells became confluent in �2–3 days and were pas-
saged in a 1:4 split. MEFs were used between passages 2 and 4.

Tail-tip fibroblasts (TTFs) were isolated from 6-week-old
C57BL/6 mouse tail tips. The superficial dermis was peeled
away, and the remaining tail tip was minced into 1-mm pieces.
Two pieces were put into one gelatin-coated culture well of a
6-well plate; then, 2 ml of fibroblast culture medium was added,
and the mixture was incubated at 37 °C for 5–7 days. Fibro-
blasts were collected until they migrated out of the tails and
became fused; they were then passaged as MEFs.

Primary human embryonic fibroblasts (HEFs) isolated from
the epidermal tissue of a 15-week-old fetus were obtained from
Cell Resource Center, Institute of Basic Medical Sciences, Chi-
nese Academy of Medical Sciences and Peking Union Medical
College. HEF were cultured until the fibroblasts became fused
and digested by 0.25% trypsin and passaged in a 1:3 split in
fibroblast medium.

Conversion Efficiency—We counted the conversion effi-
ciency by using the neuronal purity as the percentage of Tuj1
cells relative to the total final population (18). We randomly
selected 8 –10 visual fields for each well and calculated the total
cell number visualized after DAPI staining and the total iN cell
number indicated by Tuj1 staining. The efficiency was calcu-
lated by dividing the number of iN cells by the number of total
cells in each visual field. We also calculated the neuronal yield
as the percentage of Tuj1-positive cells relative to the initial
population, as described previously (19).

Immunofluorescence—iN cells were fixed with 4% parafor-
maldehyde in phosphate-buffered saline (PBS) for 20 min at
room temperature and blocked with 5% BSA, 4% donkey serum,
and 0.1% Triton X-100 for 30 min. Primary antibodies were
diluted in antibody dilution solution (ADS, PBS with 1% BSA,
0.1% Triton X-100) in the ratios specified below, and secondary
antibodies were diluted 1:1000 in ADS. iN cells were incubated
in primary antibodies overnight at 4 °C, and secondary antibod-
ies were incubated for 60 min at room temperature. The follow-
ing primary antibodies were used: rabbit anti-fibronectin
(1:100, BOSTER), rabbit anti-S100A4 (fibroblast-specific pro-
tein 1 (FSP1)) (1:100, Proteintech), mouse anti-GFAP (1:1000,
Sigma), mouse anti-Nestin (1:200, Millipore), rabbit anti-Tuj1
(1:1000, Sigma), mouse anti-Map2a (1:500, Millipore), mouse
anti-NeuN (1:300, Millipore), mouse anti-synapsin (1:500, Syn-
aptic Systems), rabbit anti-vGLUT1 (1:1000, Synaptic Systems),
mouse anti-GAD67 (1:1000, Millipore), rabbit anti-TH (1:1000,
Millipore), and DAPI (1:1,000, Sigma). Alexa Fluor 488- and Alexa
Fluor 546-conjugated secondary antibodies were obtained from
Invitrogen. Cy2-, Cy3-, and Cy5-conjugated secondary antibodies
were obtained from Jackson ImmunoResearch.

Transplantation of iN Cells in Vivo—iN cells were labeled
with GFP by lentivirus infection, and �105 cells were trans-
planted into the cortices of P6 –10 pups (C57BL/6 background,
ice anesthetized) or the brain dentate gyrus area of 6-week-old
C57BL/6 mice (anesthetized with 70 mg/kg pentobarbital
sodium). The mice were perfused with 0.9% saline followed by
4% paraformaldehyde 1– 4 weeks post-transplantation. The
brains were dissected out and fixed in 4% paraformaldehyde
overnight followed by dehydration in 0.1 M PBS containing 30%
sucrose for 2 days at 4 °C. Consecutive coronal sections (30 �m)
were sliced using a Leica SM 2000R Sliding Microtome and
stored in tissue-collecting solution (25% glycerin, 25% ethylene
glycol in 0.1 M PBS) at �20 °C until use.

Electrophysiology—MEF-derived iN cells were placed on
glass coverslips for electrophysiological detection 7–12 days
post infection. Whole-cell patch clamp recordings in either
voltage- or current-clamp mode were conducted to measure
the voltage-activated sodium/potassium currents or action
potentials, which were recorded using an Axopatch 200B or
MultiClamp 700A amplifier (Molecular Devices). The electric
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signals were filtered at 2–10 kHz, digitized at 20 –100 kHz
(Digidata 1322A; Molecular Devices), and further analyzed
using pClamp version 9.2 software (Molecular Devices). The
intracellular fluid contained 130 mM K�-gluconate, 20 mM KCl,
10 mM HEPES, 0.2 mM EGTA, 4 mM Mg2ATP, 0.3 mM Na2GTP,
and 10 mM sodium phosphocreatine (at pH 7.3, 310 mosmol),
and the pipette ranged from 2.0 to 4.0 megaohms. The extra-
cellular fluid consisted of 124 mM NaCl, 3.3 mM KCl, 2.4 mM

MgSO4, 1.2 mM KH2PO4, 26 mM NaHCO3, and 10 mM glucose
(at pH 7.4, 310 mosmol). The transmitter receptor blockers,
tetrodotoxin (100 nM), AP5 ((2R)-amino-5-phosphonovaleric
acid, 50 �M), and CNQX (6-cyano-7-nitroquinoxaline-2,3-dione;
10 �M), were used in the bath solution for the detection of action
potentials and spontaneous excitatory postsynaptic currents.

Gene Expression Microarray Analysis—Mouse genome-wide
gene expression analysis was performed using Gene chips HOA
5.1 (Phalanx Biotech Group, Inc.). Total RNA was extracted
from MEFs and ABN�Rarg�Nr5a2-infected MEFs 12 days
post infection and primary neurons from a hippocampus of
postnatal day 0 C57BL/6 mouse (20); the total RNA was
reverse-transcribed using an Amino AllylMessageAmpTM II
aRNA Amplification kit (Ambion). For gene expression profil-
ing analysis, mouse whole genome OneArray microarray v2
(MOA-002) chips were used with 26,423 mouse genome probes
and 872 experimental control probes. The Rosetta Resolver�
System (Rosetta Biosoftware) was used to calculate the
GeneChip Robust Multichip Average and normalize the data-
sets for single channel experiment analyses. Hierarchical clus-
tering analysis was applied using a Euclidean distance matrix
and the complete-linkage clustering method. Linear models
and empirical Bayes methods were used to choose the differen-
tially expressed genes that showed �2-fold changes and an
adjusted p value less than 0.05.

PCR and Real-time PCR Analysis—iN cells and wild-type
neurons were cultured in neuron medium. MEFs were cultured
in DMEM �10% FBS medium. All cells were washed with
serum-free medium before collection. TRIzol extraction of
total RNA was performed according to the manufacturer’s
instructions. Six hundred ng of total RNA was reverse-tran-
scribed and then quantified using SYBR Green (Tiangen), and
�-actin was used as the reference. Primers were: NCAM1,
ATCCATTGACCGGGTGGAAC (forward (F)), CGACTTCC-
ACTCAGCCTTGT (reverse (R)); NCAM2, TCTCTTGGTTC-
AGGAACGGC (F), AGACATAAGAGCCCCCGTCT (R);
Tubb3, GGGCGCATGTCTATGAAGGA (F), TCACACACG-
GCTACCTTGAC (R); microtubule-associated protein 2a, AA-
CCAATTCGCAGAGCAGGA (F), GGGAGTTCCAGGGGT-
GATTG (R); doublecortin, TCAGGTAACGACCAAGACGC
(F), CAGACTTCCAGGGCTTGTGG (F); NeuroD1, CAGCT-
CAACCCTCGGACTTT (F), GGGGACTGGTAGGAGT-
AGGG (R); NeuroD2, GTCCAAGATCGAGACCCTGC (F),
TGCACAGAGTCTGCACGTAG (R); Zic1, GGACACACAC-
AGGGGAGAAG (F), AAAGGTAGGGCTTGTCGCTC (R);
Brn4, CAGGGAGTTCCCAGCAATGG (F), CAGTTGCAGA-
TCTTCGCGTC (R); Myt1l, AGCCATGTCAAAAAGCCA-
TACT (F), TATCTTTGTGCGGGCATCCA (R); NeuN, GGC-
ATGACCCTCTACACACC (F), TGTCTGTCTGTGCTGC-
TTCA (R); endo Nr5a2, ATCAGCAAGCAGGCAGAAGA (F),

CTAGAGCAAGCTTCCAGGGG (R); �-actin, GGCTGTAT-
TCCCCTCCATCG (F), CCAGTTGGTAACAATGCCATGT
(R).

Genomic DNAs were purified from the adenovirus-infected
MEFs and uninfected MEFs at 13–15 days post infection using
the TIANamp Genomic DNA Kit (Tiangen). The templates
were 50 ng of genomic DNA and 1 pg of vector for PCR. The
following PCR protocol was set up as follows: 94 °C for 5 min, 30
repetitions of cycles at 94 °C for 30 s, 60 °C for 30 s, and 72 °C for
60 s or 120s, and finally 72 °C for 5 min. The forward primer was
designed to recognize the pAD vector site, and the reverse
primers were designed to recognize the DNA expression cas-
settes of Ascl1, Brn2, Ngn2, Rarg, and Nr5a2: pAD-F, TTA-
ATACGACTCACTATAGGGA; Ascl1-R, ATAGAGTTCAA-
GTCGTTGGAGTAGT; Brn2-R, GTTGCTGTTGCTGTTG-
ATGCT; Ngn2-R, CTTCGTGAGCTTGGCATCCT; Rarg-R,
TCAGGGCCCCTGGTCAGGTT; Nr5a2-R, TTAGGCTCTT-
TTGGCATGCAGC; GAPDH-F, ATGGTGAAGGTCGGTG-
TGAACGGA; GAPDH-R, TTACTCCTTGGAGGCCAT-
GTAGG.

Flow Cytometry Analysis—At 3 days post infection, cells of
each group were dissociated into single cell suspensions for
flow cytometry to analyze infection efficiency based on the ratio
of GFP-positive cells. At 7 days post infection, cells were fixed
with 4% paraformaldehyde and stained with Tuj1 primary anti-
body and Cy5 secondary antibody to analyze neuronal conver-
sion efficiency. Stained cells were analyzed by FACS Caliber
apparatus (BD Biosciences) with FlowJo software (Tomy Digi-
tal Biology). The data were illustrated as the percentage of total
analyzed cells, which is the number of cells in each bin divided
by the number of cells in the bin that contains the largest num-
ber of cells.

Statistical Analysis—Statistical analysis was evaluated by
two-tailed Student’s t tests. Values were considered statistically
significant at p � 0.05 (*), p � 0.01 (**), and p � 0.001 (***). Data
are presented as the mean � S.D. or � S.E. in different experi-
ments, and all were described in the figure legends.

RESULTS

Rarg and Nr5a2 Enhance Transdifferentiation—MEFs were
separated from E13.5 embryos and cultured as initial cells for
neuronal conversion. MEFs showed classical fibroblasts mor-
phology and were positive for fibroblast markers including
fibronectin and fibroblast-specific protein 1 (FSP1, also called
S100A4). No preexisting neurons, astrocytes, or neural progen-
itor cells were detected in the culture of the MEFs, as demon-
strated by immunocytochemistry with specific markers such as
Tuj1, NeuN, GFAP, and Nestin (data not shown). The mouse
cDNAs of Ascl1, Brn2, Ngn2, Rarg, and Nr5a2 were carried by a
modified commercial adenoviral vector (Invitrogen, pAd/
CMV/V5-DEST) under the cytomegalovirus promoter. The
MEFs were infected once a day for two consecutive days (Fig.
1A) with several groups of adenoviruses carrying the genes
for GFP, ABN, ABN�Rarg, ABN�Nr5a2, and ABN�
Rarg�Nr5a2 (Fig. 1, B–G).

We counted the conversion efficiency by calculating the neu-
ronal purity as the percentage of Tuj1 cells relative to the final
population 7 days post infection. We also calculated the neuro-
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nal yield as the percentage of Tuj1-positive cells relative to the
initial population, as described under “Experimental Proce-
dures” and previously used by another laboratory (1). Because
RA signaling through the RA receptor is necessary for neuro-
genesis and neural development, we applied Rarg into the
three-factor combination of ABN. Three days post infection,
the infected MEFs appeared to show neuronal morphology
with thin processes due to the addition of Rarg into ABN. Seven
days later, more mature neuronal cells with Tuj1-positive stain-
ing were clearly detected, and the neuronal purity ratio became
10.83 � 2.67% (Fig. 1, B and C). Considering the important role
of RA signaling, we subsequently studied whether RA could
enhance the conversion. The results showed RA could inten-
sively promote iN cell conversion when it was added to the
culture medium, and we found that all-trans-RA at a concen-
tration of 0.5 �M had the highest effect. Thus, neural medium
used in the afterward experiments was all supplemented with
all-trans-RA.

Recently, microRNAs were shown to be involved in the con-
version of fibroblasts to neurons (21, 22). Other nuclear recep-
tors, such as Nr5a2, also participate in cell reprogramming (16,
17). Therefore, we performed studies to investigate whether
these factors enhance the conversion in our system. After
extensive screening, Nr5a2 was identified to be a good candi-
date to significantly enhance the conversion efficiency. The
synergistic addition of Rarg and Nr5a2 with ABN greatly
boosted the neuronal purity efficiency to 44.33 � 4.25% and
increased the neuronal yields to 131.48 � 16.38% (Fig. 1H),
showing a �10-fold enhancement compared with ABN alone
(Fig. 1, D and E). The synergistic contribution of Rarg and
Nr5a2 suggests that they could activate different signaling
pathways to enhance the direct conversion of fibroblasts to
neurons.

To check whether adenoviral integration occurred in the
genome in this experiment, PCR analysis was performed using
genomic DNA from uninfected MEFs, MEFs infected with con-
trol-GFP, and MEFs infected with the ABN�Rarg�Nr5a2
combination. No predicted PCR-amplified band was observed
in any of the samples except in the positive control lane.
GAPDH was simultaneously amplified as an internal control
(data not shown).

We observed that the ABN�Rarg�Nr5a2 iN cells showed
extremely abundant nerve neurites and synaptic connections at
a very early stage (3– 4 days post infection). To further analyze
the fast and efficient effect of Rarg and Nr5a2, we stained cells
with a marker for relatively mature neurons, Map2a, to trace
the appearance of neuronal cells over time. ABN�Rarg�Nr5a2

only required 3 days to obtain Map2a-positive neuronal cells,
and this conversion period was shortened 2-fold relative to
ABN alone (Fig. 1I).

Conversion with Chemical Compound Agonists—Chemical
approaches to manipulate biological systems have been proven
to be powerful tools for studying reprogramming (23). It is
advantageous to identify chemical compounds to replace tran-
scription factors for converting fibroblasts to neurons. In this
study, CD437 (6-[3–1-adamantyl)-4-hydroxyphenyl]-2-naph-
thalene carboxylic acid), a specific Rarg agonist (24), and DLPC
(1,2-dilauroylglycero-3-phosphocholine), an Nr5a2 agonist
(25), were chosen to investigate whether these small molecules
could substitute or partially substitute the corresponding tran-
scription factors. We not only found that MEF expressed Nr5a2
but also detected DLPC increased endogenous Nr5a2 expres-
sion in our transdifferentiation system (data not shown).
Applying the specific RA agonist CD437 to Rarg could enhance
the conversion from MEFs and had a consistent effect as that of
Rarg. Moreover, the combination of the DLPC and CD437
increased the conversion efficiency by �2-fold (Fig. 1, F and G).

The conversion efficiency was also greatly enhanced when
both the Rarg agonist CD437 and the Nr5a2 agonist DLPC were
applied to the culture medium, and the result was quite favor-
able (Fig. 1, F and G). The effect of the agonists was dose-de-
pendent on an effective concentration of CD437 at 0.1 �M and
DLPC at 2 �M. The two chemical compound agonists synergis-
tically functioned together to drive the neuronal purity effi-
ciency to 37.83 � 4.17 and the neuronal yields to 127.82 �
21.64%; these values did not significantly differ from those for
the transcription factors (Fig. 1, F and H).

To analyze the infection efficiency and conversion efficiency
more accurately, we used flow cytometry to analyze the effi-
ciencies. At 3 days post infection, the GFP-positive cell ratio of
the three groups of ABN, ABN�CD437�DLPC, and
ABN�Rarg�Nr5a2 was similar, which was among the range of
77.9 – 85.1%. At 7 days post infection, the ratio of Tuj1-positive
cells in relative to total cells was calculated as conversion effi-
ciency. The efficiencies were 1.94% for ABN, 40.8% for
ABN�CD437�DLPC, and 46.2% for ABN�Rarg�Nr5a2
(data not shown). The iN cell conversion from MEFs by the
chemical compound agonists was consistent with that by the
transcription factors of Rarg and Nr5a2.

Rarg and Nr5a2 or Chemical Compounds Facilitate Neuro-
nal Maturity—To further analyze the chemical compound
effects, we examined the iN cell morphology and the expression
of several specific neuronal markers in different stages of con-
version. Tuj1-positive cells appeared quite early, and the mor-

FIGURE 1. Generation of iN cells by the combination of the nuclear receptors Rarg and Nr5a2 as well as chemical compound agonists. A, diagram
depicting the procedures for transdifferentiation of MEFs to neurons by adenoviruses carrying ABN�Rarg�Nr5a2. B and C, RA signaling and Rarg enhance
neuronal conversion, which was estimated by neuronal purity (Tuj1 cells to final total cells). Tuj1 staining was performed 7 days post-infection for MEFs infected
with the corresponding adenovirus. D and E, nuclear receptor Nr5a2 promotes neuronal conversion. The combination of Rarg and Nr5a2 greatly enhance
neuronal conversion from fibroblasts. ABN�Rarg�Nr5a2 iN cells show highly complex neuronal morphologies and higher efficiency. iN cells were stained with
Tuj1 and quantified 7 days post infection. F and G, chemical compound agonists of Rarg and Nr5a2 effectively enhance conversion. The efficiencies were
calculated for the conversion of MEFs to neurons with ABN, CD437 (Rarg agonist), and DLPC (Nr5a2 agonist) independently or in combination. H, quantification
of neuronal yields (Tuj1 cells to initial plated cells; 100%: the number of Tuj1 cells equal to initial cells) 7 days post infection. I, the kinetics of transdifferentiation
using different combinations. MEFs were treated with different combinations, and the Map2a fluorescence was detected every 12 h. The green bars indicate the
emergence of GFP-positive cells, whereas the yellow bars indicate the presence of both GFP-positive and Map2a-positive cells. Two representative indepen-
dent experimental sets are shown. GFP viruses were used as the control. The data are presented as the mean � S.D. of cell counts (n 	 10, 10 random yields were
averaged in every experiment). *, p � 0.05; **, p � 0.01; ***, p � 0.001 (t test). Scale bars, 50 �m.
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phology became extremely complex within 5 days due to the
addition of Rarg and Nr5a2 or the chemical compound ago-
nists. Compared with ABN iN cells, Rarg- and Nr5a2- or chem-
ical compound-activated iN cells exhibited much more elabo-
rate dendrites at 1 or 2 weeks post infection, indicating that
Rarg and Nr5a2 or the agonists induced neurons more maturity
(Fig. 2, A and E). Rarg and Nr5a2 increased the ratio of multi-
polar neuronal cells to �50% (Fig. 2B) and also significantly
boosted the total dendritic length and the branch numbers (Fig.
2, C and D) at 1 week post infection. The cumulative distribu-
tion analysis of the dendritic arborization further demonstrated
an increase in dendritic complexity enhanced by Rarg and
Nr5a2 or by the chemical compound agonists (Fig. 2, F–G) at 2
weeks post infection. Thus, activated Rarg and Nr5a2 acceler-
ate the dendritic development of iN cells.

Next, to determine whether Rarg and Nr5a2 could enhance
iN cell maturation in electrophysiological characteristics, we
detected the action potentials of those iN cells every day begin-
ning 5 days post infection. As early as 5 days post infection,
Rarg- and Nr5a2-activated iN cells could exhibit action poten-
tials, and at 7 days post infection, iN cells exhibited repetitive
action potentials that indicated neuronal maturation. At 7 days
post infection, we compared some electrophysiological param-
eters between the Rarg- and Nr5a2-activated and the ABN
groups. Rarg and Nr5a2 or chemical compounds acutely facili-
tated the increase in potassium and sodium currents (Fig. 3, A, C,
and D) and the activity of action potentials (Fig. 3B) in induced
neurons. By step-depolarizing the membrane in the current-clamp
mode, almost all of the Rarg- and Nr5a2-activated iN cells could elicit
single or multiple action potentials, and the majority of the cells
fired repetitive action potentials (19 of 20 for the ABN�
CD437�DLPC group and 24 of 26 for the ABN�
Rarg�Nr5a2 group) (Fig. 3E). The ratio of cells evoking action
potentials was much higher in the Rarg- and Nr5a2-activated
iN cells than that in the ABN iN cells, which showed a ratio of 4
of 14 cells. Other electrophysiological parameters, such as
action potential height, resting membrane potential, mem-
brane input resistance, and membrane capacitance, also
showed Rarg and Nr5a2 promote iN cells maturation (Fig. 3,
F–H).

Characterization of Rarg- and Nr5a2-activated iN Cells—
The ABN�Rarg�Nr5a2-converted iN cells were positive for
Tuj1 with highly complex neuronal morphology, and these cells
also expressed specific neuronal markers, microtubule-associ-
ated protein 2a, neuronal nuclear protein, and synapsin, 7 days
post infection (Fig. 4, A–C). The chemical compound agonist-
converted iN cells also expressed the pan-neuronal markers
(data not shown).

To study the specific neuron phenotypes of ABN�Rarg�Nr5a2
iN cells, immunohistochemistry was performed on cells infected

for a longer cultivation time of approximately 2 weeks. The major-
ity of Tuj1-positive cells were distinctly positive for vGLUT1
(69.2 � 15.6% of Tuj1-positive cells), and a much smaller fraction
of the neurons were positively labeled for GAD67 (5.5 � 4.7% of
Tuj1-positive cells) (Fig. 4, D and E). Occasionally, tyrosine
hydroxylase-positive cells were detected (Fig. 4F). An analo-
gous phenomenon was observed in chemical compound ago-
nist-treated ABN iN cells (data not shown).

To further investigate the synaptic connections between
cells, we detected the spontaneous postsynaptic current elec-
trophysiological activity of Rarg- and Nr5a2-activated iN cells
with neuronal morphology. After being cultured in neuron
medium for 12–14 days, Rarg- and Nr5a2-activated iN cells con-
tinued to display full-blown and stable action potentials (Fig. 4, G
and L) and Na�/K� currents (Fig. 4, H and M) and frequently
expressed synapsin (Fig. 4, J and O). Furthermore, iN cells could
show spontaneous synaptic activity with each other without need-
ing to be co-cultured with primary neurons (Fig. 4, I, K, N, and P).
The recorded iN cells (19 of 22 of the ABN�CD437�DLPC
group and 16 of 18 of the ABN�Rarg�Nr5a2 group) showed
postsynaptic currents, which indicated that iN cells were capa-
ble of forming synapses with surrounding cells. The majority
spontaneous postsynaptic currents could be greatly blocked by
the presence of a blocker combination of CNQX (6-cyano-7-
nitroquinoxaline-2,3-dione, AMPA/kainate receptor antago-
nist), and AP5 ((2R)-amino-5-phosphonovaleric acid, NMDA
receptor antagonist) (data not shown), further indicating that
the recorded postsynaptic currents were mainly excitatory
spontaneous postsynaptic currents. The electrophysiological
data also suggested that Rarg- and Nr5a2-activated iN cells not
only had higher conversion efficiency but also showed better
physiological function. The most important point is that Rarg
and Nr5a2 intensely promoted rapid maturation of the induced
neurons.

Other electrophysiological parameters were measured in
voltage-clamp mode. Step depolarization induced the opening
of voltage-dependent sodium and potassium ion channels,
which correspond to the fast and inactivating inward sodium
currents and the outward potassium currents, respectively, with a
possible contribution from calcium currents to the whole-cell cur-
rents (Fig. 4). The action potentials and the fast and transient
inward sodium currents were blocked by tetrodotoxin, a specific
inhibitor of sodium ion channels (data not shown).

Rarg and Nr5a2 Also Promote Adult Mouse Fibroblast and
Human Fibroblast Conversion—To determine whether Rarg
and Nr5a2 could also promote iN cell conversion from adult
mouse and human fibroblasts, TTFs were isolated from
6-week-old C57BL/6 mice, and HEFs were isolated from
15-week-old human foreskin tissue. TTFs and HEFs were
detected to be fibronectin-positive and Tuj1/GFAP/nestin-

FIGURE 2. Rarg and Nr5a2 promote dendritic development of iN cells. A, confocal reconstruction and quantification of dendrites of Map2a-positive cells 7
days post infection. From left to right, the images represent global dendritic form of iN cells converted from ABN neurons, ABN�CD437�DLPC neurons, and
ABN�Rarg�Nr5a2 neurons. B, quantification of the ratio of unipolar, bipolar, and multipolar cells in iN cells. The values represent the mean � S.D. The numbers
in the bars represent the total detected cell numbers. C, quantification of the total branch length per cell of iN cells. D, quantification of the total branch number
per cell of iN cells. E, from left to right, the images show the single cell dendritic form of ABN neurons, ABN�CD437�DLPC neurons, and ABN�Rarg�Nr5a2
neurons 2 weeks post infection. F, quantification of the total branch length and number per cell of iN cells. G, analysis of dendritic complexity of GFP� neurons.
Cumulative distribution plots of the total dendrite length and branch numbers are shown. Each symbol represents a single iN cell infected with ABN,
ABN�CD437�DLPC, and ABN�Rarg�Nr5a2. The numbers in the bars represent the numbers of examined cells. The values represent the mean � S.E. *, p �
0.05; **, p � 0.01; ***, p � 0.001 (t test). Scale bars, 50 �m.
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negative (data not shown). Tuj1-positive TTF-iN cells were
observed 4 days post infection, and Tuj1-positive HEF-iN cells
were observed 7 days post infection. The neuronal conversion
efficiencies from TTFs and HEFs were lower than that from
MEFs, which is consistent to previous report (2). TTF-iN cells
and HEF-iN cells also expressed the pan-neuronal markers
microtubule-associated protein 2a, neuronal nuclear protein,
and synapsin (Fig. 5, A–F) 10 –13 days post infection and dem-
onstrated the electrophysiological signals of action potentials,
sodium currents, and potassium currents (Fig. 5, G–J) 15 days
post infection. However, iN cells converted from human fibro-
blasts using ABN alone required 20 –30 days to become suffi-
ciently mature to fire action potentials (data not shown). The
data indicate that Rarg and Nr5a2 can promote iN cell conver-
sion not only from mouse fibroblasts but also from human
fibroblasts.

In Vivo Analysis of iN Cells after Transplantation—Further-
more, we investigated the iN cell conversion, survival, and func-
tion integration after transplanting infected MEF cells to the
adult hippocampal area. To trace the transplanted cells in the
brain, we first infected MEFs with a lentivirus that stably
expressed GFP, then with adenoviral ABN�Rarg�Nr5a2.

Three days post infection, the cells were transplanted into the
cortices of postnatal day 6 –10 pups (C57BL/6 background)
(Fig. 6, A–D) or the dentate gyrus (a native neurogenesis area in
the adult mouse brain) of the hippocampus of 6-week-old
C57BL/6 mice (Fig. 6, E–H). The mice, which received grafts
bilaterally, were euthanized 1– 4 weeks after transplantation,
and the brain sections were collected for analysis. The donor
cells that showed GFP fluorescence were restricted to the injec-
tion site within the cortex or dentate gyrus (Fig. 6, A and E). The
transplanted cells also swiftly converted into neurons in vivo.
Within 1 week after transplantation, doublecortin-positive
cells labeled with GFP were detected (Fig. 6, B and F), suggest-
ing that the MEF cells were successfully converted into neurons
in vivo. Furthermore, the iN cells matured soon in vivo, and
NeuN-positive cells were detected 2 weeks after transplanta-
tion (Fig. 6, C and G). To explore whether the grafted cells could
establish functional connections with host neurons, we stained
the sections with synapsin 2– 4 weeks post-transplantation, and
the data indicated that some grafted cells had received exten-
sive presynaptic innervation from other neurons within 2 weeks
(Fig. 6, D and H). The iN cells were postmitotic; therefore, they
theoretically did not possess oncogenicity. For 4 – 6 months

FIGURE 3. Rarg and Nr5a2 promote electrophysiological maturation of iN cells. Electrophysiology recordings were measured 7 days post infection. A,
representative traces showing whole-cell currents in voltage-clamp mode from iN cells. Cells were held at �70 mV; depolarization steps were applied from �80
to �60 mV at 10-mV intervals; the inset shows sodium currents. B, representative traces showing action potentials in the current-clamp mode. The cells were
maintained at a potential of approximately �65 mV. Step current injection was used from �50 to �70 pA. C and D, Na� and K� current crest values are shown
for 7 days post infection. The numbers in the bars represent the numbers of detected cells. E–H, analysis of membrane properties of iN cells in different groups.
The numbers in the bars represent the numbers of recorded cells. The data are presented as the mean � S.E. *, p � 0.05; **, p � 0.01; ***, p � 0.001 (t test). AP,
action potential; Cm, membrane capacitance; Rs, membrane series resistances; RMP, resting membrane potential. The action potential heights were measured
from the base line.

FIGURE 4. Characterization of Rarg- and Nr5a2-activated iN cells by neuron-specific staining and electrophysiological detection. A–C, at 7–12 days
post-infection, ABN�Rarg�Nr5a2 iN cells express the pan-neuronal markers Map2a (A), synapsin (B), and NeuN (C) along with Tuj1. D–F, after a longer culture
period of 12–15 days, MEF-derived iN cells express a specific neuronal marker for excitatory neurons, vGLUT1 (D), a marker for inhibitory neurons, GAD67 (E),
and a marker for dopaminergic neurons, tyrosine hydroxylase (F). G–K, the iN cells were electrophysiologically recorded 12 days post infection
ABN�CD437�DLPC. G, representative traces of action potentials evoked by step-depolarization of the membrane in current-clamp mode. The membrane
potential was current-clamped at approximately �65 mV. H, representative traces of whole-cell currents in voltage-clamp mode. The lower panels show that
iN cells were held at �55 mV, and step depolarization at 10-mV intervals was applied from �80 to �60 mV. The insets show sodium currents. I, iN cells show
spontaneous action potentials. J, Map2a-positive iN cell coexpressed synapsin 12 days post infection. K, representative spontaneous postsynaptic currents
(PSCs) recorded from ABN�CD437�DLPC iN cells. L–P, the iN cells were electrophysiologically recorded 12 days post infection. The iN cells were converted by
ABN�Rarg�Nr5a2 iN cells. Scale bars, 20 �m.
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FIGURE 5. Rarg and Nr5a2 also promote the conversion of TTF to neurons. A–C, TTF-derived iN cells co-expressed the pan-neuronal markers microtubule-
associated protein 2a (A), neuronal nuclear protein (B), and synapsin (C) 10 days post infection. D, action potentials in response to step current injections of
TTF-derived iN cells. E, whole-cell currents recorded by step depolarization from �80 to 60 mV in TTF-derived iN cells. F–H, HEF-derived iN cells co-expressed
the pan-neuronal markers Map2a (F), NeuN (G), and synapsin (H) 12 days post infection. I, action potentials in response to step current injections of HEF-derived
iN cells. J, whole-cell currents recorded by step depolarization from �80 to 60 mV in HEF-derived iN cells.

FIGURE 6. Transplantation of ABN�Rarg�Nr5a2 iN cells in vivo. A and E, schematic representation of iN cell transplantation and overview of grafted GFP�
cells in the brain cortex or dentate gyrus 2 weeks after transplantation. Green, GFP; blue, DAPI. B, F, iN cells express the immature neuronal marker doublecortin
(DCX) 1 week after transplantation. C and G, iN cells express the mature neuronal marker NeuN 2 weeks after transplantation. D and H, iN cells express synapsin
2 weeks after transplantation. Scale bars, 50 �m (A and E), 10 �m (B–D and F–H).
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after transplantation of iN cells in �30 mice, we did not observe
tumor formation, indicating the safety of using iN cells in vivo
and the potential of these cells as a source for cell replacement
therapy.

Global Gene Expression and Real-time PCR Detection of
ABN�Rarg�Nr5a2 iN Cells—To explore more details in the
similarities and differences between ABN�Rarg�Nr5a2 iN
cells and primary neurons, we compared the global gene
expression pattern of matured iN cells 12 days post infection
with mouse primary neurons and MEFs by microarray analysis.
Cells for the array experiment were the total final cells popula-
tion including converted iN cells and non-converted cells and
formed a mixed population. The mixed population might
reflect the actual changes in gene expression levels compared
with those in MEFs because Tuj1-negative cells could be par-
tially converted cells and present some neuron-specific genes in
addition to those of Tuj1-positive iN cells. Hierarchical cluster-
ing revealed that the global gene expression profile of iN cells
showed a higher degree of similarity to primary neurons than to
MEF cells. Among 4384 differentially regulated genes with a
�2-fold change between primary neurons and MEFs, and 2587
genes were down-regulated or up-regulated in the exact same
manner between iN cells and MEFs. The others were almost
classified in the same family and possessed analogous function
between the two groups (Fig. 7A).

In iN cells, functionally categorized genes associated with
neurogenesis, synaptic transmission, and axonogenesis were
up-regulated; examples include NCAM, doublecortin, Neurod,
Sox2, Syap1, Snca, Ncald, Negr1, Npy, and Myt1l (Fig. 7B).
Functionally categorized genes associated with fibroblast activ-
ity and mitosis were down-regulated (Fig. 7B). For instance,
fibroblast growth factor 5 was completely undetected in iN cells
and neurons, which indicated that even the mixture of conver-
sion cells had lost their initial nature and turned to the other
state. We also highlighted the genes listed under the GO (Gene
Ontology) biological process category neurogenesis during
neural development and differentiation. Additionally, indi-
cated by the microrarray results, Rarg activated retinoic acid
signaling pathway members, such as CRABP, peroxisome pro-
liferator-activated receptor-�, and CYP2D22, which participate
in neuronal differentiation or survival. Nr5a2 also up-regulated
many neural metabolism process or transition-associated mol-
ecules, such as NSMCE2, RANBP9, and CHEK. The data dis-
cussed in this publication have been deposited in NCBI Gene
Expression Omnibus and are accessible through GEO Series
accession number GSE52993 (www.ncbi.nlm.nih.gov).

Subsequently, we selected some neuron specificity genes to
examine their relative expression level using real-time fluores-
cence quantitative PCR in MEFs, ABN�Rarg�Nr5a2 iN cells,
and primary neurons. The data show that those neuron-specific
genes were up-regulated in iN cells compared with the expres-

sion in MEFs, and the most changed gene was escalated �50-
fold (Fig. 7C). The up-regulated tendency was identical for pri-
mary neurons and MEFs, which is consistent to the change
from microarray analysis.

DISCUSSION

Research on transdifferentiation or transdetermination can
be traced back to 1980s, when transient expression of DNA
prepared from specific primary cells or cell lines could trans-
form or induce differentiation of the recipient cells (26). Since
then scientists began to explore the effects of ectopic specific
gene expression or re-activation of endogenous genes during
transdifferentiation process.

Virus-mediated gene transfer offers more advantages over
DNA/RNA-mediated gene delivery, especially in the compara-
tively long term expression of the introduced genes. Therefore,
retrovirus-, lentivirus-, or adenovirus-mediated gene delivery
system has been widely used in the scientific field of committed
differentiation and embryonic development.

It was first reported that functional neurons could be directly
generated from mouse primary fibroblasts through ectopic
expression of three transcriptional factors (1). Subsequently,
functional specific neurons such as dopaminergic neurons were
also successfully reprogrammed from both mouse and human
fibroblasts (27). However, all these breakthroughs depend on
the integrating lenti/retroviral system, which is known to
increase the risk of insertional mutagenesis. We previous found
that adenovirus transiently expressing Ascl1, Brn2, and Ngn2
can convert fibroblasts to neurons (18). However the induction
efficiency is low; therefore, it is ideal to identify other factors to
obtain high conversion efficiency.

In this study we used adenoviruses carrying a different com-
bination of transcription factors of Rarg and Nr5a2 with ABN
for the conversion of mouse embryonic and adult fibroblasts to
neurons as well as human fibroblasts. We successfully rapidly
converted fibroblasts to neurons with ABN�Rarg�Nr5a2 fac-
tors, and chemical compounds agonists could replace some of
those factors. Our data showed that the combination of Rarg
and Nr5a2 could produce an enhanced effect during conver-
sion, indicating that RA signaling functioned synergistically
with Nr5a2 to mediate the transdifferentiation. It has been
demonstrated that the factors of Rarg and Nr5a2 could enhance
reprogram fibroblasts to induced pluripotent stem cells (17).
The possible mechanism as they explained is that these two
factors may bind to key pluripotency genomic loci and promote
activation of these genes. In our study Rarg and Nr5a2 may act
differently as a general modulator of neural related genes, as at
least RA signaling with important roles in brain has been widely
studied in neural regulation (5) and Nr5a2 is also expressed in
the brain (28). However, we could not exclude the other possi-
bility that these two factors partially reprogram fibroblasts after

FIGURE 7. Whole-genome gene expression profile and real-time PCR gene detection of iN cells. A, hierarchical clustering analysis of global gene expres-
sion patterns of MEFs, iN cells, and primary neurons. Primary neurons were isolated from newborn pup hippocampus. iN cells were derived from MEFs after
ABN�Rarg�Nr5a2 conversion. A subset of differential genes was selected for clustering analysis. Group I and II are categorized as up-regulated or down-
regulated genes compared with those in MEFs for both iN cells and primary neurons. The gene expression profile in iN cells is homoplastic to that in primary
neurons. B, the functional gene categories associated with neurogenesis, neuron development, and synaptic formation are up-regulated in iN cells and in
primary neurons compared with MEFs. C, real-time fluorescence quantification PCR shows that some neuronal-specificity genes are up-regulated in iN cells,
and the tendency is consistent to that in primary neurons. **, p � 0.01; ***, p � 0.001.
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activate pluripotency genes. Then, the neural-specific tran-
scription factors and neuronal medium further promote fibro-
blasts to neurons.

The iN cells showed neuronal morphology and neuronal
gene expression patterns, generated action potentials, and
formed synaptic connections. The data indicated that the iN
cells mature much more rapidly and are functionally homoplas-
tic to primary neurons. The iN cells could survive �1 month
after the transgenes were silenced in vitro. The adenoviral inte-
gration free system and the small molecule protocol for neuro-
nal conversion would broaden the application of iN cells.
Future studies are required to study the molecular mechanism
of converting fibroblasts to neurons and to study the functions
of iN cells in vivo. Moreover, it will be of interest to obtain iN
cells of specific neuronal subtypes from fibroblasts. The data
from the small molecule treatment indicated that RA signaling
and Nr5a2 had important roles during the neuronal conver-
sion. The strategy of including chemical compounds would
ultimately be beneficial and promising for cell therapy and clin-
ical applications. In conclusion, safe and functional iN cells that
require less time to mature and gain higher efficiency would
have potential in regenerative clinical applications. Adenoviral
transduction may be used as an improved tool for the applica-
tion of iN cells in regenerative medicine.
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