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Abstract The neural retina is subjected to various degenera-
tive conditions. Regenerative stem-cell-based therapy holds
great promise for treating severe retinal degeneration diseases,
although many drawbacks remain to be overcome. One im-
portant problem is to gain authentically differentiated cells for
replacement. Paired box 6 protein (5a) (PAX6 (5a)) is a highly
conserved master control gene that has an essential role in the
development of the vertebrate visual system. Human adipose-
tissue-derived stem cell (hADSC) isolation was performed by
using fat tissues and was confirmed by the differentiation
potential of the cells into adipocytes and osteocytes and by

their surface marker profile. The coding region of the human
PAX6 (5a) gene isoform was cloned and lentiviral particles
were propagated in HEK293T. The differentiation of hADSCs
into retinal cells was characterized by morphological charac-
teristics, quantitative real-time reverse transcription plus the
polymerase chain reaction (qPCR) and immunocytochemis-
try (ICC) for some retinal cell-specific and retinal pigmented
epithelial (RPE) cell-specific markers. hADSCs were success-
fully isolated. Flow cytometric analysis of surface markers
indicated the high purity (∼97 %) of isolated hADSCs. After
30 h of post-transduction, cells gradually showed the charac-
teristic morphology of neuronal cells and small axon-like
processes emerged. qPCR and ICC confirmed the differenti-
ation of some neural retinal cells and RPE cells. Thus, PAX6
(5a) transcription factor expression, together with medium
supplemented with fibronectin, is able to induce the differen-
tiation of hADSCs into retinal progenitors, RPE cells and
photoreceptors.
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Introduction

The neural retina is subjected to various degenerative condi-
tions such as age-related macular degeneration, glaucoma and
retinitis pigmentosa (Lamba et al. 2006). Loss of these retinal
cells is regarded as an irreversible cause of vision deterioration
(Baker and Brown 2009). Belonging to the central nervous
system (CNS), retinal nerve cells are never regenerated after
entering apoptosis (Sang et al. 2009). Despite the diverse
studies that have been carried out regarding the repair of the
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damaged retina, no definite treatment is available for many
degenerative diseases.

Stem cells are considered to hold great promise in regen-
erative medicine (Ramsden et al. 2013). A wide range of
stem/progenitor cells from various sources, including embry-
onic, bone marrow and umbilical cord stem cells and immor-
talized cell lines (Barry and Murphy 2004; Binder et al. 2007;
Buchholz et al. 2013; Huang et al. 2013; Lamba et al. 2006; Li
et al. 2013; Pittenger et al. 1999), has been under investigation
for the replacement of damaged retinal cells (Bi et al. 2009;
Chacko et al. 2003; Haddad-Mashadrizeh et al. 2013; Lamba
et al. 2009; MacLaren et al. 2006). Although a number of
progenitor stem cell sources for retinal regeneration in non-
mammalian vertebrates has been found, regeneration does not
occur in the adult mammalian retina (Moshiri et al. 2004).
Recently, adipose tissue from abdominal surgery or liposuc-
tion has opened a new horizon for cell transplantation and
tissue engineering research, since this tissue is rich in adult
stem cells (Jurgens et al. 2008). Adipose-derived stem cells
(ADSCs) have previously been shown to possess stem cell
properties such as transdifferentiation and self-renewal (John
et al. 2013; Kokai et al. 2005; Kurita et al. 2008; Lin et al.
2008) and have been extensively explored (Clavijo-Alvarez
et al. 2006; Dudas et al. 2006; Lendeckel et al. 2004). ADSCs
are actually identical to bone-marrow-derived stem cells
(BMSC) with regard to their differentiation and therapeutic
potential but are much easier and safer to obtain in large
quantities (Rasmussen et al. 2012).

The paired box 6 protein (PAX) family of genes is defined
by the presence of a highly conserved paired domain com-
posed of two distinct DNA-binding subdomains called the N-
terminal subdomain (NTS) and the C-terminal subdomain
(CTS). PAX6 is the master control gene and has an essential
role in the development of the vertebrate visual system
(Gehring 2002; Pichaud and Desplan 2002). It is highly
conserved from invertebrates to vertebrates (Chi and Epstein
2002) and has a critical role in the formation of various kinds
of retinal cells. Previous studies have revealed that mutations
in PAX6 are linked to aniridia and small eye (Chen et al. 2013;
Yasuda et al. 2002). Vertebrates predominantly produce two
alternatively spliced PAX6 isoforms: PAX6 and PAX6 (5a).
ComparedwithPAX6,PAX6 (5a) contains an additional 14 ami-
no acids encoded by exon 5a. Although overexpression of
either PAX6 or PAX6 (5a) in chick embryos induces ectopic
neural retina from primitive retinal pigment epithelium (RPE),
PAX6 (5a) had a much stronger effect in driving this process
(Azuma et al. 2005a, 2005b).

The goal of the present study is to determine whether
human ADSC (hADSC) differentiate into neural retina
cells. With this aim in mind, we employed the expression
of human PAX6 (5a) by lentiviral expression vectors, in addi-
tion to fibronectin-supplemented medium, in order to obtain
differentiated cells.

Materials and methods

Subjects

Human adipose tissue was obtained from abdominal subcuta-
neous tissues of patients undergoing abdominoplasty proce-
dures at Tehran Medical University (n=6, age range: 20–
35 years). At least 150 ml lipoaspirate had to be gathered into
a sterile bottle filled with 0.1 M phosphate-buffered saline
(PBS) or Dulbecco’s modified Eagle’s medium (DMEM;
Sigma, Germany) in order to achieve a sufficient number of
cells. The subjects were healthy and did not require regular
medication. Before the surgical procedure, informed consent
was obtained from all patients in this study.

hADSC isolation and cell culture

hADSC isolation was performed according to the procedure
description by Estes et al. (2010) with some modifications.
Using the protocol given below, we isolated up to 2×107

adipose stromal stem cells after 3 passages (6 days) with
nearly 97 % purity from 150 ml lipoaspirate. However, yields
varied widely between patients.

The lipoaspirate was extensively washed five times with
sterile PBS containing 120 μg/ml penicillin (Fluka, China),
220μg/ml streptomycin (Fluka) in order to remove themajority
of erythrocytes and leukocytes. The extracellular matrix was
digested with 0.1 % (wt/vol) collagenase type I (Invitrogen,
USA) and vigorously shaken at 37 ºC for 90 min. To stop
collagenase type I activity, 10 % fetal bovine serum (Gibco,
Germany) was added. Dissociated tissue was centrifuged at
1500 rpm for 10 min. The suspended portion containing lipid
droplets was aspirated off and the cell pellet was re-suspended
and washed twice with PBS. Finally, the remaining cells were
cultured in 25-cm2 flasks (Nunc, Denmark) with 4000 cells/
cm2. Culturing and expansion media consisted of DMEM-F12
supplemented with 10 % fetal bovine serum (FBS), 5 ng/ml
human epidermal growth factor (Roche, Germany), 1 ng/ml
human fibroblastic growth factor (Roche), 100 U/ml penicillin
and 100 mg/l streptomycin. The flasks were then incubated in
an incubator at 37 °C with 5 % CO2 under a humidified
atmosphere. The medium was replaced after 16 h and was then
replaced every 3 days. When confluency of the adherent cells
reached more than 80 %, they were harvested with 0.25 %
trypsin/0.02 % EDTA and re-plated at a dilution of 1:3.

Flow cytometric characterization

The hADSCs were trypsinized and washed 3 times with cooled
PBS containing 2 % FBS and sodium azide. The cells (5×104)
were incubated with fluorescein isothiocyanate (FITC)-conju-
gated primary antibodies against human CD34, CD45, CD73,
CD90, or CD105 (BD Biosciences, USA). All antibodies were
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diluted 1:1000 and incubated with the cells for 45 min at 4 °C.
The cells were then washed twice in PBS containing 2 % FBS.
After two washing steps, cells were resuspended in 500 μl of
2 % paraformaldehyde containing 1 % FBS for profile charac-
terization and analysis by a fluorescein-activated cell sorting
(FACS) system (Partec II, Germany). The results are presented
as the means of three independent experiments.

Analysis of growth kinetics

The proliferative potential of hADSCs was analyzed by using
cell counting from the different passages by trypan blue. The
cells were seeded onto 24-well culture plates (Nunc) with 5×
103 cells per well and counted daily for 1 week. The cell-
population doubling-time (DT) of hADSCs was calculated
with the Patterson formula (Jurgens et al. 2008). The results
are presented as the means of two independent experiments
performed at least in triplicate.

Adipogenic differentiation

Cells were cultured and grown until they were approximately
∼80 % confluent, followed by induction in adipogenic medi-
um for 3 weeks. The medium consisted of DMEM-F12 sup-
plemented with 20 % FBS, 100 nm dexamethasone (Sigma-
Aldrich, Gemany), 50 μg/ml indomethacin (Sigma-Aldrich),
50 μg/ml ascorbate-2-phosphate (Sigma-Aldrich). The medi-
um was replaced every 4 days. The cultures were maintained
for 2 weeks until lipid droplet formation was observed. The
cells were fixed in 4 % paraformaldehyde for 20 min and
stained with Oil red-O solution, which specifically stains lipid
droplets.

Osteogenic differentiation

Once hADSCs cells had reached ∼80 % confluency, osteo-
genic induction was carried out in medium containing
DMEM-F12, 20 % FBS, 100 nM dexamethasone (Sigma-
Aldrich), 50 μg/ml ascorbate-2-phosphate (Sigma-Aldrich),
10 mM β-glycerolphosphate (Sigma-Aldrich). After 4 weeks
of induction, the cells were washed and fixed in 4 %
paraformaldhyde, followed by Alizarin Red S dye staining
(Sigma-Aldrich), which specifically stains calcium deposits.

Recombinant plasmids

The coding sequence of the human PAX6 (+5a) gene isoform
was synthesized and cloned into the pUC57 cloning vector. In
order to subclone the PAX6 (+5a) gene into the lentiviral
pLEX-MCS-pur expression vector (Thermo Scientific, cata-
log no. OHS4735, USA), we used a pLEX-MCS-pur empty
vector, which is 10682 bp in size; it contains a multiple
cloning site and a puromycin drug resistance marker and has

the ability to perform transfections or transductions by using
the replication incompetent lentivirus. Polymerase chain reac-
tion (PCR) amplification of the human PAX6 (+5a) gene was
performed by using the following primers; forward, 5′CTA
GGG ATC CAT GCA GAA CAG TCA CAG TGG AG 3′;
reverse, 5′CTA GCT CGA GCT GCT GTA ATC TTG GCC
TGT AT 3′. The resulting product was gel-purified and
digested by BamHI and XhoI restriction enzymes, ligated into
the BamHI/XhoI site of the pLEX-MCS-Pur lentiviral expres-
sion vector and designated as the pLEX-PAX6-Pur construct.
The recombinant construct was confirmed by PCR, digestion
and finally DNA sequencing.

Lentiviral propagation

Lentiviral particles were produced by the calcium-phosphate
transient transfection of HEK 293 T cells. HEK 293 T cells
were plated in 6-cm plates at a density of 7×105 cells in 4 ml
DMEM (high-glucose) supplemented with 10 % FBS. The
following amount of DNA was used per subconfluent 6-cm
dish: 11 μg pLEX-PAX6-Pur vector (transfer vector), 4 μg
pMD2.G envelope-encoding plasmid and 7 μg psPAX2
packaging lentivirus vector, which were mixed together in
55 μl of 2 M CaCl2 per plate, added to 435 μl of 2 mM
HEPES-buffered saline (HBS) under gentle vortexing and
pipetted into the medium. At 14 h after transfection, the
medium was replaced and viral supernatant was collected at
24 and 48 h post-transfection. Following filtering through a
0.2-μm filter (Millipore, Bedford, Mass., USA), the lentiviral
particles were purified and concentrated by using PEG 6000
according to the manufacturer’s instructions.

Transduction and selection of hADSCs

Transduction of hADSCs was performed by an 8-h exposure
to the viral supernatant in the presence of 8 μg/ml polybrene at
37 °C and 5 % CO2 without FBS. After 72 h of post-
transduction, selection medium containing DMEM-F12 with
20 % FBS and 1 μg/ml puromycin was added to the trans-
duced hADSCs and incubated at 37 °C in a humidified atmo-
sphere with 5%CO2. Every 3 days, the selection mediumwas
replaced with the same medium.

Enzyme-linked immunosorbent assay for hADSC cell
proliferation

To quantify the effect of transduction of PAX6 (+5a) on
hADSC proliferation, hADSCs from passages 2 post-
transduction were analyzed with an enzyme-linked immuno-
sorbent assay (ELISA) kit for cell proliferation (Roche) ac-
cording to the manufacturer’s instructions. Briefly, in each
well of a 96-well microplate (Nunc), 5×103 of transduced
hADSCs were cultured with 200 μl DMEM-F12 medium
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containing 20 % FBS. After a 24-h incubation at 37 °C under
5 % CO2, cell proliferation (immunoassay for 5 ′-
bromodeoxyuridine incorporation during DNA synthesis)
was assessed by using a scanning multi-well spectrophotom-
eter (Titertek multiscan ELISA reader, Labsystems Multiscan,
Roden, Netherlands). The rates of proliferation were com-
pared with a negative control (cells transduced with empty
lentiviral vector) and with a positive control (a DNA-histone
complex). The results are presented as the means of three
independent experiments carried out at least in triplicate.

Reverse transcription plus PCR and quantitative real-time
PCR

Total RNA was isolated with the RNeasy kit (Qiagen,
Germany) and reverse-transcribed with Quantiscript reverse

transcriptase (Qiagen) according to the manufacture’s instruc-
tions. Quantitative real-time PCR was performed with the
Corbet Real-Time PCR system (Applied Biosystems,
Germany). Specific primers were used from the Quantitect
primer assay (Qiagen; Table 1). The expression levels were
normalized to those of D-glyceraldehyde-3-phosphate
dehydrogenase (a housekeeping gene used as an internal con-
trol). Appropriate serial dilutions were carried out for each
sample and a standard curve was obtained to estimate ampli-
fication efficiencies. Each reaction contained 5 μl Quantifast
Syber GreenMaster mix, 1 μl forward and reverse mix primer
(10 pm), 3 μl RNase-free water and 1 μl cDNA. A pre-
amplification denaturation was performed for 5 min at
95 °C, followed by qPCR with a thermal profile that included
45 cycles of denaturation at 95 °C for 10 s and 60 °C for 30s.
Relative gene expression was calculated by using Bio-Rad

Table 1 Primers used for the
quantitative real-time polymerase
chain reaction (Quantitect primer
assay, Qiagen, Germany)

Official symbol (explanation of symbol) Amplicon length (bp) Catalog number

PAX6 (paired box 6 protein) 113 QT00071169

NES (nestin) 75 QT00235781

RHO (rhodopsin) 77 QT00035700

CRX (cone-rod homeobox protein) 103 QT01192632

RPE65 (retinal-pigment-epithelium-specific protein 65kDa) 96 QT00001351

THY1 (thymocyte differentiation antigen 1) 126 QT00023569

NRL (neural-retina-specific leucine zipper protein) 99 QT01005165

PDC (phosducin) 90 QT00000301

RCVRN (recoverin) 92 QT00014098

RLBP1 (retinaldehyde-binding protein 1) 97 QT00001239

Fig. 1 Morphological features of
human adipose-tissue-derived
stem cells (hADSCs). The
hADSCs displayed typical
fibroblast-like morphological
characteristics with a fusiform
shape from the 2nd passage (a),
4th passage (b), 7th passage (c)
and 10th passage (d). They
contained a round nucleus (DAPI
staining and its inverted
microscopic view, e, f,
respectively). Magnification ×200
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software (RelQuant UpDate- for relative quantification) ac-
cording to the 2-ΔΔCt method based on the threshold cycle
(Ct) values (Schmittgen and Livak 2008). Experiments were
performed in two independent experiments and at least in
duplicate. Values are presented as means±SD. Student’s t-test
was used to evaluate the statistical significance of the data; a p-
value of<0.05 was considered as being statistically
significant.

Immunocytochemistry

hADSCs from passage 2 post-transduction were cultured on
FBS pre-coated glass cover slips in a 24-well microplate (Nunc)
at a density of 6×104 cells per well with DMEM-F12 supple-
mented by 20%FBS and incubated at 37 °C for 24 h under 5%
CO2. After incubation, standard immunocytochemistry (ICC)
was performed according to the Santa Cruz protocol with some
modifications. Briefly, hADSCs were washed twice with PBS
and then were fixed and permeabilized with −10 °C pre-chilled
methanol (Merck, Germany) for 5 min at room temperature and
then blocked by using 1 % bovine serum albumin (BSA;
Merck) in PBST (1 % Triton X-100 in PBS; Sigma) for
45 min at room temperature. Antibodies for retinal progenitor

cell markers included the goat polyclonal anti-human PAX6
and goat polyclonal anti-human CHX10. Rabbit anti-human
polyclonal RPE65 (retinal-pigment-epithelium-specific protein
65kDa) was used as a specific RPE cell marker and mouse anti-
humanmonoclonal cytokeratin 8/18 as an epithelial cell marker
(all antibodies were obtained from Santa Cruz, USA). All
primary antibodies were used at a dilution of 1:50 in 1.5 %
BSA in PBST and were incubated with cells for 1 h at room
temperature. Cells were washed with PBS to avoid any non-
specific background immunostaining. A secondary antibody
was also included as a negative control. FITC-conjugated anti-
bodies (donkey anti-goat for PAX6 and CHX10, goat anti-
rabbit for RPE65 and goat anti-mouse for cytokeratin 8/18;
Santa Cruz) were used at a dilution of 1:100 in 1.5 % BSA in
PBST and were incubated with cells for 45 min at room
temperature in the dark. A background control with neither
primary nor secondary antibody was used for each marker.
Finally, nuclei were counter-stained with 4,6-diamidino-2-
phenylindole (DAPI, 1 mg/ml; Santa Cruz) to assess the total
number of cells in each field. Cover slips were then mounted
onto slides by using an anti-fading mounting medium (90 %
glycerol, 10 % PBS, 10 % [w/v] phenylene-diamine). Samples
were observed under a Axiophot Zeiss fluorescence micro-
scope (Germany) with a 460-nm filter for DAPI and a 520-
nm filter for FITC-conjugated antibodies and digital micro-
graphs were taken. The results from three independent experi-
ments carried out at least in triplicate are presented.

Results

High output of hADSCs were isolated with normal
morphological characteristics

hADSCs were isolated successfully from human adipose tis-
sue. Approximately 1 g of adipose tissue yielded up to 5×106

hADSCs. These cells were cultured in expansion medium and
passaged every 3–4 days. They could be passaged successful-
ly for a maximum of 11 passages without major morpholog-
ical alteration (Fig. 1a-d). The primary cells all displayed

Fig. 2 Isolated hADSCs expressed a unique profile of markers for
mesenchymal stem cells (MSC). Flow cytometric analysis showed that
the 3rd passage was positive for CD73, CD90 and CD105 (d, e, f,

respectively), with expression rates all up to 97 % (a control) but was
negative for CD34 and CD45 (c, b, respectively), which are known as
hematopoietic lineage markers (FITC fluorescein isothiocyanate)

Fig. 3 Growth kinetics of hADSCs from the 3rd passage. The doubling-
time in the log phase of the 3rd passage was about 24 h (Patterson
formula; Jurgens et al. 2008)
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Fig. 4 In vitro differentiation of
cultured hADSCs into (a) the
adipogenic lineage as shown by
Oil red O staining and (b) its
negative control and into (c) the
osteogenic lineage as shown by
alizarin red staining and (d) its
negative control. Magnification
×200

Fig. 5 Efficient enhanced green
fluorescent protein (eGFP)
transduction of HEK293T and
hADSCs mediated by lentiviral
vectors. bHEK293T cells
transduced by pLEX-eGFP-pur. a
Corresponding inverted
microscopic view. d hADSCs
transduced by pLEX-eGFP-pur. c
Corresponding inverted
microscopic view. e, fTransduced
hADSCs at higher magnification.
Magnification ×100 (a–d), ×200
(e, f)
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typical fibroblast-like morphological features with a fusiform
shape and a round nucleus (Fig. 1e, f).

Isolated hADSCs expressed marker profile specific
for mesenchymal stem cells

To characterize the hADSCs population, mesenchymal stem
cell (MSC)-specific markers were examined. We observed
that approximately 98 % of cells expressed CD44, CD73

and CD105, which are accepted as markers for MSCs
(Fig. 2). In contrast, the hematopoietic lineage markers
CD34 and CD45 were not detected.

hADSCs showed high capacity of proliferation

Growth curves from various passages obtained by cell
counting with the trypan blue exclusion method displayed
an initial lag phase of 36 h, followed by a log phase at an
exponential rate from 2 to 6 days and then a plateau phase
(Fig. 3). The Patterson formula (Jurgens et al. 2008) indicated
that the doubling-time in the log phase was about 24 h.

hADSCs differentiated successfully into certain lineages

After 4 days incubation in adipogenic induction medium, the
morphology of the hADSCs changed from a long spindle-
shape into a polygonal shape. By day 9, small droplets of oil/
lipid appeared in some of the cells. After 3 weeks, most of the
differentiated cells showed red lipid droplets throughout the
cytoplasm, as confirmed by Oil red O staining (Fig. 4a, b).
Similarly, after 4 weeks incubation of hADSCs in osteogenic
medium, in vitro mineralization could be observed by Alizarin
red staining (Fig. 4c, d).

Lentiviral vectors successfully mediated gene transduction
of hADSCs

We examined the transduction efficiency of hADSCs and
HEK293T by lentiviral vectors. Lentiviral vector, pLEX-
eGFP- pur, was used to transduce proliferating hADCs and
HEK293T at a multiplicity of infection of 100. Although after

Fig. 6 Inverted microscopic views of cells transduced by pLEX-PAX6-
pur. a After 48 h post-transduction, small axon-like processes were
gradually extended. b–d By 4 days after transduction, the transduced
cells formed neural-network-like structures. f–iCells communicated with

each other. Note the synapses. e Cells immediately after transduction
(time zero). k hADSCs transduced with empty vector after 4 days. Mag-
nification ×300 (a–d, f–i), ×200 (e, k)

Fig. 7 Analysis of hADSC proliferation by enzyme-linked immunosor-
bent assay. Comparison of hADSC proliferation between hADSCs trans-
duced by thePAX6 (5a) gene and transduced by the empty vector. Note the
transduction by the PAX6 (5a) gene causes a reduction in the proliferation
of hADSCs
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1 day, more than 90 % of HEK293T expressed green fluores-
cent protein (GFP; Fig. 5a, b), only 75 % of hADSCs
expressed GFP and it also took about 3 days for GFP to
become apparent in these cells (Fig. 5c–f).

Morphological characteristics

After 48 h post-transduction, cells gradually showed the char-
acteristic morphology of neuronal cells and small axon-like
processes emerged from the cells (Fig. 6a). At 4 days post-
transduction, they gradually extended axon-like processes that
finally led to the formation of neural-network-like structures
(Fig. 6b–e). Interestingly, most of the cells communicated
with each other and synapses were clearly observed
(Fig. 6f–h). At day 6, we estimated, by microscopic observa-
tion, that at least 80 % of the cells exhibited a neuronal
phenotype. Transfected cells with an empty vector did not
differentiate into neuron-like cells.

hADSC proliferation assay

The hADSCs proliferation rate was strongly reduced after
transduction with the PAX6 (5a) gene in comparison with
control cells. This result might have arisen because of the
commencement of neural differentiation (Fig. 7).

ICC confirmed the expression of some key markers of various
retinal cells

To determine whether PAX6 (5a) transcription factor and fi-
bronectin were able to induce hADSCs into becoming retinal
cells, we examined the expression of progenitor, photorecep-
tor and RPE cell markers in PAX6 (5a)-transduced cells.

The ICC method revealed that, 5 days after transduction
with PAX6 (5a), 65±2.5 % of cells were positive for PAX6, 44
±1.8 % of the cells expressed rhodopsin and 64±1.2 % of the
cells expressed cone-rod homeobox protein (CRX), rodopsin

Fig. 8 Fluorescence microscopy of PAX6 (5a)-transduced cells after
5 days analyzed by in situ immunostaining with antibodies raised against
various retinal cell markers and retinal pigmented epithelium (RPE) cell
markers. a–c Immunocytochemistry (ICC) for CRX as a marker for
photoreceptors. d–f ICC with antibody against rhodopsin as a photore-
ceptormarker. g–i ICCwith antibody against Nestin, a specific antigen for

retinal precursor cells. j–l ICC with antibody against RPE65, a well-
known marker for RPE cells. m–o ICC with antibody against PAX6.
Immunostaining revealed that the neural photoreceptor markers, CRX
and rhodopsin, were strongly expressed by day 5. Representative micro-
graphs from three independent experiments carried out at least in
triplicate
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and CRX both being accepted as photoreceptor markers,
26±1.8 % of cells expressed the neural progenitor marker
nestin and 33±1.2 % expressed RPE65, which is considered as
a RPE marker (Fig. 8). Cells transfected with an empty vector
exhibited none of these markers.

qPCR confirmed the expression of some neural retina
and RPE markers

To characterize whether PAX6 (5a)-transduced cells expressed
neural-retinal-cell-associated mRNA, we next performed
qRT-PCR for accepted gene markers of neural retinal precur-
sors cells, photoreceptors and RPE cells. According to the
RT-PCR data, PAX6 expression levels increased substantially
after transduction in comparison with cells transduced by
an empty vector or without transduction.

The expression of nestin as an accepted neural retinal
precursor cells marker was increased. We investigated wheth-
erPAX6 (5a)-transduced hADSCs could differentiate into pho-
toreceptor cells. Our results confirmed that CRX as a photo-
receptor precursor marker and the early photoreceptor
markers, neural-retina-specific leucine zipper protein and
recoverin, were expressed. Moreover, to determine the matu-
rity of induced photoreceptors, the expression of genes re-
sponsible for phototransduction was examined. PAX6 (5a)-
transduced hADSCs expressed phosducin (rods and cones)
and rhodopsin (rods; Fig. 9). Thus, we conclude that PAX6
(5a)-transduced hADSCs are competent to differentiate into
photoreceptors.

We also showed the expression of genes related to the
cellular functions of RPE cells. PAX6 (5a)- transduced
hADSCs expressed both RPE65 and cellular retinaldehyde-

binding protein (CRALBP; Fig. 9). RPE65, which is strongly
expressed in RPE cells, is involved in visual pigment regen-
eration and the conversion of all-trans retinol to 11-cis retinal,
whereas CRALBP is involved in vitamin A metabolism
(Osakada et al. 2009).

Discussion

The retina is a part of the CNS and contains neurons that
convert light signals into neural signals that are then transmit-
ted to the brain. The loss of retinal nerve cells is considered to
lead to an irreversible loss of vision. Furthermore, since, in
response to injury, resident neuronal stem cells are limited in
their ability to generate new functional neurons, the CNS is
incapable of self-repair. Therefore, an effective treatment is
crucially needed for many retinal degenerative diseases.

Regenerative stem-cell-based therapy has great potential
for the treatment of retinal degenerative diseases (Lamba et al.
2009; 2006; Lin et al. 2009; MacLaren et al. 2006; Shimizu
et al. 2009; Yu et al. 2010). The choice of an appropriate cell
source is however a critical point in stem-cell-based therapy.
Recent reports have shown that hADSCs can be easily har-
vested from adipose tissue with no ethical concerns or prob-
lems of transplant rejection and that they also have a high
proliferation rate for expansion and a multilineage differenti-
ation capacity. Therefore, the establishment of highly efficient
methods for isolating and purifying hADSCs would be ex-
tremely valuable. In the present study, we established a
simple and effective way of obtaining high-yield hADSCs
with high purity by using collagenase digestion and adherence
screening. The results of the screening of several surface
markers have shown a positive staining rate of about 97 %.
Moreover, the phenotypes of hADSCs exhibit no significant
differences between the various passages, indicating that the
cells can be stably amplified in vitro for several passages.
Their high proliferation rate and differentiation capacity are
consistent with stem cell characteristics (Figs. 3, 4, respective-
ly). At 1 day post-transduction, the proliferative capacity of
the cells starts to decrease and after 3 days, they lose their
proliferative capacity because of differentiation.

Various extrinsic factors are known to specify retinal cell
fate, such as fibronectin, which is part of the extracellular
matrix in the CNS. Fibronectin is one of the most commonly
used substrates for neuronal cell cultures, as it provides ade-
quate support for cell growth (Kearns et al. 2003) and seems to
be important for the differentiation of embryonic stem cells
into retinal neuron precursors, including cells resembling ret-
inal ganglion cells (Kayama et al. 2010). Based on these
observations, we supplemented culture medium with fibro-
nectin for neural cell induction. Our studies showed that PAX6
(5a) expression and fibronectin-supplemented medium are
sufficient to induce the differentiation of retinal precursor

Fig. 9 Relative retinal gene expression in PAX6 (5a)-transduced hADSC
after 5 days in comparison with the cells transduced by pLEX-MCS-pur
(empty vector). The results represent the mean of three independent
experiments carried out at least in triplicate (for an explanation of abbre-
viations, see Table 1)
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cells, photoreceptors and RPE cells from hADSCs.
Differentiated cells, as a whole, are composed of cells at
various stages of the retinal neuronal differentiation. Our
results indicate that some markers, such as rhodopsin and
recoverin, are expressed dominantly, findings that are support-
ed by the large proportion of differentiated cells belonging to
the photoreceptors (Fig. 9). Interestingly, retinal cell differen-
tiation occurred within only 4–5 days after transduction in
comparison with a previous study demonstrating that differ-
entiation took place after 70–130 days in conditional medium
(Osakada et al. 2009).

Regenerative stem-cell-based therapies could become the
standard strategy for treating severe retinal degeneration dis-
eases but many drawbacks still need to be overcome. Several
issues have to be resolved. For instance, current methods use
cell suspensions for transplantation; these are unlikely to
develop into monolayers. In addition, rejection is possible,
because of immune responses. One potential solution for this
problem is the use of autologous stem cells such as induced
pluripotent stem cells.Most importantly, we need to determine
whether any of these modalities has the potential to restore
vision.

For successful retinal regeneration, improved methods for
purifying donor retinal cells, the optimization of host condi-
tions and the use of animal models of human diseases will be
crucial for determining the efficacy and safety of treatments.
Furthermore, in order to optimize the cocktail required to
achieve more authentically differentiated neurons, other
growth factors, cytokines, mRNA, microRNA and small
molecules need to be investigated.

In conclusion, the data presented in this study established
that PAX6 (5a) transcription factor expression plus medium
supplemented by fibronectin are able to induce the differ-
entiation of hADSCs into retinal progenitors, RPE cells
and photoreceptors.
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