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Abstract 

Directed differentiation of human induced pluripotent stem cells (iPSCs) into retinal pigmented 
epithelium (RPE) holds great promise in cell replacement therapy for patients suffering from de-
generative eye diseases, including age-related macular degeneration (AMD). In this study, we 
generated iPSCs from human dermal fibroblasts (HDFs) by electroporation with episomal plasmid 
vectors encoding OCT4, SOX2, KLF4, L-MYC together with p53 suppression. Intriguingly, cell re-
programming resulted in a metastable transcriptional activation and selective demethylation of 
neural and retinal specification-associated genes, such as OTX2, RX1 and SIX3. In contrast, RPE 
progenitor genes were transcriptionally silent in HDFs and descendant iPSCs. Overexpression of 
OCT4 and SOX2 directly stimulated the expression of OTX2, RX1 and SIX3 in HDFs and iPSCs. 
Luciferase and chromatin immunoprecipitation (ChIP) assays further identified an OCT4- and two 
SOX2-binding sites located in the proximal promoter of OTX2. Histone acetylation and methyl-
ation on the local promoter also participated in the reactivation of OTX2. The transcriptional 
conversion of RX1 and SIX3 genes partially attributed to DNA demethylation. Subsequently, iPSCs 
were induced into the RPE cells displaying the characteristics of polygonal shapes and pigments, 
and expressing typical RPE cell markers. Taken together, our results establish readily efficient and 
safe protocols to produce iPSCs and iPSC-derived RPE cells, and underline that the reactivation of 
anterior neural transcription factor OTX2, eye field transcription factor RX1 and SIX3 in iPSCs is a 
feature of pluripotency acquisition and predetermines the potential of RPE differentiation. 

Key words: induced pluripotent stem cells, retinal pigment epithelium, reprogramming, epigenetic modifica-
tion 

Introduction 
Retinal pigment epithelium (RPE) is a monolayer 

of polarized and terminally differentiated pigmented 
cells lying between the photoreceptor cells layer and 
the choroid. Apart from absorbing stray light, RPE 
cells are crucial for the integrity and proper visual 

function of the outer retina [1]. Aged-related macular 
degeneration (AMD), triggered mainly by the reces-
sion and death of RPE, is the leading cause of blind-
ness and visual impairment in the elderly worldwide. 
Currently, there is no effective treatment for the more 
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prevalent wet form of AMD [2]. Transplantation of 
RPE and other cells is an emerging field of AMD 
therapy. Various cell types of different origin have 
been examined for their potential application in 
treating AMD, including immortalized RPE cell lines, 
RPE isolated from donors, RPE derived from embry-
onic stem cells (ESCs), and other non-RPE cell lines 
[3-7]. 

The recent discovery of induced pluripotent 
stem cells (iPSCs) that generated by reprogramming 
adult cells with defined factors (c-MYC, OCT4, SOX2, 
KLF4) might provide another promising source of 
immune-matched autologous cells for RPE cell re-
placement [8]. iPSCs can differentiate into RPE cells 
that are highly similar to native RPE and induced RPE 
derived from ESCs [9-12]. Transplantation of 
iPSC-derived RPE has been shown to improve visual 
function in a rat model of AMD [13]. Nevertheless, the 
application of iPSCs in regenerative medicine en-
counters several safety issues. For instance, c-MYC is a 
well-characterized proto-oncogene with great tumor-
igenic potential. Recent study has generated human 
iPSCs replacing c-MYC with transformation-deficient 
L-MYC to reduce the risk of tumorigenicity. L-MYC 
protein has shorter amino acid sequences than c-MYC 
in the N-terminus, along with significantly lower 
transformation property [14]. In addition, iPSCs gen-
erated using integrative viruses usually lead to ge-
nomic instability and rapid immunological rejection 
by the recipient after transplantation. Moreover, iP-
SCs usually suffer from incomplete reprogramming 
and retain a residual memory of somatic donor cells in 
transcriptional and epigenetic pattern. Thus, incom-
pletely reprogrammed cells cannot fully replicate the 
pluripotent features of ESCs and still display hetero-
geneous propensity for lineage specification [15]. 
Therefore, the methods for reprogramming should 
also be refined to avoid serious risks, and achieve 
complete conversion of somatic cells to pluripotency 
state. 

In this study, we generated iPSCs from human 
dermal fibroblasts (HDFs) using viral free 
non-integrating episomal vectors and further ex-
panded the iPSC clones in defined culture conditions. 
Under feeder-free and xeno-free conditions, the gen-
erated iPSCs were sequentially differentiated to neu-
ral and then to RPE fate by chemical compounds. The 
iPSC-derived pigmented cells exhibit characteristics 
of authentic RPE cells, including proper pigmenta-
tion, morphology, and specific marker expression. 
The eye field is a presumptive eye tissue existing at 
the neural plate stage prior to optic vesicle formation. 
In vertebrates, several transcription factors such as 
OTX2, LHX2, SIX3, RX1 or SIX6 are required in the 
eye field [16]. Notably, we found that OTX2, RX1 and 

SIX3 were epigenetically silenced in parental donor 
cells and underwent transcriptional reactivation dur-
ing cellular reprogramming. We further showed that 
OCT4 and SOX2 are direct regulators of these genes. 
Our finding implicates that the selective reactivation 
of OTX2, RX1 and SIX3 during reprogramming, is a 
prerequisite for rendering the RPE differentiation 
potential to iPSCs. Taken together, our results opti-
mized the protocols of iPSCs acquisition and RPE cells 
induction with minimizing potential risks in thera-
peutic application, and demonstrated that OTX2, RX1 
and SIX3 are selectively reactivated by OCT4 and 
SOX2 during reprogramming. These findings are 
helpful for evaluating the reprogramming efficiency 
and RPE propensity of reprogrammed cells.  

Materials and Methods 

Cell culture 
Human dermal fibroblasts (HDFs) from aborted 

fetuses were purchased from Peking Union Medical 
College Cell Resource Center. HDF cells were cul-
tured in standard culture media containing DMEM 
medium supplemented with 10% fetal bovine serum 
(Hyclone, USA). ARPE-19 cells (ATCC, USA) were 
established in DMEM/F12 medium containing 20% 
fetal bovine serum, sodium bicarbonate, and 
L-glutamine. H9 human ES cells and iPS cells were 
maintained in feeder-free Essential 8 Medium (E8, 
Life Technology) on matrigel (BD Biosciences). ESCs 
and iPSCs were passaged every 3-5 days by 0.5 mM 
EDTA (Life Technology). 

Generation of iPSCs from HDFs  
Yamanaka episomal plasmids obtained from 

Addgene were used in experiments: 
pCXLE-hOCT3/4-shp53 (#27077), pCXLE-hSK 
(#27078), pCXLE-hUL (#27080) and pCXLE-EGFP 
(#27082). 5 × 105 HDFs were counted and resus-
pended in nucleofector solution supplied in the 
Amaxa Nucleofector kit (Lonza). Episomal plasmids 
were added to the cell suspensions at 10 μg each per 
reaction. Cell suspensions were transfected using 
program U-023 on a Amaxa Nucleofector device. 
Immediately after transfection, cells were resus-
pended in fibroblast medium and transferred to a 60 
mm tissue culture dish coated with matrigel. The next 
day, the culture medium was changed to Essential 6 
medium (E6, Life technology) supplemented with 100 
ng/mL bFGF (Peprotech) and 1µM hydrocortisone 
(Sigma). After 3-5 day when the cell confluence at 
60-70%, E6 medium was supplemented with bFGF 
and 100 µM sodium butyrate (Sigma). By day 25-30 
post transfection, colonies emerged with distinct 
ESC-like features of a compact and flat appearance 
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and EGFP-negative, an indicative of exogenous gene 
disappearance. A single colony was picked and pas-
saged with E8 medium. iPSCs more than 10 passages 
were used for differentiation into RPE cells. 

RNA isolation, RT-PCR and quantitative re-
al-time PCR 

Total RNA was extracted using Trizol reagent 
(Invitrogen). cDNAs were synthesized using the 
M-MLV reverse transcription kit (Promega) following 
the manufacturer’s instructions. PCR was performed 
with ExTaq (Takara). Quantitative PCR was per-
formed using SYBR Green Real-time PCR Master Mix 
(Promega) and analyzed with the Mx3000P real-time 
PCR system (Agilent Technologies, Santa Clara, USA). 
The relative expression levels were normalized to 
those of GAPDH based on the Delta Ct Method. Pri-
mers for RT-PCR and real-time PCR are listed in Table 
S1. 

Characterization of iPSCs 
Alkaline phosphatase (ALP) staining was per-

formed using the alkaline phosphatase kit 
(ZSGB-BIO) according to the manufacturer’s instruc-
tions. To test the in vivo pluripotency, teratoma for-
mation was performed. In brief, iPSCs were sus-
pended at 1 × 107 cells/ml in DMEM/F12. 100 μl of 
cell suspension (1 × 106 cells) were injected subcuta-
neously into the posterior limbs of 4-w-old BALB/c 
SCID mice. After two months, teratomas were dis-
sected and fixed in 4% paraformaldehyde. Paraf-
fin-embedded tissue was sliced and stained with he-
matoxylin and eosin. Chromosomal G-band analyses 
were performed in the Cytogenetics Laboratory at 
Peking University. 

In vitro differentiation of iPSCs 
For retinal differentiation, iPS colonies were 

treated with Y-27632 (Tocris, 10 μM) for 1 hour, and 
dissociated into clumps with 0.5 mM EDTA. The 
produced clumps were transferred to low attachment 
culture dishes in embryoid bodies (EBs) medium 
containing DMEM/F12 supplemented with 0.1 mM 
2-mercaptoethanol, 0.1 mM non-essential amino ac-
ids, 2 mM L-glutamine, and 20% KSR (Knock Out 
Replacement, Invitrogen). After three days of EBs 
formation, the medium was switched to differentia-
tion medium (GMEM, 0.1 mM non-essential amino 
acids, 1 mM pyruvate, and 0.1 mM 
2-mercaptoethanol) containing 20% KSR for another 
three days, then in 15% KSR-containing differentia-
tion medium for 9 days, and finally in 10% 
KSR-containing differentiation medium. CKI-7 (Sig-
ma, 5 μM) and SB-431542 (Sigma, 5 μM) were added 
to the medium for 21 days during suspension culture. 
The medium was changed every 2-3 days. Formed cell 

aggregates were then replated on matrigel-coated 
dishes. In adherent cultures, cells were incubated in 
10% KSR-containing differentiation medium. Ap-
proximately after 10 weeks, these pigmented clusters 
were isolated using a needle and spread onto mat-
rigel-coated plates for expansion. 

Immunofluorescence assay 
Cells were fixed with 4% paraformaldehyde. 

Permeabilization was performed with 0.2% Triton 
X-100. Primary antibodies included NANOG, MITF, 
RPE65, ZO-1 (Abcam), OCT4, TRA-1-81 (Santa Cruz), 
SOX2, SSEA4, PAX6 (Chemicon). Secondary antibod-
ies used were Alexa Fluor 488 or 594 goat an-
ti-mouse/rabbit IgG antibody (ZSGB-BIO) diluted at 
1:500. Cell nuclei were counterstained with Hoechst 
33342. Labeled cells were imaged with a la-
ser-scanning confocal microscope (Leica). 

RNA interference (RNAi) 
To inhibit OCT4 or SOX2 expression in the H9 

and iPSCs, RNA interference-mediated silencing was 
performed using Lipofectamine RNAiMAX Transfec-
tion Reagent (Invitrogen) according to the manufac-
turer's instructions. The SOX2 siRNAs (sense, 
5′-GGAAUGGACCUUGUAUAGAUCtt-3′; an-
ti-sense, 5′-UCUAUACAAGGUCCAUUCCCC-3′) 
and the OCT4 siRNAs (sense, 
5'-GGAUUAAGUUCUUCAUUCAtt-3'; anti-sense, 
5'-UGAAUGAAGAACUUAAUCCCA-3') were syn-
thesized by GenePharma (Shanghai, China). The cells 
were harvested 48 h after transfection. Western blot 
assay was used to evaluate the RNAi effect. 

Western blot analysis 
Primary antibody were used, including OCT4 

(Santa Cruz), SOX2 (Chemicon) and ACTIN (Santa 
Cruz). Images were captured by the Odyssey Fluo-
rescent Western Scanning System (LI-COR, Lincoln, 
USA). Data were analyzed with the Odyssey Imaging 
System. 

Methylation analysis 
Primers for all the genes were designed to cover 

the region with the most CpG sites. The selected am-
plicon was located in the promoter region of the gene. 
The mass spectra were collected using a MassARRAY 
Compact MALDI-TOF (SEQUENOM, BioMiao Bio-
logical Technology, Beijing) and the spectra’s methyl-
ation ratios were generated by the EpiTYPER soft-
ware. 

Luciferase assay 
A pGL3-basic plasmid containing the OTX2 

promoter region (ATG-1008 bp) and mutant SOX2 
and OCT4 sites were synthesized by Genenode (Bei-
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jing, China). Transfections were carried out in 293T 
cells using Neofect DNA transfection reagent (Neofect 
Biotech, China). Cells that were transfected with the 
expression vectors pBK-SOX2, pBK-OCT4, and the 
reporter vectors were harvested 48 h after transfec-
tion. Reporter activities were measured by using the 
dual-luciferase reporter assay system (Promega). Each 
assay was performed in duplicate, and all results are 
shown as mean ± SD for at least three independent 
assays. 

Chromatin immunoprecipitation (ChIP) as-
says 

For ChIP experiments, chromatin was 
cross-linked with 1% formaldehyde for 10 min at 
room temperature. Cells were washed twice in 
ice-cold PBS, resuspended in the SDS-lysis buffer, and 
sonicated until the cross-linked chromatin was 
sheared to an average DNA fragment length of 
100–800 bp. Normal IgG was used as a negative con-
trol, and antibodies against SOX2, OCT4, ace-
tyl-histone H3K9 and trimethyl-histone H3K9 
(Abcam) used for each immunoprecipitation. The 
precipitated DNA was amplified by real-time PCR for 
fragments of the OTX2 promoter. The primers are 5'- 
TTAAAATCTCTGCCATGGAAA-3' and 5'-AGAACA
AAAACCCGTGCCTT-3'. Each value represents the 
average of at least 3 independent experiments. 

Phagocytosis assay 
Cells were incubated in medium containing 

Cy3-conjugated 1 μm polystyrene microspheres 
(Invitrogen) at a concentration of 1 × 108 beads/mL at 
37°C for 2 and 5 h respectively. The fluorescence sig-
nal was observed with a laser-scanning confocal mi-
croscope. 

Statistical analysis 
All data were expressed as the mean ± SD from 

at least three independent experiments. The Student’s 
two-tailed t-test with significance set at p<0.05 was 
used to determine statistical significance for each as-
say. Error bars indicate standard deviation. 

Results 
Generation and characterization of iPSCs 
from human dermal fibroblasts 

 To generate integration-free iPSCs, the Yama-
naka episomal plasmids (encoding OCT4, SOX2, 
LIN28, L-MYC, KLF4 and p53 shRNA) were elec-
tro-transfected into human dermal fibroblasts (HDFs) 
using the Amaxa Nucleofector system. After transfec-

tion, the cells were cultured on matrigel-coated dishes 
in supplemented E6 medium to improve cell prolif-
eration and reprogramming efficiency at indicated 
time points (Fig. 1A). The transfection efficiency was 
monitored by cotransfection with pCXLE-EGFP 
plasmid. At 24 hours after electroporation, EGFP flu-
orescence was observed in approximately 36 ± 16% 
cells. Approximately 15 days later, cell aggregates 
indicative of transformed cells emerged from 5×105 
original cells. With continuous culture, the size of cell 
clumps increased gradually. About day 25 after elec-
troporation, several of these colonies began to exhibit 
characteristic hESC-like compact and flat features and 
stained positive for alkaline phosphatase (Fig. S1), 
Individual cells within the colonies displayed typical 
morphology similar to that of human ES cells, with a 
high nucleus-to-cytoplasm ratio and conspicuous nu-
cleoli. Additionally, the number of EGFP-positive 
cells gradually diminished with cell division, indi-
cating the silence of exogenous genes from the iPSCs. 
From days 25 to 30, a single colony was picked and 
propagated in feeder-free conditions. Of the original 
5×105 HDFs, we routinely observed a yield of 5–10 iPS 
colonies. 

The pluripotency of HDF-derived iPSCs was 
further evaluated. RT-PCR analysis revealed that 
HDF-derived iPSCs (hiPSCs) expressed endogenous 
OCT4, SOX2 as well as other hESC markers, such as 
NANOG, DAPP5, DNMT3B, GRB7, CD9 and NADOL. 
In contrast, the expression of exogenous transduced 
reprogramming factors was silenced (Fig. 1B). Im-
munofluorescence staining confirmed the positive 
expression of typical pluripotent markers such as 
OCT4, NANOG, SSEA4, and TRA-1-81 in 
HDF-derived iPSCs (Fig. 1C). Bisulfite sequencing 
further revealed that the cytosine guanine dinucleo-
tides (CpG) in both OCT4 and NANOG promoters 
were highly demethylated in these iPS cells, similar to 
human H9 ESCs and in contrast to the original HDFs 
(Fig. S2). 

To further assess the pluripotency of 
HDF-derived iPSCs, in vivo teratoma formation assay 
was performed by injecting iPSCs into subcutaneous 
tissue of BALB/c SCID mice. After two months, these 
iPSCs formed teratomas and histological examination 
showed that the teratomas were composed of cells 
characteristic of all three germ layers (Fig. 1D), which 
were confirmed by in vitro analysis. Meanwhile, kar-
yotype analysis after passage 15 showed that the iP-
SCs maintained normal karyotypes (Fig. 1E). Taken 
together, HDFs were successfully and efficiently re-
programmed into non-integrating iPSCs. 
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Figure 1. Derivation of iPSCs from HDFs using an episomal electroporation system. A. Time schedule of iPSCs generation. B. RT-PCR analysis of endogenous, 
exogenous transgenes, and ES cell-marker genes in iPS cell clone4 after passage 15 (iPSC-C4-P15). Primers used for Endo-OCT4 and Endo-SOX2 specifically detect the transcripts 
from the endogenous genes, but not from the transgenic transcripts. Parental HDFs were used as negative control. H9 and iPSCs-C4-P5 were used as positive controls 
respectively. C. Immunofluorescence analysis of iPS cell pluripotent markers, OCT4, NANOG, SSEA4 and TRA-1-81(Red). Nuclei were counterstained with Hoechst 33342 
(blue). Shown were the merge images. Scale bar = 25 μm. D. Hematoxylin and eosin staining of teratomas sections of iPSCs-C4-P15 injected subcutaneously into immuno-
compromised SCID mice for two months. Shown were neural tissue (ectoderm, tailless arrow), gut-like epithelium (endoderm), striated muscle and cartilage (mesoderm). Scale 
bar = 100 μm. E. Karyotyping analysis showing normal karyotyping of iPSCs after passage 15. 

 

Comparative gene expression profiling in 
HDFs, iPSCs and ESCs 

 Fully reprogrammed cells should resemble 
ESCs in expression profiling of genes including plu-
ripotent genes as well as RPE differentia-
tion-associated genes. The transcriptional and epige-
netic status of RPE differentiation-associated genes 
may bias the differentiation potential of iPSCs. Thus, 
we further investigated the expression profiling of 
RPE differentiation-associated genes in HDFs, 
HDF-derived iPSCs, and human H9 ESCs. As shown 

in Fig. 2A, iPSCs and ESCs showed similar expression 
pattern in RPE differentiation-associated genes. The 
mRNA level of OTX2, a transcription factor essential 
for early neural specification was relatively abundant 
in iPSCs and ESCs. In contrast, its expression was 
extremely low in donor HDFs. After reprogramming, 
its expression was dramatically elevated by approxi-
mately 300-fold. Meanwhile, the expression of RX1 
and SIX3, which are involved in retinal development 
in iPSCs and ESCs, was 25- and 13-fold higher than 
donor HDFs, respectively. Nevertheless, the expres-
sion of RPE progenitor markers such as MITF still 
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remained a relative silent status after reprogramming. 
Consistent with the augmented expression levels, the 
promoters of RX1 and SIX3 genes showed fewer 
methylated CpG dinucleotides in iPSCs, but were 
densely methylated in HDFs (Fig. 2B). Comparatively, 
the OTX2 promoter was hypomethylated in HDFs, 
and nearly demethylated in iPSCs. In contrast, the 
promoter of MITF showed a nearly equivalent level of 
methylated CpG in iPSCs compared with in HDFs 
(Fig. 2B). These evidences indicate that the process of 

reprogramming led to the conversion of retinal de-
velopmental genes from a condensed methylation 
state in HDFs to an accessible demethylated one in 
pluripotent stem cells in a supervised hierarchical 
pattern. Seemingly, DNA demethylation of genes as-
sociated with neural and retinal development during 
reprogramming may be a determinative event for 
rendering retinal differentiation potential to repro-
grammed cells. 

 
 

 
Figure 2. RPE differentiation-associated gene expression in HDFs, iPSCs, and ESCs. A. Real-time PCR analysis of RPE differentiation-associated genes in HDFs, 
iPSCs, and ESCs. HDF cells were used as control (* p < 0.05, ** p < 0.01 vs the control). B. Bisulfite genomic sequencing of the promoter regions of OTX2, RX1, SIX3 and MITF 
in iPSCs and HDFs. Different colors indicate the level of methylated CpGs. 
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Regulatory roles of OCT4 and SOX2 on ex-
pression of OTX2, RX1, and SIX3 genes 

 OTX2, RX1, and SIX3 genes were shown to have 
moderate activation in iPSCs and ESCs. We further 
investigated the regulatory role of OCT4 and SOX2 on 
OTX2, RX1 and SIX3 expression. HDFs and iPSCs 
transiently transfected with OCT4 or SOX2 plasmids 
were analyzed using real-time PCR for the expression 
of OTX2, RX1 and SIX3 genes. In HDF-derived iPSCs, 
OCT4 augmented the expression of OTX2 and SIX3 
genes by 12- and 35-fold, respectively, with little 
change in RX1 and PAX6 levels. Transfection of HDFs 
with OCT4 plasmids increased OTX2 and SIX3 tran-
script levels by approximately 150- and 60-fold, re-
spectively, whereas the RX1 transcript level was ele-
vated 10-fold (Fig. 3A). In comparison, SOX2 overex-

pression triggered a significant increase of SIX3 and 
RX1 in both HDF and iPSC cells, while only slightly 
affecting the expression of PAX6. Accordingly, 
knockdown of OCT4 or SOX2 expression in iPSCs by 
RNAi reduced the expression of their respective tar-
geted genes. Similar results were observed in human 
H9 ESCs (Fig. 3B and C). These results suggest that 
the metastable activation of OTX2, RX1 and SIX3 
genes in pluripotent stem cells is regulated by 
OCT4-SOX2 axis, directly or indirectly, as part of the 
program maintaining pluripotency. Considering the 
retained methylation state of RX1 and SIX3 promoters 
in untreated HDFs, it seems that OCT4 and SOX2 
alone can directly alter the silent epigenetic state of 
these genes into an active or "poised yet repressed" 
one. 

 

 
Figure 3. OCT4 and SOX2 regulate expression of OTX2, RX1, and SIX3 genes. A. Expression levels of RX1, OTX2, SIX3, and PAX6 following overexpressing of OCT4 
or SOX2 plasmids in iPSCs and HDFs. iPSCs and HDF transfected with EGFP plasmid as control. B and C. iPSCs and H9 cells, were treated with OCT4 or SOX2 siRNA 
respectively. Real-time PCR analysis for RX1, OTX2, SIX3 and PAX6 expression after RNAi transfection. The efficiency of RNAi was monitored by Western blot. (* p < 0.05, ** 
p < 0.01 vs the control). 
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Figure 4. The requirement of OCT and SOX motif for activation of OTX2 promoter. A. The putative OCT and SOX binding sites at approximately 500 ~ 600 bp 
upstream of OTX2 ATG were shown. Conserved sequences among human, mouse, and rat species are in the box. B. Luciferase assay in 293T cells was performed to evaluate 
the transcriptional activity of the OTX2 promoter by cotransfecting SOX2 or OCT4 expressing plasmids (pBK-SOX2 or pBK-OCT4). Wild-type OTX2 promoter-luciferase 
construct (wt pGL); mt SOX-pGL, OTX2 promoter-luciferase construct with mutant SOX consensus sites; mt OCT-pGL, OTX2 promoter-luciferase construct with mutant 
OCT consensus sites. Data are presented as fold activity over basal promoter activity. (* p < 0.05, ** p < 0.01 vs the control). C. ChIP assay was carried out to detect OCT4 and 
SOX2 binding on the OTX2 promoter in iPSCs. Input represented 10% of the total input chromatin, and IgG served as a negative control. D. The immunoprecipitated DNA 
fragments were amplified by real-time PCR for the OTX2 promoter region containing the putative OCT-SOX binding sites in HDFs and iPSCs. Each bar represents the mean ± 
SD for triplicate experiments. 

 

Identification of OCT4 and SOX2 binding sites 
on the proximal OTX2 promoter 

Based on the above mentioned, we then used the 
luciferase assay to examine the response patterns of 
the sequences upstream of OTX2 to the overexpres-
sion of SOX2 and OCT4 in 293T cells. OCT4 specifi-
cally interacts with the octamer motif ‘‘ATGCTAAT’’ 
through the POU domain. SOX2, an HMG do-
main-containing transcription factor, preferentially 
binds to the consensus SOX motif “CATTGTT” or 
“CTTTGTT”. A tight transcriptional cooperation be-
tween OCT4 and SOX2 is important for governing 
pluripotency. Promoter analysis suggests that a typi-
cal OCT4 octamer motif exists and along with two 
SOX “CTTTGTT” elements located upstream of the 
ATG translation start site in the OTX2 promoter (Fig. 
4A). Subsequently, we constructed a wild-type lucif-
erase reporter containing 1008 bp upstream of the 
ATG site, and mutants destroying the OCT4 or SOX2 
binding sites in the OTX2 promoter. All the constructs 
were transfected into 293T cells. As shown in Fig. 4B, 
heterologous expression of OCT4 or SOX2 evoked a 
5.5- and 6.2-fold increase in the wild-type reporter 

activity in 293T cells, respectively. Meanwhile, the 
mutant constructs exhibited variable levels of lucifer-
ase activity decreased to 4.5 and 5.9%, respectively. To 
further evaluate recruitment of OCT4 and SOX2 on 
the OTX2 promoter, ChIP assays were conducted in 
iPSCs. DNA fragments containing the putative 
OCT-SOX composite elements of OTX2 were enriched 
with specific OCT4 and SOX2 antibodies and detected 
by PCR (Fig. 4C). The control antibody, confirming 
the specificity of binding, did not detect enrichment. 
As shown in Fig. 4D, no significant enrichment for 
OCT4 and SOX2 were observed on the OTX2 pro-
moter regions in HDFs. After reprogramming, the 
OTX2 promoter was significantly occupied by OCT4 
and SOX2. Taken together, our results strongly sug-
gest that OTX2 expression in pluripotent stem cells is 
dependent on the recruitment of OCT4 and SOX2 
onto the defined sites of the proximal OTX2 promoter. 

Histone modifications on the OTX2 promoter 
Given the hypomethylation status of the OTX2 

promoter in HDFs, we speculated that histone modi-
fication may be involved in the reactivation of OTX2. 
H3K9 acetylation is generally a transcriptionally 
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permissive modification. H3K9 trimethylation is a 
stable repressive modification and opposes the tran-
scription-activating acetylation of the same H3K9. We 
found that the OTX2 promoter in HDFs harbored 
high levels of H3K9 trimethylation (Fig. 5A). When 
cells were reprogrammed into the pluripotent state, 
the degree of H3K9 acetylation on the OTX2 promoter 
was significantly enhanced, while the enrichment of 
H3K9 trimethylation was decreased. Moreover, 
transfection of HDFs with OCT4 plasmids directly 
triggered the acetylation and demethylation of H3K9 
(Fig. 5B). Intriguingly, DZNep, a global histone 
methylation inhibitor, conversely led to the decrease 
of OTX2 as well as RX1 and SIX3 in HDFs and iPSCs 
(Fig. 5C). Sodium butyrate, a histone deacetylase in-
hibitor, also inhibited the expression of OTX2, RX1 
and SIX3 genes (Fig. 5D). Therefore, these results in-
dicate that the local alteration of histone modifications 
on the OTX2 promoter, irrespective of the global 
changes, contributes to the reactivation of OTX2. 

 

 
Figure 5. Histone modifications on the OTX2 promoter. A. ChIP assays were 
performed with antibodies against H3K9-ac and H3K9-m3 in HDFs, iPSCs, and H9. 
Immunoprecipitated DNA fragments were amplified by real-time PCR for the 
promoter region of OTX2. HDFs served as a control. B. ChIP assays were conducted 
with antibodies against H3K9-ac, H3K9-m3 in HDFs and HDFs-overexpressed 
OCT4. Immunoprecipitated DNA fragments were amplified by real-time PCR for the 
promoter region of OTX2. HDFs served as a control. C. Real-time PCR analyses for 
expression of RX1, OTX2, SIX3, PAX6 in HDF and iPSCs treated with DZNep for 48 
hours respectively. D. Expression levels of RX1, OTX2, SIX3, and PAX6 genes in HDF 
and iPSCs treated with sodium butyrate (NaBu) for 48 hours respectively were 
assessed by real-time PCR. Each bar represents mean ± SD from three independent 
experiments, each in triplicate. (* p < 0.05, ** p < 0.01 vs the control). 

Differentiation of hiPSCs into RPE cells 
 We next set out to determine the RPE differen-

tiation capability of HDF-derived iPSCs with meta-
stable reactivation of OTX2, RX1 and SIX3 genes. A 
stepwise protocol with defined small molecules was 
used to induce RPE differentiation. As shown in Fig. 
S3A, dissociated iPSCs were cultured in a suspension 
culture for 21 days in the presence of CKI-7 and 
SB-431542 which block Wnt and Nodal signaling re-
spectively. Under the suspension and serum-free 
conditions (SFEB/CS), floating iPSCs spontaneously 
formed EBs give rise to neuroectodermal cells. Sub-
sequently, EBs were plated onto a matrigel-coated 
dish, which supports adhesion of cell aggregates and 
subsequent retinal differentiation. Approximately 6 
weeks after the start of induction, some polygonal 
morphology of RPE-like cells can be observed (Fig. 
S3B). Later then, 33.1±4.8% of the RPE-like cells de-
veloped pigmented areas at week 8 after initiation of 
induction. Immunofluorescence staining showed that 
the cultured cells expressed neural retinal progenitor 
marker (PAX6) at week 4 and RPE progenitor marker 
(MITF) at week 8 (Fig. 6A). These pigmented clusters 
were isolated manually and spread onto plates for 
expansion. Continued culture resulted in the for-
mation of a confluent cell monolayer that displayed 
increased pigmentation and the typical cobblestone 
shape during week 12 to 16 (Fig. 6B). Within differen-
tiated colonies, 55.7% ± 3.5% of the cells were pig-
mented. 

 Time-course analysis of gene expression re-
vealed that HDF-derived hiPSCs underwent a step-
wise differentiation through neural, retinal, and RPE 
fates under defined culture conditions. Specific 
markers that reflect the states of pluripotency (OCT4), 
early neural specification (OTX2), general neural 
transcription factors (SOX1, SOX2), retinal specifica-
tion (RX1, SIX3), RPE progenitor (MITF) and mature 
RPE (RPE65) were examined by real-time PCR. As 
shown in Fig. 6C, the expression of undifferentiated 
ESC marker OCT4 rapidly decreased at the early stage 
during suspension culture. At the middle stage of 
suspension culture (2 weeks), the expression of the 
early neural transcription factors OTX2 reached the 
peak but gradually decreased during the following 
progression of retinal differentiation. The definitive 
neural transcription factor SOX1 reached the peak at 
week 2 and another neural specification gene SOX2 
prolong expression until 4 weeks. The expression of 
retinal specification transcription factors, RX1 and 
SIX3, which play crucial roles in retinal specification, 
appeared after 1 week of differentiation and remained 
at elevated levels throughout the late stage of differ-
entiation. Simultaneously, MITF, a transcription factor 
required for RPE differentiation, was detected at 2 
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weeks after induction and significantly augmented 
after 4 and 8 weeks. Another RPE marker RPE65, in-
volved in the conversion of all-trans-retinol to 
11-cis-retinal, exhibited a similar expression pattern to 
that of MITF and was strongly expressed in differen-
tiated pigmented cells at 4 and 8 weeks. RT-PCR fur-
ther confirmed that HDF-derived iPSCs were suc-
cessfully differentiated into RPE cells, as demon-
strated by the expression of the mature RPE markers 
and the functional genes (TYR and SILVER) involved 
in pigment synthesis (Fig. 6D). Immunofluorescence 
staining with specific antibodies showed that the 
pigmented RPE cells expressed RPE65, a mature RPE 

marker at 16 weeks. Additionally, the RPE-like cells 
were positively stained with anti-ZO-1 antibody, im-
plicating that pigment cells formed tight junctions 
with a polygonal shape (Fig. 6E). As known, phago-
cytosis of photoreceptor outer segment (POS) is a 
physiological function of RPE cells in vivo. Then we 
conducted a latex bead phagocytosis assay and in-
deed detected phagocytosis activity in iPSCs-derived 
RPE cells (Fig. 6F). Taken together, these data indicate 
that fully reprogrammed iPSCs from HDF were in-
duced to differentiate into pigmented RPE cells under 
nonxenogeneic conditions. 

 
 

 
Figure 6. RPE cells derived from iPSCs and characterization of iPSC-derived RPE Cells. A. Immunofluorescence images demonstrating the expression of differ-
entiation of, neural retina progenitors, PAX6 at week 4; RPE progenitor marker, MITF at week 8. B. Phase-contrast images were shown for pigmented, hexagonal RPE-like cells 
at week 12 and week 16 (Scale bar = 100 μm). C. Real-time PCR analysis at sequential time points for expression of key genes in early neural and RPE development. Undif-
ferentiated iPS cells were used as negative control. (* p < 0.05, ** p < 0.01 vs the control). D. Characterization of mature RPE genes in iPSC-derived RPE-like cells derived from 
iPSCs using RT-PCR, undifferentiated iPSCs and human RPE cells (ARPE-19) were used as negative and positive controls respectively. E. Immunostaining showing that the 
pigmented cells expressed tight junction protein ZO-1 (Scale bar = 50 μm) and the mature RPE marker, RPE 65 after induction for 16 weeks (Scale bar = 25 μm). F. IPSC-induced 
RPE cells phagocytose latex beads. Nuclei were counterstained with Hoechst 33342 (Scale bar = 25 μm). 
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Discussion 
In this study, we efficaciously generated human 

iPSCs from fibroblasts with a modified reprogram-
ming recipe, replacing c-MYC with transfor-
mation-deficient L-MYC to reduce the risk of tumor-
igenicity. In serum-free, feeder-free and xeno-free 
conditions, we used viral free non-integrating epi-
somal vectors to generate iPSCs that are less immu-
nogenic and tumorigenic. Besides, we established an 
induction procedure for derivation of RPE cells from 
iPSCs with small molecules in serum-free, xeno-free 
culture conditions. It minimized the risks of pathogen 
cross-transfer, contamination from xenogeneic com-
ponents and zoonosis. Our results demonstrated the 
validity of the modified protocols in cell reprogram-
ming and RPE induction. 

Besides, we found that OTX2, RX1 and SIX3 are 
selectively reactivated after reprogramming. OTX2, 
RX1 and SIX3 genes all encode crucial transcriptional 
factors that are required for forebrain development 
and retinal cell fate determination. Genetic mutation 
or malfunction of these genes results in serious mal-
formations of forebrain and ocular organs, as well as 
erroneous retinal pigment epithelium specification 
[16]. Developmentally, RPE cells are derived from 
neuroectodermal cells. OTX2 as one of the genes in 
anterior neuroectoderm was expressed earliest [17, 
18]. In the mouse retina, Otx2 ablation leads to 
downregulation of Otx2 target genes that are associ-
ated with RPE functions [19]. Gene expression analy-
sis has identified that Otx2 directly regulates most 
RPE-specific genes [20]. SIX3 is essential for devel-
opment of the optic vesicles by repressing Wnt signal 
pathway [21]. Overexpression of RX1 in Xenopus 
embryos results in an optic vesicle derived RPE cells 
[22]. Besides, during the stepwise RPE development, 
these transcriptional factors constitute a hierarchical 
gene regulatory network. For instance, OTX2 has been 
proven to activate RX1 [23]. Herein, we elucidated 
that SOX2 together with OCT4 exert an important 
regulatory effect on the moderate reactivation of 
OTX2, RX1 and SIX3 genes. SOX2, a SRY-like HMG 
box transcription factor which is critical for mainte-
nance of pluripotent state of ESCs, also plays a pivotal 
role in the eye and forebrain development. In previ-
ous studies, PAX6, RX1 and SIX3 genes have been 
identified as SOX2 transcriptional targets in forebrain 
development [24, 25]. In our study, SOX2 mainly fa-
cilitated the reactivation of OTX2 and RX1 during 
reprogramming, while OCT4 predominantly stimu-
lated the expression of OTX2 and SIX3. We also iden-
tified an OCT4- and two SOX2-binding motifs located 
in the proximal promoter of OTX2 gene. Luciferase 
assays on wild-type and mutant upstream untrans-

lated regions (UTRs) suggest that the intact OCT4- 
and SOX2-binding motifs were indispensable to acti-
vate the OTX2 promoter activity. Taken our finding 
together with previous reports, the metastable reac-
tivation of OTX2, RX1 and SIX3 genes in iPSCs may 
attribute to the establishment of OCT4-SOX2 regula-
tory axis during cell reprogramming.  

In this study, the HDF-derived iPSCs underwent 
a selective transcriptional and epigenetic reactivation 
on genes required for early RPE differentiation during 
reprogramming, eventually resembling ESCs in gene 
expression profiling. The transcriptional conversion 
of RX1 and SIX3 genes from silent to active status 
partially attributed to DNA demethylation. Never-
theless, the focal alteration of histone modifications 
including methylation and acetylation rather than 
DNA demethylation, accounted for the reactivation of 
OTX2. In comparison, the RPE progenitor genes such 
as MITF retained a transcriptional silent status. It 
seems that the epigenetic choreography of RPE dif-
ferentiation is composed by sequential phases and 
hierarchical mode of DNA demethylation on the 
promoters of neural, retinal, and RPE genes. Indeed, 
data from ESCs implicated that genes associated with 
early development are arranged within a bivalent 
chromatin structure. It is considered as a "poised yet 
repressed" status, which can be promptly activated 
upon differentiation. In this way, pluripotent stem 
cells maintain a delicate balance between self-renewal 
and susceptibility to differentiation, and are highly 
sensitive to inductive signals [26]. Obviously, the ret-
inal propensity of HDF-derived iPSCs was predeter-
mined as characterized by the metastable reactivation 
of OTX2, RX1 and SIX3 genes. Therefore, evaluating 
the transcriptional and epigenetic characteristics of 
these genes may be a simple and reliable approach to 
predict the early retinal propensity of iPSCs from 
different sources. Besides, in reprogramming to plu-
ripotency, the binding of OCT4 or SOX2 to designated 
sites of downstream genes can evoke a focal DNA 
demethylation and histone modification to generate 
an open/primed chromatin state [26]. It was docu-
mented that OCT4 can recruit the histone lysine de-
methylase to catalyze histone demethylation and nu-
cleosome depletion [27]. In our study, histone acety-
lation and methylation on the local promoter contrib-
uted to the reactivation of OTX2. Collectively, the 
reactivation of OTX2, RX1 and SIX3 in iPSCs should 
be an event associated with the OCT4-SOX2 regula-
tory axis and coupled focal epigenetic modification. 

Since the landmark discovery of generating plu-
ripotent cells from somatic cells, referred to as repro-
gramming in 2006 [8], researchers from all over the 
world insist on researching whether one cell type 
could be induced directly from another determined 
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cell type without going through a pluripotent stage, 
only by overexpressing transcription factors or mi-
croRNAs. Meanwhile, many cell types has been direct 
reprogrammed successfully such as pancreatic beta 
cells [28], neurons [29], hepatocyte-like cells [30, 31], 
or hematopoietic progenitor cells [32]. In this study, 
we showed OTX2, RX1 and SIX3 genes that associ-
ated with early neural and retinal differentiation re-
activation and demethylation during cell repro-
gramming. This may be the reason that iPSCs can be 
differentiate into RPE cells. Subsequently, we suc-
cessfully obtained derived RPE cells from iPSCs un-
der chemically defined conditions, paving the way for 
clinical use of RPE in AMD treatment. Thus, our data 
suggest the intriguing possibility that combinations of 
neural and retinal specific transcription factors which 
are high expression level in iPSCs might be able to 
convert from fibroblasts into RPE cells bypassing a 
pluripotent state, what is called lineage reprogram-
ming. Future studies will be necessary to determine 
whether RPE cells could be generate directly from 
other determined cell type simply by overexpression 
such as OTX2, RX1 and SIX3 genes (Fig. 7). 

 

 
Figure 7. Neural and retinal specification-associated genes, OTX2, RX1 and SIX3 are 
very significant for RPE development. In induced pluripotent stem cells, they were 
reactivated by reprogramming transcription factors SOX2 and OCT4 respectively. The 
reactivated of these genes in iPSC cells may give rise to the differentiation of plu-
ripotent stem cells into RPE cells. Thus, we have the hypothesis that somatic cells can 
direct convert into RPE cells by overexpression these genes. Yamanaka’s TF: Ya-
manaka’s reprogramming transcription factor. 
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