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Induced pluripotent stem (iPS) cells are attractive for cell replacement therapy, because they overcome ethical
and immune rejection issues that are associated with embryonic stem cells. iPS cells have been derived from
autonomous fibroblasts at low efficiency using multiple ectopic transcription factors. Recent evidence suggests
that the epigenome of donor cell sources plays an important role in the reprogramming and differentiation
characteristics of iPS cells. Thus, identification of somatic cell types that are easily accessible and are more
amenable for cellular reprogramming is critical for regenerative medicine applications. Here, we identify ciliary
body epithelial cells (CECs) as a new cell type for iPS cell generation that has higher reprogramming efficiency
compared with fibroblasts. The ciliary body is composed of epithelial cells that are located in the anterior portion
of the eye at the level of the lens and is readily surgically accessible. CECs also have a reduced reprogramming
requirement, as we demonstrate that ectopic Sox2 and c-Myc are dispensable. Enhanced reprogramming effi-
ciency may be due to increased basal levels of Sox2 in CECs. In addition, we are the first to report a cellular
reprogramming haploinsufficiency observed when reprogramming with fewer factors (Oct4 and Klf4) in Sox2
hemizygous cells. Taken together, endogenous Sox2 levels are critical for the enhanced efficiency and reduced
exogenous requirement that permit facile cellular reprogramming of CECs.

Introduction

Pluripotent cells offer an exciting opportunity to re-
plenish damaged cells and restore organ function. So-

matic cells can be reprogrammed into induced pluripotent
stem (iPS) cells, nearly indistinguishable from embryonic
stem (ES) cells, and can be differentiated into cells of all three
germ layers [1,2]. However, fibroblast reprogramming into
iPS cells is inefficient and slow [1]. Current studies indicate
adult stem cells reprogram more efficiently than terminally
differentiated cells [3,4]. For example, neural stem cells and
dermal papilla cells can be reprogrammed with higher effi-
ciency and less exogenous input compared with fibroblasts
[5–8]. This enhanced reprogramming efficiency is due, in part,
to the higher level of expression of some endogenous repro-
gramming factors compared with that of fibroblasts [5,7].
Thus, the identification of accessible cell types with enhanced
reprogramming capabilities is warranted for facile cellular
reprogramming [9].

The mammalian ciliary body is a surgically accessible re-
gion of the anterior portion of the eye that is anatomically
contiguous with the retinal pigment epithelium. The ciliary
body region contains nonpigmented and pigmented epithe-
lial cells. Recent studies have demonstrated that epithelial
cells in this region express neural stem cell markers in vitro
[10]. However, it is unclear whether these epithelial cells are

more susceptible to reprogramming. Here, we report that
ciliary body epithelial cells (CECs) are an easily accessible
cell type and can be efficiently reprogrammed.

Materials and Methods

All procedures on mice were performed in accordance
with the ARVO Statement for the Use of Animals in Oph-
thalmic and Vision Research and approved by the Institu-
tional Animal Care and Use Committee at the University of
North Carolina at Chapel Hill.

CEC and fibroblasts culture

We used 5–6-week-old Sox2EGFP knock-in [11] or wild-
type CD-1 strain mice, and 4F2A reprogrammable transgenic
mice [12]. Dissection of adult mouse ciliary body was per-
formed as previously described [10,13,14]. Briefly, eyes were
enucleated and placed in artificial cerebral spinal fluid. Eyes
were halved, and the cornea, iris, lens, and posterior segment
were dissected. The remaining ciliary margin was treated
with a mixture of protease, and the ciliary epithelium was
scraped away from the sclera as described [10]. The ciliary
epithelium was then triturated into single cells with fire-
polished pipettes. After centrifugation, the cells were re-
suspended in CECs growth medium consisting of neurobasal
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medium, 1% fetal bovine serum (FBS), 1 · B27 supplement,
1% penicillin/streptomycin, 2 mM l-glutamine, bFGF
(20 ng/mL; Peprotech), EGF (20 ng/mL; Peprotech), and
heparin (2mg/mL; Sigma), and plated in 60-mm gelatin-
coated tissue culture dishes in a 37�C CO2 incubator [14,15].
Adult tail tip fibroblasts (TTFs) were prepared as described
[16]. All cell culture reagents were from Invitrogen unless
otherwise noted.

iPS cells generation

CECs at passage 2 (8 days after isolation) were plated at
1 · 105 cells/well of gelatin-coated six-well plates in CECs
growth medium. The next day, for the four-factor trans-
duction, concentrated lentiviruses containing CMV promot-
er-driven human Oct4, Sox2, Klf4, and c-Myc (Cellomics
Technology) were added to the cells at a multiplicity of in-
fection of 10 with 4 mg/mL polybrene (Sigma) in CECs
growth medium. For the three-factor transduction, lenti-
viruses coding human Oct4, Sox2, and Klf4 were added. For
the two-factor transduction, lentiviruses coding human Oct4
and Klf4, or Oct4 and Sox2 were used; whereas for the one-
factor transduction, only lentivirus coding human Oct4 was
added. Twenty-four hours postinfection, the viral infection
mix was exchanged for fresh CECs growth medium. The
next day, transduced CECs were subcultured onto mitomy-
cin C-treated SNL feeder cells (a mouse fibroblast STO cell
line-derived, neomycin-resistant, leukemia inhibitory factor
(LIF)-producing cell line Cell Biolabs) in six-well plates at a
split ratio of 1:4 in ES cell medium minus LIF containing
DMEM supplemented with 15% FBS, 2 mM l-glutamine,
100 mM nonessential amino acids, 100 mM 2-mercaptoethanol,
50 U/mL penicillin, and 50 mg/mL streptomycin [16].

For reprogramming CECs and TTFs from 4F2A mice, cells
were seeded at 1 · 104 cells/well in fibroblast medium on
SNL feeder cells in 12-well plates. The next day, ES cell
medium minus LIF containing 2mg/mL doxycycline was
added and exchanged every 2 day. After the ES cell-like
colonies appeared at day 12–20, cultures were washed twice
with DMEM and then grown in ES cell medium plus LIF
without doxycycline for 4–5 days. The colonies were then
scored by staining for alkaline phosphatase or Nanog.

The efficiency of generating iPS cells was calculated by di-
viding the number of GFP-positive or alkaline phosphatase (or
Nanog)-positive ES cell-like colonies by the seeded cell number.

ES cell-like (or Sox2-GFP-positive) colonies were picked,
dissociated with trypsin, and expanded on SNL feeders in
KnockOut DMEM supplemented with 15% KSR, 100 mM
MEM nonessential amino acids, 100mM 2-mercaptoethanol,
2 mM l- glutamine, 50 U penicillin, and 50 mg/mL strepto-
mycin [17]. For RNA and genomic DNA extraction, iPS cells
were depleted of feeder cells for at least two passages on
gelatin-coated plates in serum-free N2B27 medium supple-
mented with LIF and 2i inhibitors [18], CHIR99021 (3 mM;
Stemgent) and PD0325901 (1mM; Stemgent).

Viral vector integration analysis

Genomic DNA was prepared with the Trizol reagent (In-
vitrogen) according to the manufacturer’s instructions.
Genomic PCR was performed with the PCR 2 · reaction mix
Immomix Red (Bioline) with the following cycling condi-

tions: 95�C for 10 min followed by 35 cycles of amplification
(15 s at 94�C, 30 s at 60�C, and 1 min at 72�C) and 10 min
at 72�C at the end. Primers are listed in Supplementary Table
S1 (Supplementary Data are available online at www
.liebertpub.com/scd).

Karyotyping

Karyotyping was performed by KaryoLogic, Inc. (www
.karyologic.com/).

Bisulfite genomic sequencing

Genomic DNA was isolated with Quick-gDNA MiniPrep
(Zymo Research) and then treated for bisulfite sequencing
with EZ DNA Methylation-Lightning Kit (Zymo Research).
Bisulfite PCR primers [1] are listed in Supplementary Table
S1. Amplified fragments were cloned using the Zero Blunt
TOPO PCR Cloning Kits (Invitrogen). Five to eight clones for
each gene were sequenced with the SP6 and T7 primers.

RNA isolation, RT-PCR, and real-time PCR

Total RNAs from cultured CECs (passage 2) and iPS cells
were extracted using the Trizol reagent according to the
manufacturer’s instructions, and quantified with the Nano-
Drop spectrophotometer (Thermo Scientific). Total RNA
from mouse ES-D3 cell line was purchased from Cell Biolabs.
Total RNAs were treated with amplification-grade DNase I
and then reverse transcribed with Superscript III First-Strand
Synthesis System (Invitrogen). PCRs were performed with the
PCR 2 · reaction mix (Bioline) using the GeneAmp PCR system
2700 (Applied Biosystems) with the following conditions:
10 min at 95�C, 15 s at 94�C, 30 s at 60�C, 30 s at 72�C, 30 cycles
of 15 s at 94�C, 30 s at 55�C, 30 s at 72�C, and 10 min at 72�C at
the end. Real-time PCR was run on a 7500 Real-Time PCR
System (Applied Biosystems) with a SYBR Green qPCR Master
Mix (Applied Biosystems). Primers are listed in Supplementary
Table S1. The mRNA level of each gene was normalized to the
mRNA encoding glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). Differences between samples and controls were
calculated based on 2 -DDCT method.

Immunofluorescence staining and alkaline
phosphatase staining

Cells were fixed with 4% paraformaldehyde (PFA) in
phosphate-buffered saline (PBS) for 10 min and treated for
30 min with blocking solution (0.1% Triton X-100, 1% normal
goat serum, and 1% bovine serum albumin in PBS). Cells
were then incubated with primary antibodies overnight at
4�C. After rinsing thrice with PBS, cells were incubated with
secondary antibodies, rinsed, and counter-stained with
Hoechst 33342. Primary and secondary antibodies were lis-
ted in Supplementary Table S2. iPS cells were also stained
with an Alkaline Phosphatase Staining Kit (Stemgent) fol-
lowing the manufacturer’s instructions.

In vitro differentiation

iPS cells were dissociated with trypsin, and 5 · 105 cells
were cultured in suspension in 100-mm bacterial culture
dishes in ES medium minus LIF. After 3 days of culturing to

2544 NI ET AL.



FIG. 1. Mouse ciliary body epithelial cell (CEC) culture. (A) Diagram of the anatomical position of the ciliary body. (B)
Brightfield (left) and fluorescent (right) images of monolayer of Sox2EGFP CECs. The Sox2EGFP CECs were heterogeneous and
some expressed weak EGFP. Scale bar: 50 mm. (C) RT-PCR showed that Sox2EGFP CECs expressed epithelial markers cyto-
keratin-18, connexin-43, E-cadherin, and palmdelphin. Color images available online at www.liebertpub.com/scd

FIG. 2. Generation of induced pluripotent stem (iPS) cells from Sox2EGFP CECs with four and three reprogramming factors.
(A) Timeline for reprogramming Sox2EGFP CECs into iPS cells. CECs from hemizygote Sox2 mouse were transduced with
Oct4, Sox2, Klf4, and c-Myc (4F) or with Oct4, Sox2, and Klf4 (3F). Transduction mix was exchanged for fresh growth medium
at day 1. At day 2, transduced CECs were subcultured onto SNL feeder cells (a mouse fibroblast STO cell line-derived,
neomycin-resistant, leukemia inhibitory factor (LIF)-producing cell line) in embryonic stem (ES) cell medium minus leukemia
inhibitory factor (LIF). (B) Representative 4F Sox2-GFP + iPS colony. Scale bar, 50mm. (C) Representative 3F Sox2-GFP + iPS
colony, plus Nanog staining. Scale bar, 50mm. (D) Representative 4F and 3F Sox2-GFP + iPS cell lines cultured in N2B27 + 2i/
LIF medium on gelatin-coated plate without feeder cells, plus AP staining of 3F Sox2-GFP + iPS cell line. Scale bar, 100mm.
Color images available online at www.liebertpub.com/scd
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form embryoid bodies (EBs), cell aggregates were seeded
onto gelatin-coated tissue culture plates and cultured for an
additional 10 days. The cells were then harvested for total
RNA extraction. Spontaneous differentiation was examined
by RT-PCR for representative lineage-specific markers with
the indicated primers (Supplementary Table S1).

Teratoma formation

iPS cells (1.5 · 106) were mixed with Matrigel (BD Bio-
sciences) and subcutaneously injected into the dorsal flank of
NOD-SCID mice. Teratomas were isolated at 4–6 weeks after
injection, fixed in 4% PFA. Half of the harvested tissue was
embedded in paraffin, and sectioned (5 mm thick) for staining
with hematoxylin and eosin. The other half was embedded in
Tissue-Tek OCT compound (Sakyra Finetek), and frozen
sections (10mm thick) were prepared for immunofluores-
cence staining.

Statistics

n = 3 in all real-time PCR experiments. P value was cal-
culated using Student’s t-test.

Results and Discussion

Generation of iPS cells from mouse CECs

We isolated adult mouse CECs from hemizygote Sox2EGFP

knock-in mice, and cultured them as a monolayer in serum-
supplemented medium (Fig. 1A, B). Cultured Sox2EGFP CECs
(passage 2) displayed a heterogeneous morphology charac-
teristic of ciliary epithelial cells [14] and expressed weak
EGFP (Fig. 1B). RT-PCR detected mRNAs of epithelial
markers (cytokeratin-18, connexin-43, and E-cadherin) and
differentiated ciliary epithelial marker palmdelphin in these
cells (Fig. 1C) [13,14].

FIG. 3. Characteristics of the
mouse CEC-derived 4F and 3F
Sox2-GFP + iPS cells. (A) Genotyp-
ing of 4F and 3F iPS cells. Genomic
PCR showed all four reprogram-
ming factors in 4F iPS cells, and the
absence of the c-Myc transgene in
3F iPS cells. Parental CECs served
as negative control. (B) RT-PCR of
pluripotency-associated genes and
GAPDH. 4F and 3F iPS cells express
all tested endogenous pluripotency
genes. Parental CECs express Sox2,
Klf4, and c-Myc. ES cells served as
positive control. (C) Immunostain-
ing of pluripotency markers Oct4,
Sox2, Nanog, and SSEA-1 in 3F iPS
cells. Sox2-GFP shows GFP expres-
sion from the Sox2 locus. Scale bar,
100 mm. (D) RT-PCR of representa-
tive lineage markers after differen-
tiation of embryoid bodies (EBs)
generated from 3F iPS clones. (E)
Hematoxylin and eosin staining of
teratoma sections derived from 3F
iPS clones showing all three em-
bryonic germ layers. Scale bar,
100 mm. (F) Immunostaining of ter-
atoma sections derived from 3F iPS
clones showing tubulin-b III posi-
tive neural epithelium, a-smooth
muscle actin-positive muscle, and
E-cadherin-positive endodermal
cells. Scale bar, 100mm. Color ima-
ges available online at www
.liebertpub.com/scd
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To test whether Sox2EGFP CECs can be reprogrammed into
iPS cells, we transduced the Sox2EGFP CECs with lentiviral
vectors carrying the human cDNAs encoding four transcrip-
tion factors: Oct4, Sox2, c-Myc, and Klf4. As detailed in the
timeline (Fig. 2A), Sox2EGFP CECs were transduced with either
four (4F: Oct4, Sox2, c-Myc, and Klf4) or three (3F: Oct4, Sox2,
and Klf4) reprogramming factors. After 4F transduction, sev-
eral small-cell GFP-positive colonies with a large nuclear to
cytoplasmic ratio emerged at day 6 after infection (Fig. 2B). At
day 21, more than 100 ES cell-like colonies were observed in
each well of transduced CECs, and the nominal reprogram-
ming efficiency was calculated as 0.4%, which is more than
seven times higher than with 4F reprogramming of TTFs re-
ported in the literature [1,19]. We then used a doxycycline-
inducible transgenic system to confirm this observation. TTFs
and CECs were cultured from 6-week-old 4F2A mice carrying
two copies of the 4F2A (OSKM) transgene and two copies of
rtTA transgene. The cells were then reprogrammed in the
presence of doxycycline as described [12]. After doxycycline
administration, ES cell-like colonies appeared at day 6 in the
CEC culture, and at day 16, in the TTFs. As expected, more
AP-positive colonies were observed in the CEC group than in
the TTF group (Supplementary Fig. S1). On day 25, the AP-
positive (or Nanog-positive) colonies were counted, and we
found that the number of colonies in the CEC group was 6
times higher than in the TTF group (46/8, 38/6). Taken to-
gether, these data suggest that CECs are more amenable to
facile reprogramming into iPS cells.

Since fibroblasts can be reprogrammed without ectopic c-
Myc expression [20,21], we next infected Sox2EGFP CECs with
lentiviruses expressing Oct4, Sox2, and Klf4. For the 3F
transduction, GFP-positive iPS colonies appeared at day 12
postinfection (Fig. 2C) with considerably fewer (40/100,000)
ES cell-like colonies emerging 21 days postinfection. The ef-
ficiency of iPS cell formation was 0.04% at day 28, which is
*10-fold lower than 4F reprogramming. As with other cell
types, 3F transduction of Sox2EGFP CECs suffered delayed
kinetics and lower efficiency [9,20–22].

We randomly picked several GFP-positive iPS colonies for
expansion and characterized their pluripotency features at
the molecular level. Most of the iPS colonies (5/6 4F-iPS
colonies and 6/6 3F-iPS colonies) were expandable into sta-
ble iPS cell lines, displaying proliferation and a morphology
characteristic of ES cells (Fig. 2D).

We next examined the integration of the viral transgenes
by genotyping PCR. All four viral transgenes were detected
in 4F-iPS cells; whereas in 3F-iPS cells, the c-Myc transgene
was absent (Fig. 3A), ruling out the possibility that cross-
contamination occurred between 4F and 3F clones. RT-PCR
showed that all tested endogenous pluripotency-associated
transcription factors were expressed in all iPS cell lines (Fig.
3B). Except for high expression of Klf4 and c-Myc, and low
expression of Sox2, the other pluripotency genes examined
were not expressed in CECs. We confirmed the RT-PCR re-
sults with immunofluorescence staining for several tran-
scription markers such as Oct4, Sox2, and Nanog, and for
pluripotent cell surface marker SSEA-1 for the 4F (data not
shown) and 3F (Fig. 3C) iPS lines.

We next investigated the differentiation potential of 3F-iPS
cells in vitro using the EB assay [1,5]. 3F-iPS cells derived
from Sox2EGFP CECs effectively formed EBs (data not
shown). Ten days after EB transfer onto gelatin-coated plates,

the attached cells expressed markers of the three germ layers,
including the endoderm markers GATA4 and hepatocyte
nuclear factor-3b (Foxa2), the mesoderm markers vascular
endothelial growth factor receptors and Brachyury, and the
ectoderm marker Nestin as determined by RT-PCR (Fig. 3D).
To fully characterize the differentiation potential of CEC-
derived iPS cells in vivo, we generated teratomas in immune-
deficient NOD-SCID mice after a subcutaneous injection of
4F- and 3F-iPS cells. Histological examinations showed that
the teratomas contained derivatives of the three embryonic
germ layers, including neural tissues (ectoderm), muscle
(mesoderm), and gut-like epithelial tissues (endoderm) (Fig.
3E). We confirmed these morphological findings with im-
munofluorescence staining: neural epithelial-like tissues
were positive for tubulin-b III expression, muscle-like tissues
were positive for a-smooth muscle actin, and gut-like epi-
thelium was positive for E-cadherin expression (Fig. 3F).

Generation of 2F iPS cells from mouse CECs

Cells with high levels of endogenous Sox2 have been
previously reprogrammed without ectopic Sox2 expression
[5,7,19]. Given that Sox2 is expressed in Sox2EGFP CECs (Fig.
3B), we attempted to reprogram Sox2EGFP CECs with Oct4
and Klf4 (2F) only. At a much delayed time point (28 days
postinfection), only three GFP-positive colonies (3/100,000)
were observed. These three colonies lost GFP expression
gradually during expansion, and they were not expandable
into stable iPS cell lines. However, when propagated in se-
rum-free N2B27 medium supplemented with 2i/LIF, all three
colonies were converted to stable iPS cell lines with stable
GFP expression (data not shown). These observations suggest
that these three colonies were partially reprogrammed,
because with the addition of small molecules modulating
signal transduction, they can transition to the completely
reprogrammed iPS state as previously demonstrated [22].

FIG. 4. Endogenous expression of reprogramming factors
in wild-type and Sox2EGFP CECs. Quantitative real-time PCR
was performed on passage 2 wild-type and hemizygous
Sox2EGFP CECs. Neither of the cells expresses Oct4 at ap-
preciable levels. Compared with the wild type, expression
levels of Sox2, Klf4, and c-Myc are reduced in hemizygous
Sox2EGFP CECs. Data are normalized for GAPDH expression
and presented as mean – SEM for three replicates. *P value
< 0.05; **P value < 0.01. Color images available online at
www.liebertpub.com/scd
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A previous report demonstrates that hemizygote Sox2EGFP

knock-in mice express less Sox2 than wild-type mice [11]. We
confirmed this finding in CECs using quantitative RT-PCR
and found 25% less Sox2 compared with wild-type CECs
(Fig. 4). Interestingly, except for Oct4, which was undetect-
able, c-Myc was reduced to 25% and Klf4 was surprisingly
reduced much more to 70% in Sox2EGFP CECs (Fig. 4). Given
the instrumental role that Sox2 plays in somatic cell repro-
gramming, and that three reprogramming factors are signif-

icantly reduced in Sox2EGFP CECs, we hypothesized that a
reprogramming haploinsufficiency exists in hemizygous
Sox2EGFP CECs.

To examine the possibility that an iPS reprogramming
haploinsufficiency exists in Sox2 hemizygous cells, we in-
fected wild-type CECs to assess their potential to form iPS
cells. Wild-type CECs with the 3F reprogramming protocol
mentioned earlier produced more iPS colonies than Sox2EGFP

CECs. The appearance of ES cell-like colonies occurred 1 day

FIG. 5. Generation of iPS
cells from mouse wild-type
CECs with two reprogram-
ming factors. (A) Brightfield
and AP staining of representa-
tive 2F iPS colony. Scale bar,
50mm. (B) Genotyping of 2F iPS
cells. Genomic PCR showed
only Oct4 and Klf4 transgenes
in 2F iPS cells as expected. (C)
RT-PCR of pluripotency-asso-
ciated genes and GAPDH. 2F
iPS cells express all tested en-
dogenous pluripotency genes,
and parental wild-type CECs
express Sox2, Klf4 and c-Myc.
(D) Immunostaining of plur-
ipotency markers Oct4, Sox2,
Nanog, and SSEA-1 in 2F iPS
cells. Scale bar, 100mm. (E)
Representative 2F iPS cell line
cultured in N2B27 + 2i/LIF
medium on gelatin-coated
plate without feeder cells. Scale
bar, 50mm. (F) RT-PCR of typi-
cal lineage markers after dif-
ferentiation of EBs derived
from 2F iPS clones. (G) Ter-
atoma formation. Hematoxylin
and eosin staining of teratoma
sections derived from 2F iPS
clones showed all three em-
bryonic germ layers. Im-
munostaining of teratoma
sections showed tubulin-b III-
positive neural epithelium, a-
smooth muscle actin-positive
muscle, and E-cadherin-posi-
tive endodermal cells. Scale bar,
100mm. Color images available
online at www.liebertpub
.com/scd
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earlier. The efficiency of 3F iPS generation from wild-type
CECs was 0.21%, about five times higher than Sox2EGFP

CECs. Moreover, 2F experiments revealed iPS colonies after
3 weeks using wild-type CECs with a respectable repro-
gramming efficiency of 0.046% (46/100,000) at day 28 (Fig.
5A). Analysis of genomic DNA from 2F-iPS cells via geno-
typing PCR showed transgenes Oct4 and Klf4 and confirmed
the absence of viral Sox2 and c-Myc (Fig. 5B). 2F-iPS cells
derived from wild-type CECs expressed pluripotency
markers, as demonstrated by RT-PCR (Fig. 5C), which were
confirmed with immunofluorescence staining (Fig. 5D). Most
of them were expandable and maintained ES cell-like mor-
phology after serial passaging (Fig. 5E). Furthermore, the
transgenes hOct4 and hKlf4 were significantly attenuated at
late passages (Supplementary Fig. S2). These 2F-iPS cells
maintained normal karyotypes (Supplementary Fig. S3), ac-
quired a stem cell methylation pattern in Oct4 and Nanog
promoters (Supplementary Fig. S4), and could differentiate
in vitro using the EB formation, and into endodermal, me-
sodermal, and ectodermal derivatives in teratomas (Fig. 5F,
G). These results suggest that ectopic Sox2 and c-Myc ex-
pression is dispensable for reprogramming wild-type CECs
into iPS cells. We then attempted reprogramming wild-type
CECs with viral Oct4 and Sox2 twice, and reproducibly no-
ticed a morphological change in CECs, but did not observe
iPS colonies at day 35.

Since endogenous Sox2 and c-Myc expression were suffi-
cient for 2F reprogramming of wild-type CECs, and wild-type
CECs express Klf4 as well, we tried to derive iPS cells with
viral Oct4 alone. As with the Oct4 and Sox2 combination,
some morphologic changes occurred in the CECs, but ES cell-
like colonies did not emerge at day 35, despite three attempts.

Mesenchymal-epithelial transition (MET) is an essential
early step for reprogramming fibroblasts [23,24]. Human
epithelial cells reprogram with a higher efficiency than fi-
broblasts [24,25], suggesting that bypassing MET is beneficial
for reprogramming. Ciliary epithelium is neuroepithelium,
and it shares the same developmental origin as neural retina
and retinal pigment epithelium. These specialized epithelial
cells express not only typical epithelial cell markers, such as
cytokeratin and connexin-43, but also neural progenitor
markers such as Pax6 and Sox2 [14]. E-cadherin, an impor-
tant regulator of epithelial homeostasis, is highly expressed
in ES/iPS cells. It is also required for fibroblast reprogram-
ming [26]. Although mRNA of E-cadherin is expressed in
CECs in our RT-PCR data (Fig. 1C), the protein was unde-
tectable ([14] and our unpublished data). To determine the
relative E-cadherin expression levels between CECs and
TTFs, we performed qPCR experiments and found essen-
tially no difference in E-cadherin mRNA between the two
cell populations (Supplementary Fig. S5). However, CECs
expressed relatively high levels of Sox2 and EpCAM (epi-
thelial cell adhesion molecule) compared with TTFs (Sup-
plementary Fig. S5), EpCAM has been shown to promote
somatic cell reprogramming even more profoundly than E-
cadherin [27]. It is, thus, tempting to speculate that CEC
reprogramming benefits from high basal expression of Ep-
CAM, in addition to high endogenous expression of repro-
gramming factor Sox2, although further investigations are
required to address this hypothesis.

CECs are a new cell source that may have advantages for
cellular reprogramming. Specifically, we demonstrate the

emergence of ES cell like colonies in a short time frame, in-
creased efficiency, and a reduced exogenous transcription
factor requirement. We also discovered that endogenous
Sox2 levels are critical for facile cellular CEC reprogram-
ming. This observation may be applicable to other cell types,
such as neural stem cells or dermal papilla cells, that have
higher endogenous Sox2 expression.

CECs have the advantage of being easily accessible unlike
neural stem cells [5]. The ciliary body region is a readily
accessible region of the eye using several techniques [28,29].
Access to ciliary body tissue for tumor biopsy is well estab-
lished [30], and recently, one group described a technique to
culture ciliary body cells from human patients using minimal
tissue [31].

CECs can be reprogrammed with a reduced genetic input
compared with fibroblasts. Fewer transcription factors and
retroviruses may reduce the risk of insertional mutagenesis
and cancer formation risk. Taken together, these character-
istics may be advantageous for clinical therapy.
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