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Retinal Pigmented Epithelial Cells Obtained from Human
Induced Pluripotent Stem Cells Possess Functional Visual
Cycle Enzymes in Vitro and in Vivo*
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Background: The visual (retinoid) cycle activity in human iPS-derived RPE (hiPS-RPE) cells has not been fully examined.
Results: hiPS-RPE cells showed a functional visual cycle in both in vitro and in vivo.
Conclusion: hiPS-RPE cell could provide potential treatment options for retinal degenerative diseases.
Significance:hiPS-RPE cells with functional visual cycle proteins potentially could remedy certain degenerative retinal diseases.

Differentiated retinal pigmented epithelial (RPE) cells have
been obtained from human induced pluripotent stem (hiPS)
cells. However, the visual (retinoid) cycle in hiPS-RPE cells has
not been adequately examined. Here we determined the expres-
sion of functional visual cycle enzymes in hiPS-RPE cells com-
pared with that of isolated wild-type mouse primary RPE
(mpRPE) cells in vitro and in vivo. hiPS-RPE cells appearedmor-
phologically similar to mpRPE cells. Notably, expression of cer-
tain visual cycle proteins was maintained during cell culture of
hiPS-RPE cells, whereas expression of these same molecules
rapidly decreased in mpRPE cells. Production of the visual
chromophore, 11-cis-retinal, and retinosome formation also
were documented in hiPS-RPE cells in vitro. When mpRPE
cells with luciferase activity were transplanted into the sub-
retinal space of mice, bioluminance intensity was preserved
for >3 months. Additionally, transplantation of mpRPE into
blind Lrat�/� and Rpe65�/� mice resulted in the recovery of
visual function, including increased electrographic signaling
and endogenous 11-cis-retinal production. Finally, when
hiPS-RPE cells were transplanted into the subretinal space of
Lrat�/� and Rpe65�/� mice, their vision improved as well.
Moreover, histological analyses of these eyes displayed
replacement of dysfunctional RPE cells by hiPS-RPE cells.
Together, our results show that hiPS-RPE cells can exhibit a
functional visual cycle in vitro and in vivo. These cells could
provide potential treatment options for certain blinding ret-
inal degenerative diseases.

The retinal pigmented epithelium (RPE)3 is a monolayer of
cells, located in the rear of the eye between Bruch’s membrane
and the neural retina which plays an essential role in maintain-
ing photoreceptor function and survival. Thus, dysfunction or
death of RPE cells can cause various human retinal degenera-
tive diseases such as retinitis pigmentosa, congenital progres-
sive retinal dystrophies, and age-related macular degeneration
(AMD), one of the leading causes of legal blindness in industri-
alized countries (1–3). The limited benefits of current medical
and surgical interventions for these diseases accentuate the
need to establish more effective therapies including the devel-
opment of a cell-based transplantation strategy. Various cell
types have been tested for use inRPE cell replacement including
immortalized cell lines (4), primary RPE cells from adult and
fetal tissues (5), and RPE differentiated from human embryonic
stem (ES) cells (6). Recently, induced pluripotent stem (iPS)
cells have been established as an alternative cell source for
transplantation (6). iPS cells aremorphologically identical to ES
cells, which display similar gene expression profiles and epige-
netic status and have the potential to form any type of cell
within the body. iPS cells have been employed to generate sev-
eral types of differentiated cells for future treatment options
and study tools in various diseases, such as diabetes, cardiovas-
cular diseases, Parkinson disease and AMD (7).
Several research groups have reported that human ES and

iPS cells can be differentiated into RPE cells which display some
degree of RPE functionality, including phagocytosis and growth
factor secretion (8, 9). However, the visual (retinoid) cycle in
hiPS-derived RPE (hiPS-RPE) cells has not been rigorously
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examined. The visual cycle consists of a series of enzymatic
reactions occurring in both photoreceptor outer segments and
RPE cells. The function of this cycle is to regenerate photore-
ceptor visual pigments continuously by supplying the visual
chromophore, 11-cis-retinal, and to remove potentially toxic
retinoid byproducts generated by photoreceptor cells upon
photon absorption. Therefore, this cycle is indispensable to
maintain vision and the health of the retina. It is well recognized
that many biochemical reactions in this cycle occur in the RPE
(10, 11). Among them, two enzymes, retinal pigment epitheli-
um-specific 65-kDa protein (RPE65) and lecithin:retinol acyl-
transferase (LRAT) are essential components. Abnormal func-
tion of either enzyme results in a severe congenital retinal
degeneration called Leber congenital amaurosis (LCA) (12, 13).
Despite the potential of iPS-RPE cells for the future thera-

peutic applications, it is still not known whether or not they
have a functional visual cycle. Moreover, even if they do, the
question remains as to whether these cells can restore visual
function in degenerative retinal diseases resulting from a dys-
functional visual cycle.
In this study, the expression of molecules involved in the

visual cycle in RPE cells was examined in both hiPS-RPE and
mouse primary RPE (mpRPE) cells. Production of the visual
chromophore, 11-cis-retinal, was also assessed in cultured cells.
Furthermore, visual cycle function was evaluated following
transplantation of both types of cells into the subretinal space of
blind Lrat�/� and Rpe65�/� mice. This study demonstrates
that hiPS-RPE cells can maintain a functional visual cycle thus
providing a novel therapeutic option for retinal degenerative
diseases such as retinitis pigmentosa and AMD associated with
RPE damage.

EXPERIMENTAL PROCEDURES

Mice—Lrat�/� mice were bred as previously described (14),
andRpe65�/�micewere originally generated byDr. T.M. Red-
mond (NEI, National Institutes of Health) (15). FVB-Tg (CAG-
Luc, GFP), C57BL/6J, and C57BL/6J-Tyrc-2J/J mice were
purchased from the Jackson Laboratory. Systemic luciferase-
expressing mice were bred by crossing C57BL/6J with FVB-Tg
(CAG-Luc, GFP) mice. All mice were genotyped by established
methods provided by the Jackson Laboratory. Mice were
housed in the animal facility at the School of Medicine, Case
Western Reserve University, where they were maintained
either in the dark or under a 12-h light (�10 lux)/12-h dark
cycle.Manipulations in the darkwere conducted under dim red
light transmitted through a Kodak number 1 safelight filter
(transmittance �560 nm). All animal procedures and experi-
ments were approved by the Case Western Reserve University
Institutional Animal Care and Use Committees (IACUC) and
conformed to recommendations of both the American Veteri-
nary Medical Association Panel on Euthanasia and the Associ-
ation of Research for Vision and Ophthalmology.
Isolation of Primary RPE Cells—RPE cells were isolated from

eyes of 10- to 12-day-old mice as described previously (16).
Briefly, enucleated eyes were incubated in 2% dispase (Invitro-
gen) solution for 45 min in a 37 °C water bath with gentle
decanting every 15 min. After removal of the neural retina,
sheets of RPE were peeled away from the choroid and pipetted

into a tube containingDMEMplus streptomycin/penicillin and
10% fetal bovine serum.
Differentiation of iPS Cells into RPE Cells—hiPS cells (HiPS-

RIKEN-1A derived from human umbilical cord, P29–P30) and
CWRU22 cells derived from human fibroblasts, P22–23) were
purchased from RIKEN Bioresource Center (Tsukuba, Japan)
or obtained from the Pluripotent StemCell Facility, CaseWest-
ern Reserve University. These cell lines were established in
accordance with the tenets of TheDeclaration of Helsinki. hiPS
cell lines were maintained in Primate ES Cell Medium (Repro-
Cell, Yokohama, Japan) and radiated mouse embryonic fibro-
blast feeder. Differentiation of hiPS cells to RPE cells was per-
formed as detailed previously (17). Briefly, hiPS clumps were
moved to a nonadhesive 2-methacryloyloxyethyl phosphoryl-
choline-treated dish (Nunc, Rochester, NY) in maintenance
medium for 3 days with SB-431542 (Invitrogen) and CKI-7
(Sigma-Aldrich) and then in differentiationmedium for 21 days
with KSR (Invitrogen) (20–10%). On day 21, cells were plated
onto poly-D-lysine/laminin/fibronectin-coated eight-well cul-
ture slides (BD Biocoat; BD Biosciences) at a density of 15–20
aggregates/cm2. Cells were cultured in 10% KSR-containing
differentiation medium until day 60. After differentiation,
hiPS-RPE cell was maintained in RPE maintenance medium
(18).
RT-PCR and Quantitative RT-PCR (qRT-PCR)—Total RNA

was isolated with a RNeasy Mini kit (Qiagen), and cDNA was
synthesized from200ng of total RNAbyusing SuperScriptTM II
Reserve Transcriptase (Invitrogen) and following themanufac-
turer’s instructions. Real-time PCR amplification was per-
formed with iQTM SYBR� Green Supermix (Bio-Rad) with
EppendorfMastercycler ep realplex. Primer sequences formice
were: Rpe65-H1 forward, 5�-tcatgtcacaggcaggattc-3� and
reverse, 5�-aaagcacaggtgccaaattc-3�; Lrat-H1 forward, 5�-cacg-
gacccattttatccac-3� and reverse, 5�-agccaccttgcaaatgactc-3�;
Rdh5-H1 forward, 5�-cctctggagcagaagacctg-3� and reverse,
5�-ctgtgttagccatggtgtgg-3�; Stra6-H3 forward, 5�-gccagtcacatc-
caggagtc-3� and reverse, 5�-agcaactgcatcccttcttc-3�; Rlbp1-H1
forward, 5�-aggagctggtacaggcacag-3� and reverse, 5�-gaggcg-
gaagttcacatagc-3�; Gapdh-Y1 forward, 5�-gtgttcctacccccaat-
gtg-3� and reverse, 5�-aggagacaacctggtcctca-3�. Primer se-
quences for humans were the following: H-RPE65-H2 for-
ward, 5�-acccagtgggggaagattac-3� and reverse, 5�-ttccttgtctgct-
tgcagtg-3�; H-LRAT-H1 forward, 5�-acctgacccactatggcatc-3�
and reverse, 5�-acaataacgcccaggatgag-3�;H-RDH5-H1 forward,
5�-cctgtgaccaacctggagag-3� and reverse, 5�-ggttaggtccgggtca-
cag-3�; H-STRA6-H1 forward, 5�-acactccacagccaggattc-3� and
reverse, 5�-gccagcaggtaggagacatc-3�; H-RLBP1-H2 forward,
5�-ggagaagctgctggagaatg-3� and reverse, 5�-agaagggcttgacca-
cattg-3�; H-GAPDH-H2 forward, 5�-caatgaccccttcattgacc-3�
and reverse, 5�-gacaagcttcccgttctcag-3�. Relative expression
levels of genes were normalized by GAPDH.
Immunoblotting—SDS-PAGE was performed with 12.5%

polyacrylamide gels, and proteins were electrophoretically
transferred onto Immobilon-P (Millipore). Themembrane was
blocked with 3% BSA in 10 mM phosphate buffer, pH 7.5, con-
taining 100 mM NaCl, and incubated for 3–16 h with primary
antibody. A secondary antibody conjugated with alkaline phos-
phatase (Promega) was used at a dilution of 1:5,000. Ab binding
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was detected after incubation with nitro blue tetrazolium/5-
bromo-4-chloro-3-indolyl phosphate (Promega). Anti-RPE65
antibody was generated as before (19). Anti-�-actin antibody
was purchased from Novus Biologicals (Littleton, CO), and
anti-�-tubulin antibody was obtained from DSHA at the Uni-
versity of Iowa.
Isomerization Assay and Retinoid Analysis—RPE cells at 3 �

104 cells/well were seeded into 48-well plates, and one retina
obtained from a Lrat�/� mouse was added to each well in the
presence of 30 �M recombinant CRALBP. To initiate isomer-
ization, 10 �M all-trans-retinol was mixed into the well, and
plates were incubated at 37 °C for 16 h in the dark. Retinoid
analyses were carried out on retinas after incubation by using a
HPLCmethod published previously (20). Quantification of ret-
inoids in the eyes was performed with two eyes by the same
HPLC method. Eyes were placed in glass/glass homogenizers
containing 1 ml of retinoid analysis buffer (50 mM MOPS, 10
mM NH2OH, 50% EtOH in H2O, pH 7.0), and retinoids were
extracted with 4 ml of hexane. Extracted retinoids were dried
and reconstituted with 300 �l of hexane prior to loading onto
the HPLC silica column.
Retinosome Imaging by Two-photon Microscopy (TPM)—

Retinosomes were visualized by TPM using an upright micro-
scope equippedwith 20� 1.0NAwater immersion objective as
described previously (21). RPE cells were cultured in a glass
chamber coated with CellStart� (Invitrogen) and incubated at
37 °C until they displayed pigmentation.
Bioluminance Intensity (BLI) Measurements in Vivo—BLI

studies were performed with the Xenogen IVIS 200 system
(Caliper Life Sciences) at the Case Western Reserve University
Small Animal ImagingCenter.Micewere initially administered
125 mg/kg D-luciferin intraperitoneally (Biosynth AG; Staad,
Switzerland). The exposure time for each image was 10 min,
and images were taken starting 7min after D-luciferin injection.
Cell Transplantation into the Subretinal Space—All surgical

manipulations were carried out under a surgical microscope
(Leica M651 MSD). Mice were anesthetized by intraperitoneal
injection of 20 �l/g body weight of 6 mg/ml ketamine and 0.44
mg/ml xylazine diluted with PBS. Pupils were dilated with 1.0%
tropicamide. A 33-gauge beveled needle (World Precision
Instruments, FL) was used as a lance to make a full-thickness
cut through sclera at 1.0 mm posterior to the limbus. The nee-
dle was aimed toward the inferior nasal area of the retina and a
cell suspension (3� 104 or 7.5� 104 cells/eye in 1.5�l ofHanks’
balanced salt solution) was injected into the subretinal space.
Successful administrationwas confirmed by observing bleb for-
mation. The anti-inflammatory drugs, cyclosporin (210 mg/li-
ter) and minocycline (120 mg/liter) were administered in
drinking water starting 1 day before cell transplantation and
continuing until experiments were undertaken. The same vol-
ume of Hanks’ balanced salt solution was injected into the sub-
retinal space as a vehicle control.
Ultra-high Resolution Spectral DomainOptical Coherence To-

mography (SD-OCT)—Ultra-high resolution SD-OCT (Biopti-
gen, NC) was employed for in vivo imaging of mouse retinas.
Mice were anesthetized by intraperitoneal injection of a mix-
ture (20 �l/g body weight) containing ketamine (6 mg/ml) and
xylazine (0.44mg/ml) in PBS. Pupils were dilatedwith 1% tropi-

camide. Four pictures acquired in the B-scan mode were used
to construct each final averaged SD-OCT image.
Electroretinograms (ERGs)—All ERG experimental proce-

dures were performed under dim red light transmitted through
a Kodak number 1 safelight filter (transmittance �560 nm) as
previously noted (20, 22). Briefly, mice first were dark-adapted
overnight prior to recording. Then they were anesthetized
under a safety light by intraperitoneal injection of 20 �l/g body
weight of 6 mg/ml ketamine and 0.44 mg/ml xylazine diluted
with 10 mM sodium phosphate, pH 7.2, containing 100 mM

NaCl. Pupils were dilated with 1% tropicamide ophthalmic
solution (Bausch and Lomb, Rochester, NY). A contact lens
electrode was placed on the eye, and a reference electrode and
ground electrode were positioned on the ear and tail, respec-
tively. ERGs were recorded by the universal testing and electro-
physiological system (UTAS) with BigShotTM Ganzfeld (LKC
Technologies, Gaithersburg, MD). For single-flash recording,
white light flash stimuli were employed with a range of intensi-
ties (from �3.7 to 1.6 log cd�s�m�2), and flash durations were
adjusted according to intensity (from20�s to 1ms). Two to five
recordingsweremade at sufficient intervals between flash stim-
uli (from 3 s to 1 min) to allow mice time to recover.
Histology—Histological and immunohistochemical proce-

dures used were well established in our laboratory (20). Eye
cups for histology were fixed in 2% glutaraldehyde/4% parafor-
maldehyde and processed for embedding in Epon. Sections
were cut at 1 �m and stained with toluidine blue. Electron
microscopy analyses were performed as described previously
(20). Anti-LRAT mouse monoclonal antibody and anti-RPE65
mouse monoclonal antibody also were prepared as described
(14, 19). Anti-rhodopsin mouse monoclonal antibody (1D4)
was a generous gift fromDr. R. S. Molday (University of British
Columbia, Vancouver, CA).
Statistical Analyses—Data representing themeans� S.D. for

the results of at least three independent experimentswere com-
pared by one-way analysis of variance.

RESULTS

Human iPS Cells Differentiate into RPE Cells—To test
whether transplantation of RPE cells with a functional visual
cycle can rescue visual function and restore retinal architecture
in retinal diseases, RPE cells were induced to differentiate from
two different lines of hiPS cells (line 1, HiPS-RIKEN-1A; and
line 2, CWRU22) following the protocol used in a previous pub-
lication (17). hiPS-RPE cells from both lines showed pigmenta-
tion and morphology similar to mpRPE cells fromWTmice at
passage 3 (P3) (Fig. 1A, upper). Expression of RPE-specific pro-
tein, RPE65, also was detected in both hiPS-RPE and mpRPE
cells (Fig. 1A, lower). Expression of several visual cycle proteins
present in the RPE, namely, RPE65, RDH5, STRA6, CRALBP
(RLBP1), and LRAT (10, 11), was examined by RT-PCR in hiPS-
RPE cell lines derived from two independent hiPS cell lines
from different donors. Two hiPS-RPE cell lines revealed similar
amplified bands (Fig. 1B). RPE65 expression was also examined
by immunoblots of lysates from mpRPE and hiPS-RPE cells
(Fig. 1C). mpRPE and hiRPE expressed RPE65, but RPE65
expression was not detected in immortalized human RPE,
ARPE19 cells, similar to the results of RT-PCR in Fig. 1B.

Transplantation of Functional RPE Rescues Vision in Mice

34486 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 48 • NOVEMBER 29, 2013



hiPS-RPE Cells Maintain Expression of Visual Cycle Pro-
teins—These data indicate that hiPS cells successfully differen-
tiated into RPE cells capable of expressing visual cycle proteins.
Previous studies reported decreased expression of visual cycle
proteins either during cell culture (23) or under conditions of
stress (24). To examine expression of these proteins under our
cell culture conditions, we performed qRT-PCR on cells at two
different time points with both hiPS-RPE (line 1) and mpRPE
cells. In hiPS-RPE cells, visual cycle proteins displayed similar
expression levels at passage 4 (P4) and cells at P6 derived from
P4 cells 8 weeks later (Fig. 2A, left). (P2–P4 hiPS-RPE cells were
used for in vitro testing for 11-cis-retinal regeneration in Fig. 3
and transplantation in Fig. 6.) In contrast, markedly decreased
expression of these proteins was exhibited bympRPE cells after
4weeks in culture (Fig. 2A, right). Among these proteins, RPE65
expression showed the largest decrease, demonstrating �0.1%
of its initial expression determined immediately after harvest-

ing. Immunoblots also revealed RPE65 expression in hiPS-RPE
but not mpRPE cells after culture (Fig. 2B). We also evaluated
expression levels of visual cycle-related genes in mpRPE in the
presence of pyruvate in the cell culture medium because pyru-
vate supplementation can facilitate RPE65 expression in
ARPE19 cells (25). Pyruvate supplementation did not maintain
the expression of visual cycle protein genes inmpRPE cells (Fig.
2C), even though it supported an 8-fold higher expression level
of Rpe65 compared with cells cultured without pyruvate (Fig.
2D).

FIGURE 1. Characterization of RPE cells and their expression of visual
cycle-associated proteins. A, bright field images of hiPS-RPE differentiated
from HiPS-RIKEN-1A and WT mpRPE cells are shown (upper panels). Immuno-
cytochemistry of hiPS-RPE and mpRPE cells was carried out with anti-RPE65
Ab. Expression of RPE65 (red) was detected in both types of cells. Nuclei were
stained with DAPI. Insets reveal only secondary Ab and DAPI staining. Scale
bars, 40 �m. B, expression of RPE proteins involved in the visual cycle was
examined by RT-PCR in two different lines of hiPS-RPE cells (L1, HiPS-RIKEN-
1A; and L2, CWRU22) after the second passage, and in both control ARPE-19
and hiPS cells (L1, HiPS-RIKEN-1A). C, immunoblotting was done with anti-
RPE65 Ab immediately after isolating mpRPE cells and after the second pas-
sage of hiPS-RPE (L1: HiPS-RIKEN-1A) and ARPE19 cells. Cell lysates were pre-
pared by Nonidet P-40 lysis buffer.

FIGURE 2. Expression levels of RPE65 in hiPS-RPE and mpRPE cells. A,
expression of visual cycle-associated proteins was examined by qRT-PCR in
hiPS-RPE cells at passage 4 (P4) and passage 6 (P6) (left). Harvesting of P6 cells
was performed 8 weeks after P4 cell collection. Quantitative RT-PCR for visual
cycle proteins was also performed with mpRPE cells immediately after their
isolation from C57BL/6J mice and 4 weeks after culture (right). Relative
expression levels against P4 in hiPS-RPE cells and no culture in mpRPE cells
are presented. Error bars indicate S.D. (n � 5). *, p � 0.001 versus no culture.
Data were normalized against the housekeeping gene, Gapdh. B, immuno-
blotting for RPE65 performed with hiPS-RPE cells at P4 and P6 (left) and with
mpRPE cells immediately after their isolation and after 4 weeks in culture. Cell
lysates were prepared by Nonidet P-40 lysis buffer. RPE65 expression was
maintained in hiPS-RPE cells, but no RPE65 expression was detected in
mpRPE cells after 4 weeks in culture. C, effects of pyruvate supplementation.
mpRPE cells were isolated from C57BL/6J mice, and expression of visual cycle-
associated proteins was examined by qRT-PCR. Data were normalized against
the housekeeping gene, Gapdh. Expression of visual cycle proteins in mpRPE
after 1 and 4 weeks of culture was compared with that of cells placed in
medium with 1 mM pyruvate immediately after isolation. Relative expression
levels against no cultured mpRPE cells are presented. Error bars indicate S.D.
(n � 3 � 5). D, expression of visual cycle proteins in mpRPE cells after 4 weeks
of culture in medium with or without 1 mM pyruvate. Relative expression
levels against cultured mpRPE cells without pyruvate are presented. Error bars
indicate S.D. (n � 3 � 5).
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hiPS-RPE Cells Regenerate Visual Chromophore—Because
expression of visual cycle proteins was confirmed in hiPS-RPE
cells (Figs. 1 and 2), these cells were tested for regeneration of
the visual chromophore, 11-cis-retinal. hiPS-RPE cells at
P2–P4 stage were seeded onto 48-well plates at 3 � 104 cells/
well, and a neural retina obtained from one eye of a Lrat�/�

mouse was placed to attach the photoreceptor outer segment
side to these hiPS-RPE cells in each well in the presence of 30
�M recombinant CRALBP. The Lrat�/� neural retina was used
as the source of empty apoprotein, opsin, wherein 11-cis-retinal
fromhiPS-RPE cells can bind to opsin and be stored in the outer
segments because 11-cis-retinal exists at only at trace levels in
Lrat�/� eye (14). To initiate isomerization, 10 �M all-trans-
retinol was added to each well, and the plates were incubated at
37 °C for 16 h in the dark. Then retinoids in each sample were
analyzed by HPLC, and production of 11-cis-retinal was
detected by the appearance of its spectrum in these samples
(Fig. 3A). Formation of retinyl esters also was evident as indi-
cated in the HPLC signals (broken line boxes in Fig. 3A). hiPS-
RPE cells (line 1) produced 11-cis-retinal (Fig. 3B), suggesting
the presence of a functional visual cycle in these cells. More-
over, production of 11-cis-retinal also required the presence of
CRALBP, a binding partner of 11-cis-retinal in the RPE; addi-
tion of CRALBP alone to hiPS-RPE cells also produced detect-
able amounts of 11-cis-retinal (Fig. 3B). Because retinyl esters
are stored in RPE cell retinosomeswhen all-trans-retinol is suc-
cessfully esterified by LRAT (26), we then examined the forma-
tion of retinosomes by TPM. Retinosome formation was
observed after hiPS-RPE cells were co-incubated with 10 �M

all-trans-retinol at 37 °C for 16 h, whereas no retinosomes were
seen without all-trans-retinol (Fig. 3C). Further fluorescence
spectra of retinosomes fromhiPS-RPE showed a pattern similar
to that observed in Rpe65�/� mice which display accumulation
of retinyl esters in retinosomes (15, 27) (Fig. 3D). Quantifica-
tion by HPLC revealed 586.9 pmol of all-trans-retinyl esters
(dotted line rectangle in Fig. 3E) produced from 1 � 105 hiPS-
RPE cells after incubation with 10 �M all-trans-retinol, but no
production was detected in the absence of all-trans-retinol.
Together these data indicate that hiPS-RPE cells possess a func-
tional visual cycle essential for 11-cis-retinal regeneration.
Transplantation of Mouse Primary RPE from WT Mice

Recovers Visual Function in Retinal Degeneration Mouse
Models—It was reported that allogenic transplantation of
mpRPE intomouse subretinal space was feasible because trans-
plantedmpRPE cells seemed to be integrated into the host RPE
layer morphologically and functionally (28). Based on this
intriguing result, we evaluated the viability of transplanted
mpRPE cells in host eyes. To address this point, we isolated
mpRPE cells from luciferase transgene mice, FVB-Tg (CAG-
Luc, GFP) mice, which had been back-crossed with C57BL/6J
mice and systematically expressed luciferase under a CAG pro-
moter. We confirmed luciferase activity with cell lysate of
mpRPE (Luc-mpRPE) from this strain (data not shown) with a
conventional luciferase assay. We then transplanted Luc-
mpRPE cells into the subretinal space of albino C57BL/6J-
Tyrc-2J/J mice that allowed recognition of transplanted RPE
cells with pigmentation. There were two reasons for using the
cited combination of mouse strains for this experiment. First

FIGURE 3. Human iPS-RPE cells regenerate visual chromophore. A, hiPS-RPE
cells at 3 � 104 cells/well (P2–P4 stage) were seeded into 48-well plates, and one
retina obtained from a 3-week-old Lrat�/� mouse was placed into each well to
attach the photoreceptor side to RPE cells in the presence of 30 �M recombinant
CRALBP. To initiate isomerization, 10 �M all-trans-retinol was mixed into the cell
culture medium, and the plates were incubated at 37 °C for 16 h in the dark.
Retinoid analyses were performed on retinas after the incubation. A representa-
tive chromatogram of retinoids in a WT eye is presented in the lower panel. Red
arrows a and a� indicate 11-cis-retinal (syn) peaks. Each inset of the chromato-
gram shows the spectrum of each peak. Peaks inside the broken line boxes in the
chromatograms indicate retinyl esters. Blue arrows b and b� indicate all-trans-
retinyl esters. The spectrum of each b or b� peak is show as an inset. mAU, milli-
absorbance units. B, 11-cis-retinal produced by hiPS-RPE cells after incubation in
the presence of CRALBP and/or Lrat�/� retina was quantified by HPLC as
described above (n �3 per group). C, formation of retinosomes was examined by
TPM. hiPS-RPE cells at 3 � 104 cells/well were seeded onto glass bottom culture
dishes and cultured for 4 weeks until they became pigmented. Cells were incu-
bated in the presence of 10 �M all-trans-retinol for 24 h before imaging. Retino-
somes appeared as green punctate signals close to cell-cell junctions after incu-
bation with all-trans-retinol, whereas these signals were absent in cells without
all-trans-retinol. D, fluorescence spectra of retinosomes from both hiPS-RPE cells
after incubation with 10 �M all-trans-retinol and from eyes of Rpe65�/� mice are
presented. Rpe65�/� mice accumulate retinyl esters in their retinosomes (15, 27).
E, retinoid content was determined by HPLC after TPM analyses. After hiPS-RPE
cells were incubated with 10 �M all-trans-retinol for 24 h, production of retinyl
esters was detected (upper panels). Peaks inside the broken line boxes correspond
to peaks of retinyl esters. atRE, all-trans-retinyl esters; atROL, all-trans-retinol; WL,
wavelength. *, p � 0.05. Error bars in B indicate S.D. (n � 3). Scale bars in C indicate
20 �m.
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was the expectation of a minimal graft versus host reaction
with this combination of strains. Second, no protocol to dif-
ferentiate RPE cells frommouse iPS cells was currently avail-
able. In addition, we treated the transplanted mice with two
systemically administered immunosuppressants, minocy-
cline and cyclosporin A. Survival of transplanted cells was
examined with the BLI assay carried out at 1 week, 1 month, 2
months, and 3 months after Luc-mpRPE transplantation. Eyes
transplanted with Luc-mpRPE displayed increased luminance
(Fig. 4A, left). Although this intensity decreased with time, rel-
atively strong signals were still detected 3 months after trans-
plantation when cyclosporin (for T cell inactivation) andmino-
cycline (for anti-microglial effects) (29) were administered (Fig.
4A, right). We also evaluated the effects of Luc-mpRPE trans-
plantation on the morphology and function of the retina. SD-
OCT images 3 months after transplantation revealed aggre-
gate-like structures of various sizes sporadically distributed in
the subretinal space (red arrow, Fig. 4B); otherwise the photo-
receptor (ONL) and RPE layers (yellow arrows, Fig. 4B) were
relatively well maintained. Single flash ERG recordings showed
that both scotopic and photopic responses were mildly but not
significantly attenuated (p � 0.45) 3 months after transplanta-
tion (Fig. 4C), findings consistent with a previous study (28).
These data indicate that transplanted RPE cells can survive for
months under anti-inflammatory conditions.
Having shown that transplanted mpRPE cells can survive in

vivo, we transplanted 3� 104mpRPE cells fromC57BL/6Jmice
into the subretinal space of albino Lrat�/� mice and Rpe65�/�

mice, mouse models of LCA. Lrat�/� mice cannot produce
endogenous 11-cis-retinal, and all-trans-retinyl esters also fail
to display functional ERG responses (14).We performed trans-
scleral TPM aimed at transplantedmpRPE cell layer (red arrow
in Fig. 5A) to evaluate all-trans-retinyl ester formation ex vivo.
Clusters of fluorescence signals from retinosomes were
detected in TPM images of transplanted mpRPE in TPM
images (Fig. 5, B and C). The spectra of signals obtained from
these retinosomeswere similar (Fig. 5D) to those obtained from
Rpe65�/� mice (Fig. 3D). Survival of transplanted mpRPE cells
was further documented by observance of pigmented RPE cells
in retinal cross-sections (Fig. 5Ea). Transmission electron
microscope (TEM) images of these pigmented mpRPE cells
showed phagosomes (red arrow in Fig. 5Eb) and melanosomes
in the cytoplasmic space ofmpRPE cells, whereasmelanosomes
were not observed in host RPE cells without pigmentation adja-
cent to the transplant (Fig. 5Ec). These data show that surviving
transplanted mpRPE cells can exhibit key cellular functions of
RPE cells in the subretinal space. Retinoid analyses of these
mpRPE cell-transplanted eyes demonstrated endogenous pro-
duction of 11-cis-retinal and all-trans-retinyl esters 1 and 3
months after mpRPE transplantation (Fig. 5F). Improved reti-
nal function was also documented by scotopic ERG recordings
1 and 3months after mpRPE transplantation (Fig. 5G).We also
tested efficacy of transplanting mpRPE cells from C57BL/6J
mice into in Rpe65�/� mice. Functional recovery of the visual
cycle in albino Rpe65�/� mice was evidenced by detection of
11-cis-retinal byHPLC3months after transplantation (Fig. 5H)

FIGURE 4. Transplantation of mouse primary RPE cells into the subretinal space of WT mice. A, mpRPE cells isolated from luciferase-transgenic mice
(Luc-mpRPE) were transplanted into the subretinal space of 6 – 8-week-old albino C57BL/6J mice at 3 � 104 cells/eye. BLI assay of mouse eyes displayed a
positive intensity in eyes at 1 and 3 min after transplantation, but a BLI signal was not detected in eyes treated with vehicle only (left panel). The intensity of BLI
was measured 1 week and 1, 2, and 3 months after transplantation (right panel). Error bars indicate S.E. (n � 5). B, SD-OCT images show a retinal cross-section
at a Luc-mpRPE transplanted lesion (upper panel). Even though aggregate-like structures were noted sporadically in the subretinal space (red arrow), there were
no other obvious disruptions in the RPE layer (yellow arrows) and retinal morphology of the transplant. SD-OCT images from vehicle-treated eyes showed
normal morphology of the retina (lower panel). INL, inner nuclear layer; ONL, outer nuclear layer. C, ERG recordings at 0.4 log cd�s�m�2 under scotopic and
photopic conditions. Functional b-wave amplitudes obtained from eyes with Luc-mpRPE or vehicle treatment were plotted. Error bars indicate S.D. (n � 3).
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and improvement of b-wave amplitudes of scotopic ERGs 1 and
3 months after transplantation (Fig. 5I). Survival of trans-
planted mpRPE cells was further documented by immunohis-
tochemistry of retinal cross-sections with anti-RPE65 antibody
that revealed expression of RPE65 in pigmented RPE cells 3
months after transplantation (Fig. 5J).
hiPS-RPE Cells Are Functional When Transplanted into

Mouse Models of Retinal Degeneration—Finally, we investi-
gated the functionality of the visual cycle in hiPS-RPE cells in
vivo. P2–P4 stages of hiPS-RPE cells at 7.5 � 104 cells/eye were
transplanted into both 3-week-old albino Lrat�/� mice and
Rpe65�/� mice. Improvement of b-wave amplitudes of sco-
topic ERGs were observed in albino Lrat�/� mice 1 and 3
months after transplantation (Fig. 6A). Moreover, successful
transplantation and morphological maintenance of the outer
nuclear layer in the retina were confirmed at the injected site as
shown by an SD-OCT image obtained 1month after transplan-
tation (Fig. 6B, upper panel). Pigmented RPE cells were
observed locally in the host RPE cell layer 3 months after trans-
plantation (Fig. 6B, lower panel). LRAT expression in trans-
planted hiPS-RPE cells and the interface between RPE cells and
rod outer segments was evaluated by immunohistochemistry
with anti-LRAT and anti-rhodopsin antibodies. Cells with pig-

mentations were observed in RPE layer of albino Lrat�/� mice
(Fig. 6C, upper left panel). LRAT signal was visualized with
patchy pattern in pigmented cells in albino Lrat�/� mice most
likely pigmentation of cells interfered visualization (Fig. 6C,
upper right panel). Rod outer segments weremaintained where
pigmented RPE cells were localized (Fig. 6C, lower left panel).
To further gain evidence of hiPS-RPE survival in albinoLrat�/�

mice, pigmented cells were examined by a TEM (Fig. 6D). RPE
cells with melanosomes were observed in albino Lrat�/� mice.
The interface between rod outer segments and transplanted
RPE was maintained as well. Eye retinoid analyses showed
peaks of both 11-cis-retinal and all-trans-retinyl esters in
Lrat�/� mice transplanted with hiPS-RPE cells 3 months after
transplantation (Fig. 6E). Fluorescence signals from retino-
somes were observed sporadically in the transplanted region by
TPM imaging 3 months after transplantation, supporting the
retinoid analyses findings (Fig. 6F). Functional recovery of the
visual cycle in albino Rpe65�/� mice was also evidenced by
detection of 11-cis-retinal 3 months after transplantation (Fig.
6G) and improvement of b-wave amplitudes of scotopic ERGs 1
and 3 months after transplantation (Fig. 6H). Survival of trans-
planted hiPS-RPE cells was further documented by immuno-
histochemistry with retinal cross-sections revealing expression

FIGURE 5. Transplantation of mouse primary RPE cells into subretinal space of genetically altered mouse models. A–G, mpRPE cells were isolated from
C57BL/6J mice, and 3 � 104 cells in 1.5 �l/eye were transplanted into the subretinal space of 3-week-old albino Lrat�/� mice with a C57BL/6J background. A,
representative image shows transplanted eye. TPM images were obtained from the transplant (red arrow) though the sclera at the basal side of the eye. B, the
transplant was scanned by TPM from a surface plane (a) to a deeper plane (d). C, fluorescence signals from retinosomes were observed in TPM images obtained
from each plane (a–d). Scale bars indicate 20 �m. D, fluorescence spectrum of the red-circled lesion in d of C is presented. The pattern of spectrum is comparable
with that from WT and Rpe65�/� mice as shown in Fig. 3D. mAU, milli-absorbance units; WL, wavelength. E, representative retinal cross-section images of
mpRPE transplants were prepared 3 months after transplantation. Transplanted mpRPE cells with pigmentation were observed in the subretinal space as a
monolayer (a) adjacent to the host RPE cells without pigmentation. Detailed morphology of the transplanted mpRPE cells was imaged further by TEM (b), which
revealed melanosomes that were absent in host RPE cells (c). The phagocytosed rod outer segment indicated with a red arrow shows that transplanted RPE cells
have the ability to carry out phagocytosis. Scale bars in both a and b indicate 5 �m; that in c indicates 2 �m. F, retinoid analyses performed 3 months after
transplantation show that production of retinyl esters (RE) and 11-cis-retinal (11cRAL) was detected only in mpRPE-cell transplanted eyes. Spectra of RE and
11cRAL are presented in the bottom row, and quantified amounts are shown in the right panel. Error bars indicate S.D. (n � 5). *, p � 0.05. G, ERGs recorded at
1 and 3 months after mpRPE transplantation show restoration of retinal function in mpRPE cell transplanted Lrat�/� eyes. N.D., not detectable. H–J, mpRPE cells
were transplanted into the subretinal space of 3-week-old albino Rpe65�/� mice with a C57BL/6J background at 3.0 � 104 cells/eye. H, in retinoid analyses
performed 3 months after transplantation, 11-cis-retinal (11cRAL) was detected in Rpe65�/� eyes treated with mpRPE cells. Absorbance spectra of 11cRAL
indicated an 11-cis-retinal specific pattern. WL, wavelength. I, ERGs recorded 1 and 3 months after the transplantation indicate preservation of scotopic visual
function in mpRPE cell transplants. J, RPE65 expression was confirmed by immunohistochemistry in mpRPE cell transplanted Rpe65�/� retina (yellow arrows).
ONL, outer nuclear layer. Error bars in I indicate S.D. Scale bars in J indicate 20 �m. *, p � 0.05. For Rpe65�/� mice study, n � 3–5/group for ERGs; n � 2 for retinoid
analyses.
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of RPE65 in pigmentedRPE cells 3months after transplantation
(Fig. 6I).

DISCUSSION

Clinical use of cells differentiated from iPS cells is gaining
popularity because iPS cells allow the production of any type of
cell without destruction of embryonic cells, thus avoiding com-
plex ethical issues and providing a unique therapeutic option
for currently untreatable diseases such as retinal degeneration.
In addition, the use of differentiated cells from iPS cells also
provides an opportunity to conduct autologous transplantation
with own fibroblast/skin cells from patients. A severe form of
congenital retinal degeneration, called Leber congenital amau-
rosis, is caused by dysfunctional RPE cells. LCA patients exhibit
defects in visual cycle enzymes such as LRAT and RPE65.
Moreover, other impairments affecting visual cycle compo-
nents along with defective or absent retinoid-binding proteins
also are closely associated with human retinal diseases. There-
fore, hiPS-RPE cells with a functional visual cycle could help
certain individuals with blinding retinal diseases.
Expression of Visual Cycle Molecules in RPE Cells—Differen-

tiation of RPE cells from ES and iPS cells has been reported (8,
9), and some RPE functions have been characterized in these
cells. These include the expression of RPE-specific molecules
such as BEST1, MERTK, RPE65, and CRALBP along with the

capability to carry out phagocytosis, form adherence junctions,
and produce cytokines (10, 11). Among many important roles
of the RPE in vivo, one of the most important is to maintain a
functional visual cycle essential for vision. Although many
human retinal diseases are associated with an abnormal visual
cycle, its function has not been well documented in hiPS-RPE
cells.
Our study demonstrates that hiPS-RPE cells express impor-

tant proteins normally found in RPE cells that relate to the
visual cycle and that this expression is retained during cell
culture (Fig. 2). Although mpRPE cells from WT mice exhib-
ited normal expression immediately after cell isolation, this
decreased dramatically during cell culture. Specifically, the
decrease in RPE65was themost prominent, dropping to�1% 1
week after culture and to 0.1% 4 weeks later (Fig. 2C). Because
pyruvate supplementation in cell culturemedium and postcon-
fluent culture reportedly maintain RPE65 expression levels in
ARPE19 cells (25), we compared the expression of visual cycle
proteins in mpRPE cells cultured with or without pyruvate.
Even though higher expression of these proteins occurred in
the presence of pyruvate, the effect was only modest (Fig. 2, C
andD). Decreased expression of RPE65during primaryRPE cell
culture was previously described when RPE65 was initially
characterized in bovine RPE cells (23). Possible explanations

FIGURE 6. Transplantation of hiPS-RPE cells into the subretinal space of genetically altered mouse models. hiPS-RPE cells (P2–P4 stage), 7.5 � 104

cells/eye, were transplanted into the subretinal space of 3-week-old albino Lrat�/� mice with a C57BL/6J background. These mice were treated with
cyclosporin and minocycline in their drinking water over the 3-month experimental period. A, ERGs were recorded at 1 and 3 months after transplantation. *,
p � 0.05; n � 3–5. B, the transplanted cells were seen after SD-OCT examination 1 month after transplantation (red arrows in upper panel) and also found as a
monolayer of cells with pigmentation in albino Lrat�/� mice 3 months after transplantation (lower panel). ONL, outer nuclear layer. Scale bars in upper and lower
panels indicate 40 and 10 �m, respectively. C, immunohistochemical images show transplants in Lrat�/� mice at 3 months after transplantation after staining
with anti-LRAT antibody, rhodopsin (Rho) antibody and DAPI for nuclei. Scale bars indicate 20 �m. IS, inner segment; OS, outer segment. D, detailed morphol-
ogy of transplanted hiPS-RPE cells was examined by TEM imaging. Two images captured from the different areas of the transplanted region are shown.
Melanosomes and villus formation were observed in the cytoplasmic space and dorsal region of RPE cells (red arrows). Scale bars indicate 4 �m. E, retinoid
analyses were performed by HPLC 3 months after transplantation. Error bars indicate S.D. (n � 3). F, fluorescence signals from retinosomes of transplanted
hiPS-RPE cells were detected by TPM. G–I, hiPS-RPE cells were transplanted into the subretinal space of 3-week-old albino Rpe65�/� mice with a C57BL/6J
background at 7.5 � 104 cells/eye. G, retinoid analyses performed by HPLC 3 months after transplantation show that 11-cis-retinal (11cRAL) was detected in
Rpe65�/� eyes treated with hiPS-RPE cells. Absorbance spectra of 11cRAL indicated an 11-cis-retinal specific pattern (inset). WL, wavelength. H, ERGs recorded
1 and 3 months after the transplantation indicated preservation of hiPS-RPE function. I, RPE65 expression was confirmed by immunohistochemistry in hiPS-RPE
transplanted Rpe65�/� retina (yellow arrows). Error bars in H indicate S.D. Scale bars in I indicate 20 �m. *, p � 0.05. For the Rpe65�/� mouse studies, n �
3–5/group for ERGs and n � 2 for retinoid analyses.
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are that aberrant post-translational modifications of RPE65
occurred because of the culture conditions, or unknown tran-
scription factors to the AP-4, nuclear factor one, and octamer-
ous elements could regulate the Rpe65 promoter activity (30,
31). Other groups reported decreased expression of visual cycle
enzymes after light exposure or under conditions of retinal
detachment in vivo (24, 32). Of note, leukemia inhibitory factor,
an interleukin-6 family neurocytokine, could be up-regulated in
response to different types of retinal stress and have neuropro-
tective activity through activation of the gp130 receptor/
STAT3 pathway in RPE in vivo (32). In primary RPE cells, cul-
ture conditions may function as a stress inducer, but induced
iPS-RPE cells could already have adjusted to culture conditions.
Possibly due to their adaptation to culture conditions, iPS-RPE
cells could also maintain their expression of visual cycle pro-
teins. Interestingly, mpRPE cells transplanted into the subreti-
nal space of mice did function (Fig. 5), suggesting that environ-
mental factors are critical for maintaining their visual cycle
protein expression. Indeed, it was reported that proper cell con-
tact to extracellularmatrix is needed to express importantmol-
ecules for RPE function, such as RPE65 and ZO-1 (33, 34).
Improving culture conditions for iPS-RPE cells has the poten-
tial of making them even more suitable for therapeutic
applications.
Future Clinical Applications of iPS-RPE Transplantation—

Transplantation of RPE cells containing a functional visual
cycle partially restored visual function in blindmice (Figs. 5 and
6), indicating that this method could be applicable in rescuing
vision in humans who have experienced vision loss due to
defects in RPE cells. When examining retinal diseases resulting
from an impaired visual cycle, it is apparent that we currently
have several potential therapeutic options including gene trans-
fer therapy. RPE65 gene transfer therapy has been initiated for
patients with RPE65 mutations, and preliminary results are
encouraging (35, 36). Pharmacologic therapy with 9-cis-reti-
noids can restore vision in previously blind mice (37) and dogs
(38). When one adds in functional RPE transplantation, it
becomes apparent that at least three potential therapies are
available for retinal diseases caused by dysfunctional RPE65 and
LRAT.
Currently, RPE transplantation is also considered a superior

treatment option for patients with AMD, because the primary
lesion in this disease occurs in the RPE (39). AMD is a leading
cause of legal blindness in industrialized countries. Because the
AMD lesion is limited to the central part of the retina, the num-
ber of cells required for transplantation is relatively low com-
pared with organ transplants such as liver or heart. Further-
more, transplanted RPE cells can function without having to
establish connecting synapses with neurons or other cell types.
The existence of a functional visual cycle in hiPS-RPE cells and
the restoration of vision in blind mice resulting from the trans-
plantation of hiPS-RPE cells demonstrated in the current study
provide additional evidence that should promote the develop-
ment of hiPS-RPE cells for treatment of retinal diseases. This is
reinforced by previous proof of concept studies by other groups
using rodent models of retinal dystrophy (6, 40).
Collectively, hiPS-RPE cells were shown here not only to

express visual cycle proteins in culture but also to produce

11-cis-retinal both in vitro and in vivo. Given this level of func-
tionality, it is apparent that hiPS-RPE cells could be strong can-
didates for treatment of retinal degenerative diseases such as
retinitis pigmentosa and AMD.
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