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Protocols and Manufacturing for Cell-Based Therapies

ROCK Inhibition Extends Passage of Pluripotent
Stem Cell-Derived Retinal Pigmented Epithelium

ROXANNE H. CROZE,a,b,c,d DAVID E. BUCHHOLZ,a,b,c,d MONTE J. RADEKE,b,c,d WILLIAM J. THI,a,b,c,d

QIRUI HU,a,b,c,d PETER J. COFFEY,b,c,d DENNIS O. CLEGGa,b,c,d
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ABSTRACT

Human embryonic stem cells (hESCs) offer a potentially unlimited supply of cells for emerging cell-
based therapies. Unfortunately, the process of deriving distinct cell types can be time consuming
and expensive. In the developedworld, age-relatedmacular degeneration (AMD) is the leading cause
of blindness in the elderly, with more than 7.2 million people afflicted in the U.S. alone. Both hESC-
derived retinal pigmented epithelium (hESC-RPE) and induced pluripotent stem cell-derived RPE
(iPSC-RPE) are being developed for AMD therapies by multiple groups, but their potential for expan-
sion in culture is limited. Toattempt to overcome this passage limitation,weexamined the involvement
of Rho-associated, coiled-coil protein kinase (ROCK) in hESC-RPE and iPSC-RPE culture. We report that
inhibiting ROCK1/2 with Y-27632 allows extended passage of hESC-RPE and iPSC-RPE.Microarray anal-
ysis suggests that ROCK inhibition could be suppressing an epithelial-to-mesenchymal transition
through various pathways. These include inhibition of key ligands of the transforming growth fac-
tor-b pathway (TGFB1 and GDF6) andWnt signaling. Two important processes are affected, allowing
for an increase in hESC-RPE expansion. First, ROCK inhibition promotes proliferation by inducingmul-
tiple components that are involved in cell cycle progression. Second, ROCK inhibition affects many
pathways that could be converging to suppress RPE-to-mesenchymal transition. This allows hESC-
RPE to remain functional for an extended but finite period in culture. STEM CELLS TRANSLATIONAL

MEDICINE 2014;3:1066–1078

INTRODUCTION

Human embryonic stem cells (hESCs) offer a po-
tentially unlimited supply of cells for emerging
cell-based therapies. Unfortunately, the process
of deriving distinct cell types can be time consum-
ing and expensive. Furthermore, differentiated
cells typically havea finite lifespanandcanbepas-
saged only a limited number of times. Expanding
the propagation potential of stem cell-derived
cells would be extremely useful for transplanta-
tion procedures and drug-screening efforts.

Clinical trials are currently under way using
hESC-derived retinal pigmented epithelium
(hESC-RPE) as a treatment for age-related macu-
lar degeneration (AMD) [1, 2]. In the developed
world, AMD is the leading cause of blindness in
the elderly, with more than 7.2 million people
afflicted in the U.S. alone [3, 4]. AMD is a progres-
sive disorder that eventually results in RPE death,
photoreceptor death, and profound loss of cen-
tral vision. It is generally agreed that AMDpathol-
ogy is primarily linked to the dysfunction and
death of the RPE, which acts to support andmain-
tain the photoreceptors. When RPE degenerates,
the photoreceptors can no longer function, and
they eventually die [5, 6]. There are two clinically

recognized forms of the disease: exudative (wet)
AMD and atrophic (dry) AMD. The neovascular
genesis component of wet AMD can be success-
fully managed using anti-vascular endothelial
growth factor (anti-VEGF) drugs such as ranibizu-
mab, bevacizumab, or aflibercept [7]. However,
these drugs do not act to inhibit the underlying
RPE degeneration, and patients with wet AMD
can progress tomore advanced stages of atrophic
AMD characterized by macular regions devoid of
RPE and photoreceptors [8, 9]. Other than a vita-
min cocktail that can only slow the progression of
AMD in 25% of patients taking the supplement,
there is no effective treatment for dry AMD [10,
11].

Both hESC-RPE and induced pluripotent stem
cell-derived RPE (iPSC-RPE) [12] are being devel-
oped for AMD therapies bymultiple groups, using
either cell suspensions or differentiated mono-
layers on scaffolds [13]. The currently preferred
derivation process for RPE follows a spontaneous
differentiation protocol involving the removal of
fibroblast growth factor 2 in continuously adher-
ent cultures of pluripotent stem cells [1, 14]. This
method can take up to 100 days before enrich-
ment of the pigmented population, followed by
several months of additional culture to obtain
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relatively homogeneous, mature RPE ready for transplantation.
The hESC-RPE, iPSC-RPE, and fetal RPE (fRPE) are passaged every
30 days and can be maintained only in culture for five to six pas-
sages before the cells display abnormal characteristics and are
thought to undergo an epithelial-to-mesenchymal transition
(EMT) [15–18]. Some reports have claimed an even more limited
passage potential for iPSC-RPE, finding that only one passage fol-
lowing enrichment was possible [19]. These late-passage cells
lose their pigmented, cobblestone morphology and appear more
fibroblastic andoften senesce anddie. Senescence in culturedpri-
mary somatic cells is commonly observed as telomeres shorten
and the Hayflick limit is reached [20].

To attempt toovercome this passage limitation,weexamined
the involvement of Rho-associated, coiled-coil protein kinase
(ROCK) in hESC-RPE and iPSC-RPE culture. Two distinct ROCK iso-
forms, ROCK1 and ROCK2, are activated by RHOA GTPase and
initiate signal-transduction cascades to modulate central cell
functions, including proliferation, apoptosis, cytoskeletal rear-
rangements, and migration [21–23]. The RHOA/ROCK pathway
has been studied extensively for its downstream effects on stress
fiber formation [24, 25] and actin filament stabilization [21, 26].
ROCK inhibition using synthetic compounds is currently being
tested in clinical trials for pulmonary hypertension treatments,
with positive animal-model results [23, 27, 28]. Current research
suggests increasing roles for ROCK inhibitors, including ROCK1/2
inhibitor Y-27632, in regulating various cell processes [23, 29–31].
Previous studies showed that ROCK inhibition increased passage
abilities of certain epithelial cell types [32–36] and the clonability
of hESCs [37, 38].Wehavepreviously shown thebeneficial effects
of Y-27632 treatment following initial enrichment of RPE during
directed differentiation from hESCs [39].

In this paper, we report that inhibiting ROCK1/2 with Y-27632
allows extended passage of hESC-RPE. Importantly, the resulting
hESC-RPE maintains proper gene expression, protein localization,
function, and karyotype. We also show evidence that iPSC-RPE ex-
tendedpassage ispossible followingROCK1/2 inhibition.Thesimple
culture methods described allow a much greater yield of hESC-RPE
and iPSC-RPE and can provide abundant cells for diseasemodeling,
drug screening, and further development of cellular therapies.

MATERIALS AND METHODS

Cell Culture

Pluripotent Stem Cell Culture

H9 hESCs were obtained from the WiCell Research Institute in
Madison, Wisconsin (http://www.wicell.org). Vector-free iPS cell
lines DF 4.9, Mycell, and DF 19.11 were obtained from James
Thomson and David Gamm (University of Wisconsin, Madison,
WI). hESCs and iPS cells were maintained in mTeSR1 medium
(StemCell Technologies, Vancouver, BC, Canada, http://www.
stemcell.com) and grown on Matrigel-coated plates (1:100 dilu-
tion; BD Biosciences, San Diego, CA, http://www.bdbiosciences.
com) at 37°C 5% CO2 under normoxic conditions.

Continuously Adherent Retinal Pigmented Epithelium
Differentiation and Enrichment

H9hESCs and iPS cellswerepassaged ontoMatrigel-coated plates
and allowed to overgrow for 8–14 days. mTeSR1 medium was
then changed to X-VIVO 10 (Lonza, Basal, Switzerland, http://
www.lonza.com), after which the X-VIVO 10 medium was

changed every other day. X-VIVO 10 is a xeno-free medium that
has been used with cells designed for therapeutic use and
increases the efficiency of RPE differentiation [40]. Pigmented
cells typically appeared after 4–6 weeks. After 90 days in
X-VIVO10, nonpigmented cells were removed viamechanical dis-
section and the remaining, mostly pigmented cells were incu-
bated with TrypLE Express (Life Technologies, Grand Island, NY,
http://www.lifetech.com) for 5 minutes at 37°C. The resulting
hESC-RPE- or iPSC-RPE-enriched cell suspension was passed
through a 30mm strainer and replated onMatrigel-coated plates
using X-VIVO 10. Enriched RPE cultures were maintained at 5%
CO2 and 37°C in X-VIVO 10. Themediumwas changed every other
day. Every 30 days, the cells were harvested using TrypLE Express
and replated at a density of 100,000 cells per cm2. All passage 2
cells used in comparison with passage 13 Y-27632-treated cells
were cultured following this method.

Extended Passage Protocol of hESC-RPE and iPSC-RPE

Directly following enrichment, hESC-RPE or iPSC-RPEwere plated
into four Matrigel-coated wells at 25,000 cells per cm2 in X-VIVO
10. Two wells were treated with Y-27632 (10-mM; Tocris Biosci-
ence, Bristol, U.K., http://www.tocris.com), and the other two re-
ceived an equal volume of water as a control. One day after
confluence (∼4–5 days), one Y-27632-treated well and one con-
trol well were passaged and seeded again at 25,000 cells per cm2.
Passaging continued in this fashion until cells failed to reach con-
fluence. The twowells not undergoing passaging continued to be
supplemented with 10 mM Y-27632 or water for 14 days. On day
30, RNA was harvested and images were taken on the Olympus
CKX41 (Olympus, Center Valley, PA, http://www.olympus-
global.com). Passage 13 hESC-RPE used in all experiments were
derived using this protocol. The extended-passage experiment
was performed with seven separate enrichment cultures of H9
hESC-RPE and three enrichments per iPSC-RPE line. Every enrich-
ment was produced from a distinct culture of H9 human embry-
onic stem cells and was differentiated separately.

MTT Assay

To determine the effect of ROCK inhibition on hESC-RPE prolifer-
ation, cells were plated into 96-well plates in X-VIVO 10 and
allowed to attach for 2 hours. hESC-RPE is extremely adherent,
and we observed that following only 2 hours, most of the cells
had attached. The medium was then removed and replaced with
fresh X-VIVO 10with or without 10mMY-27632. Themedia were
changedevery 2days for thedurationof theexperimentwith con-
tinual Y-27632 supplementation. Cell proliferation was assessed
by determining the number of viable cells using an MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay
according to supplier instructions (Life Technologies).

Quantitative Real-Time Polymerase Chain Reaction

Total RNA was isolated using the Qiagen RNeasy Plus Extraction
Kit (Qiagen, Valencia, CA, http://www.qiagen.com), and cDNA
was generated using an iScript cDNA synthesis kit (Bio-Rad, Her-
cules, CA, http://www.bio-rad.com). The extent of expression of
genes of interest was then evaluated in triplicate using the
following TaqMan gene expression assays (Life Technologies):
RPE-specific protein 65kDa (RPE65) Hs01071462_m1; bestrophin
1 (BEST1) Hs00188249_ml; retinaldehyde binding protein 1
(RLBP1) Hs00165632_ml;microphthalmia-associated transcription
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factor (MITF) isoform 2 AJD1S3G; premelanosome protein
(PMEL) Hs00173854_m1; tyrosinase-related protein 1 (TYRP1)
Hs00167051_m1; tyrosinase (TYR) Hs00165976_ml; paired box
6 (PAX6) Hs01088112_m1; marker of proliferation Ki-67 (MKI67)
Hs01032443_m1; zinc finger protein 42 (REX1) Hs01124465_m1;
spalt-like transcription factor 4 (SALL4) Hs00360675_m1;
microtubule-associated protein 2 (MAP2) Hs00258900_m1;
integrin, a 2 (ITGA2) Hs00158127_m1; platelet/endothelial cell
adhesion molecule 1 (PECAM1) Hs00169777_m1; S100 calcium
binding protein A4 (S100A4) Hs00243202_m1; and housekeep-
ers: eukaryotic translation initiation factor 2B, subunit 2 b

(EIF2B2) Hs00204540_m1; ubiquitin-conjugating enzyme E2R
2 (UBE2R2) Hs00215107_m1; and small EDRK-rich factor 2
(SERF2) Hs00428481_m1 (Life Technologies). The relative level
of expression for each gene was determined by normalizing to
the geometric mean of the housekeeping gene set using CFX
Manager (Bio-Rad) and Excel software (Microsoft, Redmond,
WA, http://www.microsoft.com).

Immunocytochemistry

Passage 2 hESC-RPE and passage 13 Y-27632-maintained hESC-
RPE were seeded onto Matrigel-coated eight-chambered slides
at 100,000 cells per cm2. The passage 13 hESC-RPE were treated
with 10 mM Y-27632 for 14 days in medium, as described by
Maminishkis et al. [41]. Forty-fivedays after plating, the cellswere
washed with phosphate-buffered saline (PBS; Life Technologies)
and fixed with 4% paraformaldehyde in 0.1M sodium cacodylate
buffer (pH 7.4) for 7 minutes at 4°C. The fixed cells were then
washed with PBS and blocked with PBS containing 5% bovine se-
rum albumin (BSA) and 0.2% Triton X-100 for 1 hour at 4°C. The
cells were then probed with primary antibodies against MITFC5
(1:1,000; Abcam, Cambridge, MA, http://www.abcam.com), or-
thodenticle homeobox 2 (OTX2; 1:4,000; Millipore, Billerica,
MA, http://www.millipore.com), RPE65 (1:100; Abcam), BEST1
(1:100; Abcam), PMEL (1:100; Abcam), tight junction protein
ZO-1 (TJP1; 1:100; Life Technologies), or MKI67 (1:1,000; Abcam)
in PBS with 5% BSA overnight at 4°C. Following three washes to
remove the primary antibodies, they were incubated with appro-
priate Alexa Fluor conjugated secondary antibody (1:300; Life
Technologies) for1hour at 4°C. Following the incubationwith sec-
ondary antibody, cellular DNA was labeled by the addition of
Hoechst (2mg/ml; Life Technologies) to themedium for5minutes
at room temperature. The labeled cells were then washed with
PBS and imaged using epifluorescent microscopy. For both pas-
sages, five enrichments of hESC-RPE were probed with this panel
of primary antibodies.

Karyotype Analysis

Karyotyping of passage 3 and passage 13 hESC-RPE, from the
sameenrichment,was performed byCell LineGenetics (Madison,
WI, http://www.clgenetics.com). Cells were analyzed prior to
reaching confluence.

Rod Outer Segment Phagocytosis Assay

hESC-RPE and human fRPE (fRPE kindly provided by Lincoln John-
son, Center for the Study of Macular Degeneration, University of
California Santa Barbara, and Dean Bok, Jules Stein Eye Institute,
University of California Los Angeles) were cultured using the
medium and methods of Maminishkis et al. [41]. ARPE19 cells
were cultured in Dulbecco’s Modified Eagle’s Medium: Nutrient

Mixture F-12 and sodium pyruvate (Life Technologies), supple-
mented with GlutaMAXI (13; Life Technologies), 10% FBS (Atlas
Biologicals, Fort Collins, CO, http://www.atlasbio.com), and 15
mMHEPES (Life Technologies). Human umbilical vein endothelial
cells (HUVECs) were grown in endothelial cell growth medium
with supplement mix (PromoCell, Heidelberg, Germany, http://
www.promocell.com). All cells were plated in quadruplicate at
100,000 cells per cm2onto0.1%gelatin-coatedwells and cultured
for 30 days. hESC-RPE from passage 13 were treated with 10 mM
Y-27632 for 14 days.

Rod outer segments (ROSs) were isolated frombovine retinas
[42] (Sierra for Medical Science, Whittier, CA, http://www.sierra-
medical.com) and fluorescently labeled with the FluoReporter
fluorescein isothiocyanate (FITC) protein labeling kit (Life Tech-
nologies). The cultured cells were treated with or without
aVb5 function-blocking antibody (62.5 mg/ml; Abcam) or IgG
(62.5 mg/ml; Abcam) isotype control for 30 minutes at 37°C 5%
CO2. Following the initial antibody incubation, the cellswere chal-
lenged with 13 106 FITC-ROS per well for 5 hours at 37°C 5% CO2

[39, 43] in media supplemented with a fresh aliquot of antibody.
After ROS incubation, the wells were washed six times with PBS
and then 0.4% trypan blue was added for 20 minutes to quench
any fluorescenceoriginating fromresidual extracellular ROS. Each
well was imaged using epifluorescentmicroscopy, and integrated
pixel density of photomicrographs were generated with Image J
software (National InstitutesofHealth,Bethesda,MD)usingaroll-
ing pixel radius of 50. The phagocytosis assaywas performedwith
three independent enrichments of hESC-RPE. The fRPE and
ARPE19 cells serve as positive controls, and the HUVEC line was
used as a negative control. All experiments were normalized to
a single ARPE19 ROS experimental data set.

Pigment Epithelium-Derived Factor and Vascular
Endothelial Growth Factor Enzyme-Linked
Immunosorbent Assay

Passage 2 hESC-RPE and passage 13 Y-27632-treated hESC-RPE
were grown on Matrigel-coated 0.45-mm HA inserts (0.6 cm2;
Millipore) seeded at 100,000 cells per cm2 in medium, as de-
scribed byMaminishkis et al. [41]. The hESC-RPE passage 13 cells
were treated with 10 mM Y-27632 for 14 days. On day 30, media
were collected fromboth the apical andbasal chambers following
a 72-hour exposure to the cells. The amount of pigment
epithelium-derived factor (PEDF; BioProducts MD, LLC, Middle-
town, MD, http://www.bioproductsmd.com) and vascular endo-
thelial growth factor A (Life Technologies) in the basal and apical
compartments were determined by enzyme-linked immunosor-
bent assay according to the manufacturer’s instructions. All me-
dia volumeswere kept constant, and the growth area and volume
were taken into consideration when calculating the data.

Agilent Whole Human Genome Microarray

hESC-RPE was cultured following the extended passage proto-
col. At passage 5, control and Y-27632 lysates were collected 2
days after plating, prior to reaching confluence. RNA from four
separate biological replicates was isolated using the Qiagen
miRNeasy Kit (Qiagen) for each treatment group. Global transcrip-
tome analysis was performed with the Agilent Whole Human
Genome 4 3 44K in situ oligonucleotide array platform (G4112F;
Agilent Technologies, SantaClara, CA,http://www.agilent.com)us-
ing the reagents andmethods of themanufacturer and a two-color
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experimentaldesignpairing thecontrol andY-27632 samples.After
background and Lowess correction, the 200 replicate probe sets
were averaged, and the entire array data set was quantile normal-
ized. Array data are reported as normalized net intensity levels.

RESULTS

ROCK Inhibition Allows Extended Passage of hESC-RPE
and iPSC-RPE

hESC-RPE or iPSC-RPE can typically be passaged only five or six
times before undergoing a switch in phenotype suggestive of an
EMT and eventually senescing [15–18]. We sought to determine
whether inhibition of the Rho kinases ROCK1 and ROCK2 could
extend the effective passaging of hESC-RPE and iPSC-RPE. To test
the role of ROCK1/2 in this process, the synthetic compound, Y-
27632,which is a competitive inhibitor of the ATPbinding domain
of bothROCK1 andROCK2 isoforms [23],was added to the culture
medium, andcellswere continuously passaged, platingat a fourth
of the usual seeding density. For each passage, a portion of cells
were grown for 30 days to allow them to mature and reach
confluence, with removal of the ROCK inhibitor at day 14. Phase
contrast images of the resulting cultures are shown in Figure 1. In
contrast to untreated hESC-RPE, which underwent an EMT and
failed to become confluent following five passages, Y-27632-
treated cells were able to assume their typical RPE cobblestone
morphology up to passage 14; however, after 15 passages,

patches of larger cells displaying a mesenchymal morphology
(examples shown by arrows in Fig. 1) were intermixed with areas
of cells with epithelial morphology. By passage 18, cells failed to
reach confluence following 30 days in culture and never regained
the typical RPE morphology. All iPSC-RPE lines acted in a similar
fashion to hESC-RPE but were not passaged beyond passage 13
(images not shown). Bright field images of control passage 2
and Y-27632-treated passage 13 hESC-RPE show similar pigmen-
tation patterns (supplemental online Fig. 1). To determine the ef-
fect of Y-27632on the rate of proliferation, cell countswere taken
at each passage as hESC-RPE and iPSC-RPE underwent the ex-
tended passage protocol. Cells treated with Y-27632 showed
a substantial increase in population doublings, allowing an aver-
age of 30 doublings compared with only 9 doublings in control
cultures for both hESC-RPE and iPSC-RPE (Fig. 2A, 2B). In the
presence of the ROCK inhibitor, cell numbers increase exponen-
tially, with an average doubling timeof 2.4 days,whereas the con-
trol doubling timewas significantly longer, with an average of 3.8
days, for hESC-RPE. There was some line-to-line variation in iPSC-
RPE; however, the average Y-27632-treated cell doubling time
was 2.1 days compared with 3.6 days in control cells. All control
cultures could not be propagated beyond five passages, suggest-
ing that they had senesced.

In addition to monitoring cell expansion at the time of each
passage, over numerous passages, cell proliferation was mea-
sured more directly within a single passage. Similar effects of
Y-27632 on hESC-RPE growth rate were observed when the

Figure 1. Effect of Rho-associated, coiled-coil protein kinase inhibition on human embryonic stem cell-derived retinal pigmented epithelium
(hESC-RPE) passage. Control hESC-RPE and Y-27632-treated hESC-RPE were serially passaged and cultured, as detailed in Materials andMethods.
Phase contrast images are shown of control and Y-27632-treated hESC-RPE, with passage number indicated in the upper right corner. All images
were collected on day 30. Images are from a single experiment that is representative of nine experiments. Arrows indicate examples of cells with
mesenchymal-like phenotype at passages 16, 17, and 18. Seeding density: 25,000 cells per cm2. Scale bar = 100 mm. Abbreviation: p., passage.
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number of living cells within a single passage was monitored as
a function of time using an MTT assay (Fig. 2C). When passage
4 hESC-RPE were grown in the continual presence or absence
of Y-27632, a significant increase in the number of cells was
detected by 10 days in the Y-27632-treated cells and persisted
to at least day 30. This experiment shows that ROCK inhibition
speeds up the rate of proliferation of hESC-RPE. Both control
and Y-27632-treated passage 4 cells retained RPE morphology
at day 30; however, the characteristics of these particular cells
at higher passages were not examined. We are currently testing
other compounds that are known to affect proliferation on vari-
ous different passages of hESC-RPE and fRPE.

Gene Expression During Extended Passage of hESC-RPE

In an effort to assess the effects of Y-27632 on gene expression,
we determined the relative amounts of a selected set of RPE and
non-RPE marker transcripts. As shown in Figure 3, control hESC-
RPE showed a decrease in the abundance of RPE RNAs (RPE65,
BEST1 RLBP1, andMITF) as a function of passage, with significant
differences being observed at passage 5 (Fig. 3). Interestingly, lev-
els of pigment-related mRNAs PMEL, TYRP1, and TYR remained
constant in untreated hESC-RPE. PAX6, a neural retina and imma-
ture RPE marker, increased over passage but not significantly. In
contrast, in Y-27632-treated hESC-RPE, all seven RPEmarker RNA
levels remained relatively stable over the course of 13 passages,
and PAX6mRNA levels did not increase.We believe that the large
error bars for several control passage 3 and passage 5 transcripts
is due to the mixed population of cells arising within the well as
the RPE begins to undergo EMT.

In addition, although Y-27632 treatment preserves the mi-
totic potential of hESC-RPE, there is no evidence for increased

expression of MKI67, a marker of mitosis, in confluent 30-day-
old cultures of Y-27632-treated cells relative to that seenwith un-
treated cells. This would imply that although cells proliferate
more rapidly in the presence of Y-27632 (Fig. 2), the effects of
Y-27632 are not lasting (Fig. 3). After removal of ROCK inhibition,
cells reach confluence and exit the cell cycle.

We also examined markers for pluripotency and potential
contaminating or transdifferentiated cell types. The level of the
pluripotent mRNAs REX1 and SALL4 remained negligible with ex-
tended passage, as did the neuronal marker MAP2, the smooth
muscle marker ITGA2, the endothelial marker PECAM, and the fi-
broblastic marker S100A4. (Positive control cell values for non-
RPE gene markers are described in the legend for Fig. 3).

Protein Expression and Localization During Extended
Passage of hESC-RPE

To assess whether there were any gross differences in protein lo-
calization between differentiated cultures of Y-27632-treated,
extended-passage cells versus minimally passaged control cells,
45-day cultures of each condition were evaluated using immuno-
cytochemistry. Cells were probed with antibodies directed
against the RPE marker proteins MITF, OTX2, RPE65, BEST1,
PMEL, and ZO-1 (TJP1) as well as an antibody against the
mitosis-associated antigenMK167 (Fig. 4). In all cases, thepattern
of protein localization was indistinguishable between control
cells at passage 2 and Y-27632-treated cells at passage 13. The
mature RPE markers BEST1 and RPE65 were both localized to
the cytoplasm,with additional localization of BEST1 to the plasma
membrane being evident in passage 2. The pigmentation-
associated protein PMELwas found tobe colocalizedwith distinct
melanosomes and the tight junction protein ZO-1 (TJP1) to cell

Figure 2. Rho-associated, coiled-coil protein kinase inhibition affects human embryonic stem cell-derived retinal pigmented epithelium
(hESC-RPE) proliferation. (A): Population doubling (PD) is plotted versus time in cultures with and without addition of Y-27632. Each point rep-
resents a passage, n = 5. PD = log2(number of cells counted at time of passage divided by the number of cells plated). (B): PD of three iPSC-RPE
lines throughout the extended passage protocol. n = 3 per line. (C): Passage 4 hESC-RPE grown in the presence or absence of Y-27632, and cell
number was quantified bymeasuringMTT reduction. Error bars represent6SEM. p, p # .05, pp, p # .01 compared with control for the same
time point. n = 3 (same enrichment). Abbreviation: iPSC-RPE, induced pluripotent stem cell-derived retinal pigmented epithelial cell.
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borders. Consistent with the lack of evidence for the presence of
MKI67mRNA in 30-day control passage 2 or Y-27632-treated pas-
sage 13 cells, no MIK67 immunoreactivity was detected.

Normal chromosomal arrangement was observed following
karyotype analysis of control passage 3 and Y-27632-treated pas-
sage 13 cells (supplemental online Fig. 2).

Functional Analysis of Extended-Passage hESC-RPE

The diurnal phagocytosis of photoreceptor outer segments, the
apical secretion of PEDF, and basal VEGF secretion are critical
RPE functions [44]. To examine these functions in extended-
passage hESC-RPE treated with the ROCK inhibitor, phagocytosis
assays and ELISAs were performed. For the phagocytosis assays,
hESC-RPE passage 2 and hESC-RPE Y-27632-treated passage 13
cells, as well as negative and positive control cells, were chal-
lengedwith FITC-labeled bovine ROSs, and the extent ROS uptake
was measured using quantitative immunofluorescence micros-
copy. Passage 13 Y-27632-treated hESC-RPE showed levels of
phagocytosis similar to those seen in passage 2 control cells
(Fig. 5A). To test whether phagocytosis occurred through the

receptor-dependent mechanism used by RPE in vivo, cells were
incubatedwith an integrinaVb5 function-blocking antibodyprior
to challenging with FITC-labeled ROSs. This integrin has been
shown to be important for RPE phagocytosis [45]. Therewas a sig-
nificant decrease in the amount of ROS internalization compared
with IgGcontrol-treated cells (p. .05) for fRPEandhESC-RPEpas-
sage 2 and hESC-RPE passage 13 cells after aVb5 activity was
blocked. This shows that phagocytosis requires the same integrin
receptor after extended passage and that passage 13 hESC-RPE
retain normal phagocytosis activity.

For the determination of apical andbasal growth factor secre-
tion, media were collected from the inner and outer chambers of
transwell hESC-RPE cultures, and the amount of the PEDF and
VEGF in the two media compartments was quantified. There
was no significant difference for either apical or basal PEDF re-
lease between passage 2 and passage 13 hESC-RPE (Fig. 5B).
The amount of basal VEGF secretion also remained unchanged
following extended passage in the presence of Y-27632; however,
there was a twofold decrease in amount the apical VEGF in the
passage 13 cultures compared with passage 2, but this did not
reach significance (Fig. 5C).

Figure 3. Gene expression in extended-passage human embryonic stem cell-derived (hESC-derived) RPE. RPE-specific, pigmentation, neural
retina/immature-RPE, cell cycle, pluripotent, andnon-RPEgeneexpressionwas analyzed as a functionofpassage at 30days after plating. All data
were normalized to geometric mean of three housekeeper mRNAs. Positive control cell values for non-RPE genes: H9 hESC, REX1 (4.096 0.09),
SALL4 (10.936 0.45); neuroblastoma cell line SH-SY5Y, MAP2 (0.786 0.29); smooth muscle cells, ITGA2 (2.026 0.24); human umbilical vein
endothelial cells, PECAM (15.7 6 0.53); Hs27, S100A4 (20.13 6 1.09). Error bars represent 6SEM. p, p # .05, pp, p # .01 compared with
passage one within the same treatment group. n = 3. Abbreviation: RPE, retinal pigmented epithelial cell.
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ROCK Inhibition Affects Transcript Levels Within Many
Cell Pathways

ROCK is known to be involved in numerous pathways within the
cell, but its effect on gene transcription has not been fully exam-
ined. To gainmore insight into howROCK inhibition allows for ex-
tendedpassage of hESC-RPE,we assessed the global transcription
patterns using cDNAmicroarray analysis in passage 5 control and
Y-27632-treated cells 2 days after plating. Microarray analysis
revealed that around 12,200 probes had above-background sig-
nals. From those, just more than 700 transcripts had at least
a1.5-fold change ineachpairwise comparisonandanaverage fold
change of two or greater for all experiments. Overall, 369 genes
decreased after treatment and 356 increased.

Our microarray data reiterate the published literature show-
ing that ROCK plays a role in several different pathways that all

could contribute to the ability of hESC-RPE to undergo extended
passage (Table 1) [22, 26, 46, 47]. Table 1 summarizes the micro-
array data using a pathway-centric organization based on the
KyotoEncyclopediaofGenesandGenomes (KEGG)pathways con-
taining ROCK. These pathways include: actin cytoskeleton rear-
rangements, adherens junctions, tight junctions, cell adhesion
molecules, extracellular matrix (ECM) receptor interactions/
focal adhesions, vascular smooth muscle contraction, axon guid-
ance, chemokine guidance, HIPPO signaling, transforming growth
factor-b (TGF-b) signaling, Wnt signaling, and the cell cycle. This
analysis reveals decreased expression of genes encoding proteins
involved in tight junctions, cell adhesion molecules, ECM-
receptor interactions, and focal adhesionat day2prior to cell con-
fluence, following ROCK inhibition. In addition, examination of
the Hippo, TGF-b, and Wnt signaling pathways showed lower

Figure 4. Protein expression and localization in extended-passage human embryonic stem cell-derived retinal pigmented epithelium
(hESC-RPE). Control passage 2 (left panel) and Y-27632-treated passage 13 (right panel) cells were stained for RPEmarkers and amitoticmarker
after reaching confluence at day 45. Scale bars = 100 mm. Images shown are representatives of four experiments for each passage. Primary
antibody stain is shown in the left column, and the merged image with Hoechst (blue signal) is depicted in the right column.
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levels of transcripts encoding key ligands as a result of ROCK in-
hibition. No changes in SMADs were detected; however, they
are activated through phosphorylation. Consequently, more work
is needed to uncover whether ROCK inhibition affects SMAD
function. In addition, transcripts tied to progression through the
cell cycle increased substantially after Y-27632 treatment. These
data were also analyzed using the gene ontology enrichment anal-
ysis software DAVID [48, 49]. This analysis revealed several signif-
icant gene groups, many of which overlap the KEGG pathway
analysis (supplemental online Fig. 3).

DISCUSSION

RPE was first noted in differentiated hESC cultures in 2001 [50]
and then expanded and characterized in a landmark paper by Kli-
manskaya et al. in 2004 [51]. Since then, groups have been
attempting to optimize the process for derivation of RPE from
hESCs or iPS cells [14, 51]. The main obstacles of culturing plurip-
otent cell-derived RPE have always been long derivation time and
limited potential for expansion once differentiated. Recently,
progress has been made in developing more rapid methods for
differentiation of hESCs into RPE [39, 52–54]. Buchholz et al.
[39], for example, described amethod todirect differentiation us-
ing a series of growth factors known to play a role in RPE differ-
entiation in vivo; however, once RPE is obtained, they still have
a limited functional life span.

We report, in this paper, a novel passaging strategy that relies
on inhibition of ROCK and that results in an increased rate of pro-
liferation and extended passage of both hESC-RPE and iPSC-RPE,
with retention of function. This phenomenon occurs even when
the cells are plated at a fourth of the seeding density that is typ-
ically used. Thus, one can use less starting material and passage

cells longer, leading to an exponential increase in the number of
cells produced from a single culture of hESCs or iPS cells.

Extended-passage hESC-RPE maintained appropriate mor-
phology and gene expression of key RPE markers without an in-
crease in pluripotent, fibroblastic, or endothelial transcripts.
Immunocytochemistry of passage 13 hESC-RPE exhibited proper
localization of RPE transcription factors, proteins involved in pig-
mentation, tight junctions, and proteins important for RPE-
specific functions. Importantly, from a therapeutic-application
perspective, no aberrant proliferation was detected at day 30.
Functional analysis demonstrated that passage 13 hESC-RPE
were normal with respect to ROS phagocytosis and polarized se-
cretion of PEDF and VEGF. In addition, no gross genomic abnor-
malities were detected following ROCK inhibition and repeated
passage.

How does ROCK inhibition lead to extended passage? Micro-
array analysis suggests that ROCK inhibition could be suppressing
an EMT through various pathways. These include inhibition of key
ligands of the TGF-bpathway (TGFB1 andGDF6) [55] andWnt sig-
naling (WNT5A andWNT5B) [56, 57], alongwith decreasing levels
of collagens 1A1 4A2 [58, 59] and SNAI2, known biomarkers of
EMT [60]. RPE are thought to undergo EMT after repeated pas-
sages in culture, a main reason why hESC-RPE have a finite ability
to expand, limiting their production for use in transplantation [17,
61]. TGF-b signaling has been shown tobe implicated in activating
EMT in RPE [17, 55, 62–64]. Furthermore, several investigations
have predicted that the RHO/ROCK pathway is involved in regu-
lating EMT in multiple cell types [65–68], possibly through TGF-b
signaling [69]. There has also been evidence linking Wnt activa-
tion and b-catenin accumulation to the increased expression of
EMT-related genes [56, 70]. Inhibition of ROCK, through addition
of Y-27632 or other synthetic compounds, has already been

Figure 5. Function of extended-passage hESC-RPE. (A): RPE phagocytosis of bovine photoreceptor outer segments, as determined by pixel
density analysis of photomicrographs, is shown. fRPE and HUVEC serve as positive and negative controls, respectively. All experiments are
normalized to a single ARPE19 ROS experiment data set. Isotype-matched IgG was added as a negative control for the aVb5 function-blocking
antibody. (B, C): Enzyme-linked immunosorbent assay analysis of PEDF and VEGF. Polarized hESC-RPE showed a higher level of apical PEDF and
basal VEGF secretion, consistent between passages. Error bars represent6SEM. p, p # .05; pp, p # .01. Section A compared with samples
treated with anti-avb5. Sections B and C compared with secretion from opposite cell side. n = 3 for all experiments. Abbreviations: fRPE, fetal
retinal pigmented epithelial cell; hESC-RPE, human embryonic stem cell-derived retinal pigmented epithelial cell; HUVEC, human umbilical vein
endothelial cell; PEDF, pigment epithelium-derived factor; ROS, rod outer segment; VEGF, vascular endothelial growth factor.
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Table 1. Microarray: KEGG pathways (passage 5, day 2; control vs. Y-27632)

Control Y-27632 Gene name Gene symbol log2(Y-27632/control)

Actin cytoskeleton rearrangements

13.99 51.64 Fibroblast growth factor receptor 3 FGFR3 1.88

94.35 341.02 Fibroblast growth factor 18 FGF18 1.85

41.57 137.16 Fibroblast growth factor 13 FGF13 1.72

32.15 94.53 Bradykinin receptor B1 BDKRB1 1.56

9.61 21.97 Fibroblast growth factor receptor 2 FGFR2 1.19

65.78 23.11 Fibroblast growth factor 5 FGF5 21.51

430.48 131.35 Coagulation factor II (thrombin) receptor F2R 21.71

Adherens junction

22.91 6.78 Snail homolog 2 (Drosophila) SNAI2 21.76

Tight junctions

280.66 669.95 Myeloid/lymphoid or mixed-lineage leukemia (trithorax
homolog, Drosophila); translocated to, 4

MLLT4 1.26

19.73 8.71 Erythrocyte membrane protein band 4.1-like 3 EPB41L3 21.18

1066.10 407.49 RAB3B, member RAS oncogene family RAB3B 21.39

36.13 13.29 Junctional adhesion molecule 2 JAM2 21.44

Cell adhesion molecules

504.89 207.34 Cadherin 2, type 1, N-cadherin (neuronal) CDH2 21.28

8426.36 3299.04 Integrin, b 1 (fibronectin receptor, b polypeptide, antigen
CD29 incldes MDF2, MSK12)

ITGB1 21.35

30.51 10.57 Netrin G1 NTNG1 21.53

3747.97 1253.88 Integrin, a V (vitronectin receptor, a polypeptide, antigen
CD51)

ITGAV 21.58

259.28 81.80 Versican VCAN 21.66

15.13 4.47 Neuronal growth regulator 1 NEGR1 21.76

50.13 14.81 Contactin associated protein-like 2 CNTNAP2 21.76

ECM receptor interactions/focal adhesion

117.69 330.94 Laminin, a 3 LAMA3 1.49

7.61 17.64 Vitronectin VTN 1.21

1109.78 510.39 Collagen, type IV, a 1 COL4A1 21.12

9372.90 4219.15 Collagen, type IV, a 2 COL4A2 21.15

131.05 57.75 Integrin, b 3 (platelet glyoprotein IIIa, antigen CD61) ITGB3 21.18

64.56 27.53 Integrin, a 2 (CD49B, a 2 subunit of VLA-2 receptor) ITGA2 21.23

2477.12 991.35 Collagen, type V, a 2 COL5A2 21.32

3106.25 1228.04 Collagen, type I, a 1 COL1A1 21.34

57.31 22.50 Tenascin C TNC 21.35

714.71 260.49 Laminin, g 2 LAMC2 21.46

4299.60 1453.43 Laminin, b 1 LAMB1 21.56

946.84 315.71 Collagen, type V, a 1 COL5A1 21.58

549.68 124.46 Secreted phosphoprotein 1 SPP1 22.14

1261.40 74.09 Integrin, a 11 ITGA11 24.09

Vascular smooth muscle contraction

791.61 1875.15 Natriuretic peptide B NPPB 1.24

200.72 72.18 Phospholipase C, b 4 PLCB4 21.48

849.62 291.19 Potassium large conductance calcium-activated channel,
subfamily M, a member 1

KCNMA1 21.54

28.61 9.73 Phospholipase A2, group IVC (cytosolic,
calcium-independent)

PLA2G4C 21.56

150.17 47.68 Receptor (G protein-coupled) activity modifying protein 1 RAMP1 21.66
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Table 1. (Cont’d)

Control Y-27632 Gene name Gene symbol log2(Y-27632/control)

Axon guidance

30.57 104.89 Sema domain, immunoglobin domain (Ig), short basic
domain, secreted, (semaphorin) 3E

SEMA3E 1.78

156.69 357.84 Dihydropyrimidinase-like 5 DPYSL5 1.19

852.85 388.05 Netrin 4 NTN4 21.14

127.79 53.10 Sema domain, immunoglobin domain (Ig), short basic
domain, secreted, (semaphorin) 3C

SEMA3C 21.27

302.93 114.09 Ephrin-A1 EFNA1 21.41

39.14 14.51 EPH receptor B2 EPHB2 21.43

Chemokine signaling

277.50 1617.19 Chemokine (C-X-C motif) ligand 14 CXCL14 2.54

Hippo signaling

5.01 14.93 Ras association (Ra1GDS/AF-6) domain family member 6 RASSF6 1.58

2354.57 1142.33 Connective tissue growth factor CTGF 21.04

21.60 9.80 Discs, large homolog 4 (Drosophila) DLG4 21.14

311.31 111.11 FERM domain containing 6 FRMD6 21.49

TGFb signaling

152.52 466.58 Bone morphogenetic protein 7 BMP7 1.61

920.43 379.19 Inhibin, b A INHBA 21.28

19.39 7.67 Transforming growth factor, b 1 TGFB1 21.34

202.25 31.08 Growth differentiation factor 6 GDF6 22.70

Wnt signaling

1091.07 3320.85 Secreted frizzled-related protein 1 SFRP1 1.61

21.54 59.10 Secreted frizzled-related protein 5 SFRP5 1.46

108.17 51.86 Prickle homolg 2 (Drosophila) PRICKLE2 21.06

140.28 66.06 Frizzled family receptor 7 FZD7 21.09

502.34 234.90 Protein phosphatase 3, catalytic subunit, a isozyme PPP3CA 21.10

64.97 21.82 Wingless-type MMTV integration site family, member 5B WNT5B 21.57

604.38 112.49 Wingless-type MMTV integration site family, member 5A WNT5A 22.43

Cell cycle

22.04 90.57 TTK protein kinase TTK 2.04

24.56 98.55 Cyclin-dependent kinase inhibitor 2C (p18, inhibits CDK4) CDKN2C 2.00

100.34 349.01 Cell division cycle 45 homolog (S. cerevisiae) CDC45 1.80

79.48 270.73 E2F transcription factor 2 E2F2 1.77

49.17 166.34 Cell division cycle 7 homolog (S. cerevisiae) CDC7 1.76

19.90 62.77 Cell division cycle 25 homolog A (S. pombe) CDC25A 1.66

137.68 407.45 Cyclin-dependent kinase 1 CDK1 1.57

7.8 22.7 Antigen identified by monoclonal antibody Ki-67 MKI67 1.53

476.30 1324.63 Polo-like kinase 1 PLK1 1.48

48.86 120.50 Cyclin A2 CCNA2 1.30

516.13 1169.81 Proliferating cell nuclear antigen PCNA 1.18

61.82 127.52 Extra spindle pole bodies homolg 1 (S. cerevisiae) ESPL1 1.04

3249.66 1190.42 Cyclin-dependent kinase 6 CDK6 21.45

566.19 96.50 Cyclin-dependent kinase inhibitor 2B (p15, inhibits CDK4) CDKN2B 22.55

Changes in gene expression resulting from ROCK inhibition. Microarray data comparing gene expression differences between control and
Y-27632-treated human embryonic stem cell-derived retinal pigmented epithelial cells at day 2, passage 5. The KEGG pathways containing ROCK and
those affected by Y-27632 addition are represented. Control and Y-27632 numerical values at left represent themean quantile-normalized data of four
biological replicates. Ratios at right represent log2(Y-27632/control), 1 = twofold change. n = 4. GEO link: http://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?token=kxynoswinzslrgj&acc=GSE56618.
Abbreviations: KEGG, Kyoto Encyclopedia of Genes and Genomes; ROCK, Rho-associated, coiled-coil protein kinase.
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shown in somecases to reverse this transition [71, 72].Our results
are consistent with the idea that decreased expression of TGF-b
and Wnt signaling transcripts led to the suppression of EMT. In
addition, novel, undocumented pathways could be contributing
to the maintenance and increased expansion rate of hESC-RPE
that led to the persistence of RPE identity.

Two important processes are affected, allowing for an in-
crease in hESC-RPE expansion. First, ROCK inhibition promotes
proliferation by inducing multiple components that are involved
in cell cycle progression. This allows RPE to quickly reform tight
junctions, which are critical to RPE health [73]. Second, ROCK in-
hibition affects many pathways that could be converging to sup-
press RPE-to-mesenchymal transition. This allows hESC-RPE to
remain functional for an extended but finite period in culture.

The prevalence of AMD in adults older than 40 years of age in
the U.S. alone was calculated to be 7.2 million people; that num-
ber is projected to increase50%by2020 [4]. Assuming that a335
mmpatch of a hESC-RPEmonolayer on a scaffold might be devel-
oped as a dry AMD therapy, it is estimated that 300,000 hESC-RPE
will be required for each patient transplant [13, 74]. Based on this
number, 3.3 trillion cells would be required to treat all patients
affected in 2020. Following the extended passage protocol, a sin-
gle well of a six-well plate will generate enough cells in 55 days to
treat all of those estimated to be affected by the disease in 2020.
This does not include the additional cells that would be required
for release assays, quality control, and cell loss, but the protocol
can easily be scaled up. Compared with the current method of
derivation, the extended passage protocol using ROCK inhibition
can exponentially increase the yield ofmature hESC-RPE to 49 bil-
lion from9millionwithin the first 60 days in culture—a 5,000-fold
increase—in addition to using one-quarter of the starting cell
number.

From a cell-engineering perspective, it is clear that these dis-
coveries have the potential to greatly facilitate the production of
functional hESC-RPE and iPSC-RPE for both therapeutic and re-
search applications. It is even possible that these findings may
be transferable to other epithelial cells derived from pluripotent
stem cells. Currently, minimally passaged hESC-RPE are being
used in clinical trials. Transitioning to the use of more highly pas-
saged cells deserves further experimentation to characterize
efficacy and potential tumorigenicity in animal studies, including
a full transcriptome analysis of day 30 Y-27632-treated passage
13 hESC-RPE to ensure complete restoration of the gene profile
to a passage 2-like state. In addition, defining the mechanisms
of increased proliferation and suppressed EMT and devisingmeth-
ods to manipulate these processes could be extremely beneficial
in developing therapeutics for other RPE dysfunction diseases
such as geographic atrophy and proliferative vitreal retinopathy,
a complication of retinal detachment characterized by RPE-to-
mesenchymal transition that can lead to loss of vision [64, 75].

CONCLUSION

Inhibition of ROCK activity by the synthetic compound Y-27632
allows extended passage of hESC-RPE and iPSC-RPE. Extended
passage, in part, seems to be achieved by increased proliferation
and through the prevention of gene expression that promotes
and contributes to themesenchymal phenotype.We have shown
that inhibiting ROCK allows hESC-RPE and iPSC-RPE to be seeded
at one-quarter of the normal density and grow for up to 13 pas-
sages. The extended-passage hESC-RPE was comparable to un-
treated early passage hESC-RPE by all parameters tested. This
simple technique, in combination with the published rapid differ-
entiation protocols, could lead to a faster andmore efficient way
of producing hESC-RPE and iPSC-RPE for clinical trials, basic dis-
ease research, and drug screening.
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