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ABSTRACT

Retinal degenerations are amajor cause of impaired vision in the elderly. Degenerations originate in
either photoreceptors or the retinal pigment epithelium (RPE). RPE forms the outer blood-retinal
barrier and functions intimately with photoreceptors. Animal models and cultures of RPE are com-
monly used to screen potential pharmaceuticals or explore RPE replacement therapy, but human
RPE differs from that of other species. Human RPE forms a barrier using tight junctions composed of
a unique set of claudins, proteins that determine the permeability and selectivity of tight junctions.
Human adult RPE fails to replicate these properties in vitro. To develop a culture model for drug
development and tissue-engineering human retina, RPE were derived from human embryonic stem
cells (hESCs). Barrier properties of RPE derived from the H1 and H9 hESC lines were compared with
a well-regarded model of RPE function, human fetal RPE isolated from 16-week-gestation fetuses
(hfRPE). A serum-free medium (SFM-1) that enhanced the redifferentiation of hfRPE in culture also
furthered the maturation of hESC-derived RPE. In SFM-1, the composition, selectivity, and permea-
bility of tight junctions were similar to those of hfRPE. Comparison of the transcriptomes by RNA
sequencing and quantitative reverse transcription-polymerase chain reaction revealed a high cor-
relation between the hESCs and hfRPE, but there were notable differences in the expression of
adhesion junction and membrane transport genes. These data indicated that hESC-derived RPE is
highly differentiated but may be less mature than RPE isolated from 16-week fetuses. The study
identified a panel of genes to monitor the maturation of RPE. STEM CELLS TRANSLATIONAL
MEDICINE 2013;2:534–544

INTRODUCTION

There is great interest in developing cultures of
retinal pigment epithelium (RPE) that can re-
place RPE damaged by retinal diseases such as
age-related macular degeneration—a leading
cause of blindness among the elderly. The RPE is
unusual, because its apical membrane abuts a
tissue layer, the sensory (neural) retina. Both the
RPE and sensory retina derive from a diverticu-
lum of neuroepithelium, the optic vesicle. As the
two tissues differentiate on opposite sides of the
vesicle, the lumen collapses to become a poten-
tial space. Consequently, microvilli of the RPE
apical membrane interdigitate with the outer
segments of photoreceptors [1, 2]. The RPE sep-
arates photoreceptors from their blood supply in
the choroid. Because the choroidal capillaries are
fenestrated, RPE forms the outer blood-retinal
barrier to maintain the specialized environment
required by photoreceptors [3]. The outer seg-
ment of the photoreceptor contains a series of
flat disc membranes that resemble a stack of
coins. The chromophore, retinal, shuttles back

and forth between theRPE and these discs. In the
discs, light is transduced into an electrical signal
by converting 11-cis retinal to 11-trans retinal.
Only the RPE can isomerize retinal back to the cis
form. The visual cycle is completedwhen the ret-
inal is transported back to the photoreceptors
[4]. Daily, new discs are added to the base of the
outer segments, whereas old discs are shed from
the tips and phagocytized by the RPE [5]. These
close functional relationships explain why pathol-
ogy in one tissue often leads to dysfunction or
deathof theother, as observed in age-relatedmac-
ular degeneration and retinitis pigmentosa [6].

Stem cells are an attractive source of RPE,
and based on successes in rodent models of ret-
inal degeneration, phase I clinical trials using
stem cell-derived RPE are in progress [7]. In ro-
dents, investigators were encouraged to find
that RPE derived from human embryonic stem
cells (hESC-RPE) and human induced pluripotent
cells (iPS-RPE) formed cobblestone monolayers
with melanin granules and tight junctions, ex-
pressed RPE signature genes [8, 9], phagocytized
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rod outer segments, and improved vision [8, 10–13]. A short-
coming of the animal studies was that transplantation was suc-
cessful only when performed early in the disease and failed to
restore vision in late-stage disease. Further, there is no current
evidence that transplanted RPE establishes an outer blood-reti-
nal barrier [10]. The barrier function of the tight junctions in
hESC- or iPS-RPE has not been thoroughly investigated, because
the properties of human RPE junctions have only recently been
reported [14–16].

Tight junctions form a partially occluding seal that surrounds
each cell of an epithelial monolayer, joining it to its neighbors [3,
17, 18]. The junctions semiselectively retard the diffusion of sol-
utes across the monolayer via the paracellular spaces. Permea-
bility and selectivity are determined by occludin andmembers of
the claudin family [19]. In rodent RPE, claudin-1 is the only de-
tectable claudin, but in chick RPE claudin-20 also plays a major
role [18, 20, 21]. In contrast, human RPE expresses predomi-
nantly claudin-19, which accounts for the electrophysiological
properties of its tight junctions [15, 16]. Further, its absence
causes retinal disease [22]. Because the function of tight junc-
tions is coordinated with the plasma membrane pumps and
channels that comprise the transcellular contribution to barrier
function [3], these differences in composition among the species
imply differences in the physiology of the outer blood-retinal
barrier.

Just as the choroid and sensory retina differentiate in a grad-
ual, coordinated process, so do the RPE and their tight junctions
[1, 2, 23]. During the development of chick RPE, tight junctions
develop gradually under a process that is regulated by secretions
of the sensory retina [20, 21]. Initially, claudin-5 is the only clau-
din in evidence. Then, claudin-1 expression rises to become the
predominant claudin. In the final stages of development, clau-
din-20mRNA comes to be expressed in the highest copy number.
Maturation of tight junctions corresponds to the time the cho-
riocapillaris become fully fenestrated, RPE basolateral infoldings
are fully elaborated, the intervening Bruch’smembrane acquires
its five layers of extracellularmatrix, and the RPEmechanisms for
transcellular transport of glucose are established. In other
words, tight junctions mature after other elements of the outer
blood-retinal barrier are set in place. The relationship between
tight junction and retinochoroidal development has not been
studied in human RPE, nor has the expression of claudin-19 or
tight junction function been examined in stem cell-derived RPE.

To examine human retinal development in a culturemodel, it
would be useful to have a medium that is compatible with RPE
and retinal cells. Such a serum-free medium was devised by
Gamm et al. for the culture of RPE and retinal progenitor cells
that were isolated from 13-week-gestation (WG) human fetuses
(hfRPE) and hESC-derived RPE and retinal progenitors [24, 25].
Recently, we delineated the properties of RPE tight junctions in a
well-defined culture model of hfRPE that was derived from
16-WG human fetuses and adapted to the Gamm medium,
whichwenamed SFM-1 [16, 26].We found that SFM-1promoted
the maturation of hfRPE [14–16].

Removing the variable of culture medium allows a direct
comparison of hESC-RPE with cultures of hfRPE. An earlier study
that compared hESC-RPE with hfRPE used different media to
maintain the cells [8]. That study focused on a comparison of
hESC-RPE, iPS-RPE, and hfRPE using microarrays to analyze the
transcriptome, and left two questions open: (a) these research-
ers pooled data from hfRPE isolated from 16–21-WG fetuses,

which assumes that hfRPE does not mature during fetal life, and
(b) they pooled data fromHSF1 and H9 hESC lines without exam-
ining variability among preparations or how HSF1-RPE and H9-
RPE might differ from one another.

To investigate these concerns, we compared the transcrip-
tomes of three independent isolates each from H1-RPE, H9-RPE,
and hfRPE cultured from 16-WG human fetuses. Using RNA se-
quencing, we found that culture medium has a profound effect
on gene expression. When maintained in SFM-1, H1-RPE and
H9-RPEwere quantitatively similar to each other. Theywere also
similar to hfRPE, but significant differences could be found
among barrier function-related genes.

MATERIALS AND METHODS

Cell Culture
For comparison, primary cultures of hfRPE cells were prepared
from fetuses of 16 WG, as described previously [15]. Briefly, pri-
mary cultures of hfRPE were supplied by the laboratory of Shel-
don Miller (National Eye Institute, Bethesda, MD) and subcul-
tured on Transwell or Snapwell culture inserts (1.12 cm2 growth
area, 0.4 �m pores; Corning Enterprises, Corning, NY, http://
www.corning.com) that were coatedwith 10�g of human extra-
cellular matrix (BD Biosciences, Franklin Lakes, NJ, http://www.
bdbiosciences.com), according to that laboratory’s method [26].
The volumes of medium in the apical chamber and the basolat-
eral chamberwere 0.6 and 1.5ml, respectively for the Transwell,
and 0.5 and 2.0 ml for the Snapwell. The cultures were main-
tained at 37°C in a humidified atmosphere of 95% air/5% CO2.
The transepithelial electrical resistance (TER) was monitored us-
ing an EVOM2 resistance meter with Endohm electrodes (World
Precision Instruments, Sarasota, FL, http://www.wpiinc.com).
After 4–6 weeks they became stable, whereupon the cultures
were adapted to SFM-1 over the course of 4 weeks [15]. SFM-1
was formulated to culture hfRPE [24] and consisted of 70% Dul-
becco’s modified Eagle’s medium (DMEM) containing 4.5 g/liter
D-glucose, 30% F12 nutrient mixture containing L-glutamine, and
1% antibiotic-antimycotic solution, supplemented with 2% B27
(Invitrogen, Carlsbad, CA, http://www.invitrogen.com).

H1-RPE and H9-RPE were derived from the H1 and H9 hESC
lines, respectively, by the method of Idelson et al. [27]. Briefly,
stem cells were cultured and passaged on Matrigel-coated
dishes (BD Biosciences). Embryoid bodies were formed by treat-
ing undifferentiated stem cell colonies with 5 mg/ml dispase
(StemCell Technologies, Vancouver, BC, Canada, http://www.
stemcell.com) and cultured as floating clusters in knockout se-
rum replacement medium (KSR), composed of DMEM/F12 (1:1)
medium, 14% knockout serum replacement (Invitrogen), 1%
nonessential amino acids (Sigma-Aldrich, St. Louis, MO, http://
www.sigmaaldrich.com), 2 mM glutamine (Invitrogen), 50 U/ml
penicillin, 50 �g/ml streptomycin (Invitrogen), and 10 mM nico-
tinamide (Sigma-Aldrich) in six-well ultra-low-attachment cluster
plates (Costar, Corning) for 1 week. The embryoid bodies were
plated on laminin-coated culture dishes (10 �g/ml) for 6 weeks.
During the third and fourth weeks, KSR was supplemented with
140 ng/ml actin A (Peprotech, Rocky Hill, NJ, http://www.
peprotech.com). After the sixth week, pigmented epithelial cells
were isolated by trypsinization and seeded onto laminin-coated
Transwell or Snapwell culture inserts (1.3 � 105 cells per well).
Notably, we found that themorphology of the cells was irregular
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when cultured on the human extracellular matrix-coated filters
that promoted the differentiation of hfRPE [26]. On the human
matrix, cells formed multilayered clusters or irregularly shaped
polygons. Alternatively, differentiated cells were expanded on
laminin-coated dishes and purified by weeding unpigmented
cells before reseeding on culture inserts. The reseeded cultures
were maintained in KSR for 6–8 weeks, when the cultures re-
gained their pigmentation. In some cultures the KSR was then
replaced with SFM-1, which had no effect on pigmentation, and
the cultures were followed for an additional 4–5 weeks.

Quantitative Reverse Transcription-Polymerase
Chain Reaction
To screen claudin and occludin expression, reverse transcription-
polymerase chain reaction was performed as described earlier
[14], using 35 cycles of polymerase chain reaction (PCR). Claudins
detected by this technique, and other select mRNAs, were fur-
ther examined by quantitative real-time reverse transcription-
polymerase chain reaction (qRT2-PCR) and RNA sequencing as
follows. Total RNA was extracted using the RNeasyMini Kit (Qia-
gen, Valencia, CA, http://www.qiagen.com). Two micrograms of
total RNA was reverse-transcribed to cDNA using the Quantitect
Reverse Transcription Kit (Qiagen). The primers used in these
experiments are listed in supplemental online Table 1. Experi-
ments were performed in triplicate with a minimum of two bio-
logical repeats. Reaction products were analyzed by gel electro-
phoresis to confirm that a single reaction product of the
calculated size was obtained. Relative expression of mRNA was
calculated using the 2���CT method [28]. Briefly, the data were
first normalized to the expression of GAPDH and then to the
expression of a reference mRNA. As indicated in Figure 4, the
reference mRNA was the same mRNA expressed in hfRPE or in
cultures maintained in KSR. Alternatively, the reference mRNA
was claudin-19 that was expressed in the same culture. Means
and error bars in Figure 4 were calculated from three indepen-
dent experiments, each performed in triplicate.

RNA Sequencing and Analysis
Total RNA was isolated from RPE that was differentiated and
isolated from human embryonic stem cell lines H1 and H9 (three
independent isolates from each strain) and compared with RPE
that was isolated from three 16-WG human fetuses and ex-
panded in primary culture, as described above. Libraries were
prepared according to Illumina’s mRNA Sequencing Sample
Preparation Guide for mRNA-SeqSample Prep Kit (part no. RS-
100-0801) and TruSeq RNA Sample Prep Kit v2 (part no. RS-122-
2001) (Illumina Inc., San Diego, CA, http://www.illumina.com).
Briefly, poly(A)-containing mRNA molecules were purified from
10 �g of total RNA using poly(T) oligo-attached magnetic beads
and then fragmented into small pieces using divalent cations
under elevated temperature. The cleaved RNA fragments were
copied into first-strand cDNA using reverse transcriptase (Super-
Script II; Invitrogen) and random primers followed by second-
strand cDNA synthesis using DNA polymerase I and RNaseH.
These cDNA fragments then went through an end repair process
using a combination of T4 DNA polymerase, Escherichia coli DNA
Pol I large fragment (Klenowpolymerase), and T4 polynucleotide
kinase. The blunt, phosphorylated ends were treated with Kle-
now fragment (3� to 5� exominus) and dATP to yield a protruding
three-A base for ligation of Illumina’s adapters, which have a
single T base overhang at the 3� end. These products were then

purified and enriched with 15 cycles of PCR to create the final
cDNA library. Some library fragments were further purified to
remove the adaptor dimer. Insert plus adaptor and PCR primer
sequences of 150–350 base pairswere isolated from2%E-Gel EX
Gel (G4020-02; Invitrogen). The purifiedDNAwas captured on an
Illumina flow cell for cluster generation. Libraries were se-
quenced on the Genome Analyzer and HiSeq 2000 following the
manufacturer’s protocols. Basecalls were performed using Illu-
mina’s Consensus Assessment of Sequence and Variation
(CASAVA) software. Sequenced reads were imported into the
public Galaxy platform (a free online bioinformatics interface
available at http://main.g2.bx.psu.edu). The sequences were
aligned against the hg19 reference genome using the Tophat for
Illumina (version 1.5.0) with default parameters. Transcripts
were assembled using Cufflinks (version 0.0.5) with quartile nor-
malization and bias correction. The expression levels for each
gene were normalized to reads per kilobase of exon model per
million mapped reads to facilitate the comparison of transcripts
among samples. Fold change in transcript expression and statis-
tical significancewere analyzedusing Cuffdiff (version 0.0.5)with
false discovery rate of 0.05, minimum alignment count of 100,
quartile normalization, and bias correction. Datawere deposited
in the Gene Expression Omnibus database, accession no.
GSE36695. The results for genes of interest were verified by
qRT2-PCR.

Immunoblotting and Immunocytochemistry
Cultures were solubilized and prepared for immunoblotting, as
described [14]. The level of �-tubulin staining was used as an
internal standard to normalize each sample. The following pri-
mary antibodies from Invitrogen were used (dilutions in paren-
theses): rabbit polyclonal anti-claudin-1 (1:100), rabbit poly-
clonal anti-claudin-2 (1:100), rabbit polyclonal anti-claudin-3 (1:
200), mouse monoclonal anti-occludin (1:200), and mouse
monoclonal anti-�-tubulin (1:1,500). Mouse anti-E-cadherin (1:
5,000) was obtained from BD Biosciences, mouse monoclonal
anti-N-cadherin (1:100 dilution) was from Sigma-Aldrich, and
rabbit polyclonal anti-claudin-19 (1:200) was a kind gift from
Mikio Furuse (Kobe University, Kobe, Japan). The immunoblots
were developed using horseradish peroxidase-conjugated sec-
ondary antibodies (1:3,000) (Thermo Scientific, Rockford, IL,
http://www.thermofisher.com) and SuperSignalWest Femto re-
agent (Thermo Scientific) and were imaged and quantified using
a Molecular Imager ChemiDoc XRS System (Bio-Rad, Hercules,
CA, http://www.bio-rad.com).

The subcellular distribution of the claudins, ZO-1, and occlu-
din was determined by indirect immunofluorescence, as de-
scribed [14]. Briefly, cells were fixed in 100% ethanol at 4°C.
Besides the antibodies used for immunoblotting, samples were
counterlabeled with mouse anti-occludin (1:200) or mouse anti-
ZO-1 (1:400) (Invitrogen). The dilutions used for claudin-3 and
claudin-19 were reduced to 1:500 and 1:1000, respectively. ML-
grade secondary antibodies conjugated with Cy3 or Cy5 dyes
(1:200) (Jackson Immunoresearch Laboratories,West Grove, PA,
http://www.jacksonimmuno.com). To reveal nuclei and filamen-
tous actin, we used Alexa Fluor 488 phalloidin and 4�,6-di-
amidino-2-phenylindole. Fluorescence images were acquired
with an LSM 410 spinning-disc confocal microscope and pro-
cessed using AxioVision software (Carl Zeiss, Thornwood, NY,
http://www.zeiss.com). Fluorescent channels were captured in
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gray scale and false-colored using the software, as described in
the figure legends.

Estimation of Permeability and Selectivity
Permeability and selectivity were estimated from the TER and
transepithelial electrical potential (TEP), as described previously
[16]. Briefly, cultures maintained on Snapwell culture inserts
weremounted in Ussing chambers (Physiologic Instruments, San
Diego, CA, http://www.physiologicinstruments.com) and incu-
bated in a modified Ringer’s solution to inhibit membrane trans-
port. Silver chloride electrodes with 3 M KCl agar bridges were
used for the current producing and voltage sensing electrodes
and were controlled by amodel VCCMC6 voltage/current clamp
and Acquire & Analyze Revision II software (Physiologic Instru-
ments). The TEP was referenced to the basolateral chamber. For
ion selectivity and permeability, dilution and bi-ionic electrical
potentials were examined by replacing the solution in the baso-
lateral chamber. Several experimentswere performed by replac-
ing the solution in the apical chamber to confirm that the mea-
surements were independent of the direction of the gradient.
For dilution potentials, the NaCl in the basolateral chamber was
reduced to 75 mM NaCl and the osmolality was balanced with
mannitol. For bi-ionic potentials, the NaCl was replacedwith 150
mM KCl. The relative ionic permeabilities of the monolayers
were calculated using the Goldman-Hodgkin-Katz equation. The
individual permeation coefficients for Na� (PNa), Cl

� (PCl), and
K� (PK) were deduced from themethod of Kimizuka and Koketsu
[29] (see also Yu et al. [30]). Preliminary studies demonstrated
that the matrix coating applied to the filters had no effect on
permeability or selectivity. Accordingly, bare filters were used
for controls in most experiments.

Statistical Analysis
Statistical differences were determined using Student’s t test or
one-way analysis of variance, except as described above for RNA
sequence analysis.

RESULTS

We confirmed that H1-RPE and H9-RPE form confluent, pig-
mented, low-cuboidal monolayers in KSR, and expressed a num-
ber of RPE marker mRNAs including bestrophin, cellular retinal-
dehyde-binding protein (CRALBP), retinol isomerase (RPE65),
pigment epithelium-derived factor (PEDF), microphthalmia-as-
sociated transcription factor (MITF), tyrosinase (TYR), and cone-
rod homeobox protein (CRX). Adaptation to SFM-1 had minimal
effect on pigmentation or the expression of thesemRNAs.When
expression by hESC-derived RPE was compared with expression
by native hfRPE, the levels of expression were similar to those of
hfRPE, except for CRX (supplemental online Fig. 1).

TER was used to assess the integrity of themonolayer and its
tight junctions (Fig. 1A). TER varied from preparation to prepara-
tion, but SFM-1 narrowed the range of TER values. The cells were
differentiated and replated onto filter inserts in KSR. After 6–8
weeks, half of the cultures were transferred to SFM-1 and the
control cultures were maintained in KSR. There was no effect on
pigmentation or morphology. When the TER was higher at the
time of the transfer, 100–150 Ω�cm2, it decreased in control
cells but remained high in cultures transferred to SFM-1. When
the TER was lower at the time of transfer, �60 Ω�cm2, it often
increased in the SFM-1 cultures compared with the controls. For

reference, the TER of hfRPE in retinal explants of 19–23-WGeyes
was reported to be 206 � 151 Ω�cm2 [31], and that of hfRPE
cultured in SFM-1 lay in the range of 250–400 Ω�cm2 [15]. To
investigate the effects of SFM-1, we examined the expression
and subcellular localization of occludin, ZO-1, and the claudins
expressed by native RPE.

SFM-1 affected the steady-state level of several claudins (Fig.
1B). Of the claudins normally expressed by humanRPE, only clau-
din-1 and claudin-2 were expressed by undifferentiated hESCs
alongwith occludin. Relative to�-tubulin, the expression of both
proteins was lower in hfRPE. In H1- and H9-derived RPE, SFM-1
increased steady-state levels of claudin-3 and claudin-19, which
previous study demonstrated were the predominant claudins
expressed by hfRPE [15]. SFM-1 also increased the steady-state
level of claudin-2 in H1-RPE to that of hfRPE, but expression in
H9-RPE approximated hfRPE in bothmedia. Some cultures failed
to respond to SFM-1 even though the cultures were confluent,
pigmented, and displayed a cobblestone morphology. In those
cases the TER was low, the steady-state level of claudin-3 and
claudin-19 was low, and the steady-state level of claudin-1 was
similar to that of hESCs or higher. Those cultures were excluded
from further analysis. With regard to claudin and occludin ex-
pression, the differences betweenH1-RPE andH9-RPEwere neg-
ligible.

In H1-RPE only, SFM-1 also affected the subcellular localiza-
tion of claudin-3. Confocalmicroscopy of KSR cultures reveal that
the classic tight junctionmarkers, occludin and ZO-1, were found
in the expected location at the apical end of the lateral mem-
branes (Fig. 2). Occludin and claudin-19 colocalized, but whereas
occludin was evident in all cells, claudin-19 was undetected in
some. Claudin-3 was observed in fewer cells, and there it local-
ized to lateral membranes instead of tight junctions. When the
cultures were adapted to SFM-1, both claudins were expressed
by all cells and each localized to tight junctions (Fig. 3). The cob-
blestonemorphology of the cultures and polarization of the tight
junctions were similar to those in hfRPE [15, 26].

Claudin-1 and claudin-2 were only detected in subsets of
hfRPE [15]. In H1- and H9-RPE, claudin-1 and claudin-2 were
found in occasional, distinct colonies within the RPE monolayer.
It appeared as though cells that expressed one or the other clau-
din preferred to self-associate rather than integratewith the rest
of the monolayer (supplemental online Fig. 2). Unlike the hfRPE
cultures, claudin-1- and claudin-2-positive cells in the hESC cul-
tures had an altered morphology and disorganized actin cyto-
skeleton. In supplemental online Figure 2, the actin images were
overexposed so that melanin granules would become evident.
Therewas no apparent correlation between the level of any clau-
din’s expression and the amount of pigmentation.

The claudins were analyzed by qRT2-PCR and compared with
expression in hfRPE in vivo and in culture. SFM-1 increased the
expression of many mRNAs �2�, including several that are not
normally found in RPE (Fig. 4A). Claudin-19 mRNA increased 5�
in H1-RPE and 20� in H9-RPE. To put these increases in perspec-
tive, claudin expression in SFM-1 was normalized to claudin-19
and comparedwith that in hfRPE (Fig. 4B). As in hfRPE, claudin-19
was by far the dominant claudin, followed by claudin-3 and clau-
din-12 (although the presence of claudin-12 could not be con-
firmed by immunoblotting even in hfRPE) [15]. Although SFM-1
appeared to have the greatest effect on H9-RPE, the end result
was that claudin expression was nearly the same in H1-RPE,
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Figure 1. SFM-1 increased and stabilized the TER and increased the expression of claudin-3 and claudin-19. (A): SFM-1 supports a TER that
approximates that of hfRPE. At time zero, three cultures were transferred to SFM-1 (open symbols), while three cultures remained in KSR
(closed symbols). Error bars indicate the SE and are sometimes smaller than the symbol. (B): Immunoblots demonstrate that steady-state
levels of claudin-3 and claudin-19 increased in SFM-1. For comparison, preparations in which TER was unresponsive to SFM-1 are included.
Abbreviations: Cdh1, epithelial-cadherin; Cdh2, neural-cadherin; Cldn, claudin; hESC, human embryonic stem cell; hfRPE, human fetal retinal
pigment epithelium; KSR, knockout serum replacement medium; RPE, retinal pigment epithelium; SFM, serum-free medium; TER, transepi-
thelial electrical resistance; unresp., unresponsive.

Figure 2. Claudin-3wasmislocalized in H1-retinal pigment epitheliummaintained in knockout serum replacementmedium. Confocal images
were obtained in the xy, xz, and yz planes. The xy plane includes the tight junctions (revealed by occludin). The apical membrane faces the top
(xz) or right (yz). 4�,6-Diamidino-2-phenylindole-labeled nuclei appear blue in the merged image. Long arrows, colocalization (orange) for
claudin-19 but not claudin-3; short arrows, absence of claudin; opposing arrowheads, cut-lines for xy, xz, and yz planes. Scale bar 	 20 �m.
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H9-RPE, and cultured hfRPE. The exceptions were low-level ex-
pression of claudin-4, claudin-6, claudin-9, and claudin-14, which
were undetected in hfRPE. Figure 4B also demonstrates that ex-
pression in SFM-1 closely resembled expression in freshly iso-
lated hfRPE.

Claudin-19 is the dominant claudin in RPE, because small
interfering RNA knockdown of only this claudin is sufficient to
eliminate the TER [15]. H1- and H9-RPE differed in their expres-
sion of claudin-19 isoforms (Figs. 4C, 5). In cultured hfRPE and
H1-RPE, the mRNA for claudin-19b was expressed at 2.5� the
level of claudin-19a. For H9-derived RPE, claudin-19a, but not
claudin-19b, mRNA was overexpressed relative to hfRPE. Conse-
quently, the ratio of 19b:19a was reduced to 1:1. The difference
in these isoforms lies in the short cytoplasmic domain at the C
terminus, which interacts with scaffold and regulatory proteins
of the tight junction.

The analysis was broadened to include the entire transcrip-
tome by quantitatively sequencing total mRNA (Fig. 5). SFM-1

had a large effect on total gene expression (Table 1; supplemen-
tal online Figs. 3–8). The overall effect of SFM-1 was to reduce
deviations from the line of identity when hESC-RPE was com-
pared with hfRPE maintained in SFM-1. Aside from increases for
claudin-3 and claudin-19 mRNAs, SFM-1 caused few changes in
the expression of tight junction-related mRNAs. Comparisons
with hfRPE maintained in KSR were not made, because KSR-in-
duced hfRPE to dedifferentiate as noted by a 90%decrease in the
TER, distorted morphology, and increased number of apical
stress fibers (supplemental online Fig. 9).

The remaining analysis focused on comparisons among cul-
tures maintained in SFM-1. The RNA-sequencing data were vali-
dated by qRT2-PCR analysis of selected genes related to signa-
ture genes or the blood-retinal barrier. To a first approximation,
the RNA sequencing data mirrored the qRT2-PCR analysis, al-
though several exceptions could be found (Fig. 5E, 5F).

The transcriptomes of H1- and H9-RPE resembled those of
hfRPE, although H1-RPE was nominally a closer match (Table

Figure 3. Claudin-3 localized to tight junctions in human embryonic stem cell-derived retinal pigment epithelium maintained in serum-free
medium 1 (SFM-1). Cultures were adapted to SFM-1 as described in Figure 1A. Images were acquired and labeled as described in the legend
to Figure 2. Scale bar 	 20 �m.
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1; Fig. 5; supplemental online Figs. 3–8). When subsets of
genes were examined, H1- and H9-RPE resembled each other
more closely than hfRPE, especially for adhesion junctions
and plasma membrane transporters. From the categories
listed in Table 1, we identified 25 genes that were expressed
at significantly different levels from hfRPE, or were over- or

underexpressed at least 4� in both H1- and H-9 RPE (supple-
mental online Table 2).

Unexpectedly, the mRNA for an adherens junction protein,
epithelial-cadherin (E-cadherin, Cdh1), was expressed in high
amount. In humans, neural-cadherin (N-cadherin, Cdh2) is the
predominant cadherin expressed by adult RPE [32]. In other ver-
tebrates, E-cadherin is only found in a subset of RPE, if at all [32,
33]. Immunoblotting confirmed that E-cadherin was present in
hfRPE, H1-RPE, and H9-RPE. Like the expression of N-cadherin,
the expression of E-cadherin was unaffected by SFM-1 (Fig. 1B).

Because claudins determine the permeability and selectivity
of tight junctions, the preceding data suggest that these param-
eters should be very similar for hESC-RPE and hfRPE. To test this
hypothesis, cultures were mounted in an Ussing chamber and
bathed with a Ringer’s solution that lacked bicarbonate but con-
tained BaCl2, to inhibit bicarbonate transporters and K� chan-
nels, respectively. Under these conditions, transcellular trans-
port was inhibited, as evidenced by the drop in TEP from �1 mV
to near zero, and the TER approximated the resistance of the
tight junctions. Because the junction resistance is lower than the
monolayer resistance and dependent on temperature, and be-
cause the electrodes are of superior quality, the TER reported in
Table 2 is approximately half that measured by Endohm elec-
trodes at ambient temperature. The bare filter was used as a
control to assess the effects of liquid junction potentials. The TEP
was zero and the electrical resistance of the filter was 
10% of
the TER for the leakiestmonolayer. The bi-ionic and Na� dilution
potentials were used to calculate the permeation coefficients
and permeation ratios. The values obtained for the bare filter
approximated those predicted from published values [34] and
were substantially different from those of the cultures.

SFM-1 increased the TER and decreased ion permeability, as
demonstrated by the preparation shown forH1-derivedRPE. The
data for H9-derived RPE is from a preparation thatwasminimally
responsive to SFM-1 (Table 2). As would be expected from the
claudin-expression data, selectivity varied little even though the
permeability was inversely proportional to the TER. For cultures
thatweremost responsive to SFM-1, permeability and selectivity
of the junctions were nearly the same as observed for hfRPE.

DISCUSSION

Amolecular definition of an RPE cell was first proposed by Strun-
nikova et al. [9], who identified 154 “signature genes” that were
either unique to RPE or expressed �10� higher than in other
tissues. Liao et al. [8] refined the list by eliminating 67 genes that
were also expressed in hESCs. We took another approach that is
not restricted to RPE-enriched genes but is suited to addressing
the question of whether differentiated RPE can be induced to
mature further in culture. The concept is that beyond simple
expression, proteins belong to intersecting networks where they
must be expressed in balance with other proteins to achieve
mature cellular function. The study demonstrated that the ex-
pression of many genes and the barrier properties of tight junc-
tions canmature in culture. It also identified a set of 25 candidate
genes that will be used to assess future studies on whether in-
teractions with choroid or neural retina might further matura-
tion.

Liao et al. [8] identified a different set of 25 signature genes
thatwere underexpressed by their stem cell-derived RPE relative
to hfRPE. SFM-1 increased the expression of eight of these to

Figure 4. Expression of claudin mRNA increased in SFM-1 to resem-
ble expression in hfRPE. Total RNA was analyzed by quantitative
real-time reverse transcription-polymerase chain reaction. A value
of 1.0 means that the level of expression equaled that found in the
reference sample. (A): Relative to cultures maintained in KSR, ex-
pression increased for claudins normally found in hfRPE. In H9-RPE,
SFM-1 also increased expression for some claudins absent in native
RPE. (B): Expression relative to claudin-19 was similar to that in na-
tive and cultured hfRPE. (C): Expression of Cldn-19 isoforms relative
to that in hfRPE. Error bars indicate the SE of three independent
experiments. Red lines indicate twofold over- or underexpression.
Data for hfRPE in (B)were taken fromPeng et al. [15]. Abbreviations:
Cldn, claudin; hfRPE, human fetal retinal pigment epithelium; KSR,
knockout serum replacement medium; RPE, retinal pigment epithe-
lium; SFM, serum-free medium.
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Table 1. Comparison of mRNA expression between hESC-RPE and hfRPE

H1-RPE vs. hfRPE (%) H9-RPE vs. hfRPE (%) H1-RPE vs. H9-RPE (%) KSR vs. SFMa (%) KSR vs. hfRPEb (%)

Statistically differentc

All mRNAs 1.0 1.9 0.4 6.2 4.2
Signature genes 0.0 3.1 1.4 6.7 4.1
Tight junctions 1.0 1.8 0.0 6.0 1.7
Adhesion junctions 6.9 6.9 0.0 10.0 12.5
Plasma membrane ion channels 0.0 3.0 0.0 7.4 2.9
Plasma membrane transporters 0.7 4.3 0.7 8.6 5.0

�4� differenced

All mRNAs 6.9 6.1 5.2 13.5 10.2
Signature genes 5.9 4.3 1.4 16.8 10.7
Tight junctions 3.9 1.9 1.9 12.8 6.2
Adhesion junctions 29.6 25.9 11.5 5.6 28.6
Plasma membrane ion channels 0.0 9.4 0.0 8.0 9.1
Plasma membrane transporters 8.6 5.8 3.5 18.1 15.8

Average RPKM values were determined from three independent preparations of hESC-RPE. Each culture was maintained in SFM-1 and had a TER
�200 Ω�cm2. Average RPKM values were determined from three independent preparations, except as noted. A graphic representation of gene
expression levels with Pearson correlation coefficients is shown in supplemental online Figs. 3–9.
aData for H1-RPE (one sample) and H9-RPE (two samples) in KSR medium were pooled and compared with H9-RPE (three samples) maintained in
SFM-1 medium.
bData for H1-RPE (one sample) and H9-RPE (two samples) in KSR medium were pooled and compared with hfRPE (three samples) maintained in
SFM-1 medium.
cThe percentage of genes with expression levels statistically different from hfRPE or H9-RPE was estimated by Cuffdiff (version 0.0.5) software with
a false discovery rate of 0.05.
dThe percentage of genes that were over- or underexpressed at least 4� relative to the reference gene, but the data did not reach statistical significance.
Abbreviations: hESC-RPE, human embryonic stem cell-derived retinal pigment epithelium; hfRPE, human fetal retinal pigment epithelium; KSR,
knockout serum replacement medium; RPE, retinal pigment epithelium; RPKM, reads per kilobase of exon model per million mapped reads; SFM,
serum-free medium; TER, transepithelial electrical resistance.

Figure 5. Gene expression levels in human embryonic stem cell-derived RPE correlated with those in hfRPE. RPKM values from RNA
sequencingwere plotted in two-way comparisons. (A, B): Total transcriptome. (C, D): Signature genes [19]. Long dashes, line of identity; short
dashes, 4� over- or underexpression; dots, 10� over- or underexpression. (E, F): Validation of RNA sequencing by qRT2-PCR. The extremes
of the color scale were matched to the highest and lowest expressed gene for each gene set. Abbreviations: C.C., correlation coefficient;
hfRPE, human fetal retinal pigment epithelium; qRT2-PCR, quantitative real-time reverse transcription-polymerase chain reaction; RPE, retinal
pigment epithelium; RPKM, reads per kilobase of exon model per million mapped reads; Seq, sequencing.
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levels found in hfRPE (supplemental online Table 3). The remain-
ing genes were already expressed at levels found in hfRPE, but
note that our cultureswere isolated from fetuses that shared the
same age and were adapted to SFM-1. In quantitative analyses of
the entire transcriptome, SFM-1 narrowed the deviation of hESC-
RPE from hfRPE. By contrast, KSR reduced the barrier function of
hfRPE to low levels and disrupted morphology. These data suggest
thehypothesis that KSR fosters differentiation, SFM-1 furthersmat-
uration, andhfRPE isolated from16-WGfetuses is themostmature.
To examine this hypothesis, consider normal development.

RPE differentiates before other retinal cells and matures in
parallel with the differentiation of the choriocapillaris and the
neural retina [35, 36]. As detailed in the Introduction, RPE tight
junctions of nonprimate vertebrates complete maturation after
other elements of the outer-blood retinal barrier are in place.
The process is regulated by retinal secretions [20, 21].

Human retina deviates from this pattern [1]. Fenestration of
the choriocapillaris (21–22WG) is completed when photorecep-
tor inner segments protrude the outer limiting membrane
(20–24 WG) [37], which is well before outer segments become
evident (24–28WG).Maturation of RPE tight junctions precedes
thesemilestones. RPE isolated from13- or 16-WG fetuses exhibit
high TER and many other differentiated features [24, 26]. Fur-
ther, well-developed tight junctions are observed by transmis-
sion electron microscopy in 12.5-WG fetuses (Gerald Lutty,
Wilmer Eye Institute, personal communication). Tight junction
formation corresponds towhen the lumen of the choriocapillaris
first becomes patent, �12–13 WG. In contrast to chick or ro-
dents, the human retina appears to require a tight blood-retinal
barrier early in its development.

Given normal human development, it is not surprising that
hESC-RPE develop functional tight junctions, and many other
RPE-specific properties, in the absence of a choroid or sensory
retina. This does not mean that early retinal progenitors cannot
play a role in the differentiation of RPE, as the RPE arises in a
culture containingmany cell types. Isolation of the RPE from that
complex milieu leads to dedifferentiation after several cell pas-
sages, perhaps because of the loss of epigenetic modifications
induced bymixed culture. Regardless, maintenance andmatura-
tion of the differentiated state was sensitive to the culture envi-
ronment. The switch from KSR to SFM-1 led to a higher, more
stable TER. Although the effect of on most tight junction mRNAs
was minimal, the expression of claudin mRNAs was higher in
SFM-1. Claudin expression was nearly the same in H1- and H9-
RPE after adaptation to SFM-1 and was similar to that in hfRPE.

We found that claudin-19b mRNA was expressed in a greater
amount than claudin-19a. Because both isoforms have the same
extracellular domains, they would be expected to have the same
functional properties, as we observed despite variation in the
ratio of these claudins in H1- and H9-RPE. Nonetheless, the dif-
ferent cytoplasmic domains suggest that they might be regu-
lated differently. Despite minimal effects on the expression of
scaffold and associated regulatory mRNAs, the functioning of
these proteins merits further study.

We did observe a significant difference in adhesion junction-
related proteins that we believe should be biologically signifi-
cant. These aremembers of signaling complexes that influence a
host of cellular properties that include cell morphology, polarity,
barrier function, and proliferation [17]. There was amuch higher
statistical correlation between H1- and H9-RPE than between
hESC-RPE and culturedhfRPE. This differencewas observed func-
tionally, as hfRPE and hESC-RPE had to be cultured on different
substrates. hfRPE was most differentiated when plated on a ma-
trix derived from human placenta [26], which contained mature
isoforms of laminin and collagen IV [38–40]. Theprincipal laminin
of the placental matrix, laminin 5, was also themost efficacious for
culturing several RPE cell lines [41]. In contrast, hESC-RPE failed re-
spond properly to the signals in this mature matrix; it required an
embryonic formof laminin, laminin-1, to formuniformmonolayers.
A related developmental stage-dependentmatrix requirementwas
also observed for chick RPE [20, 42].

Membrane transport mRNAs were the remaining class of
barrier-related mRNAs that showed significant differences.
Among the signature and blood barrier-relatedmRNAs, we iden-
tified 25 that were expressed in statistically different amounts or
more than�4� relative to hfRPE (supplemental online Table 2).
Even though some of these genes are also expressed in other cell
types, in RPE they appear to be expressed out of balancewith the
members of the networks with which they interact. Therefore,
this panel would be useful for monitoring environmental factors
that might promote the maturation of functional networks within
RPE. To explore the effects of environment, coculture experiments
are ongoing in several laboratories, including our own.

CONCLUSION

This culture model provides an advanced platform to study the
effects of pharmaceuticals and paracrine signaling from neigh-
boring tissues that could augment or replace transplantation.
Retinal progenitor cells mature substantially in the absence of

Table 2. The permeability and selectivity of hESC-derived RPE are similar to those of hfRPE in SFM-1

Permeation ratio Permeation coefficient (P �106 cm/s)

Culture, medium TER (��cm2) TEP (mV) Na�:Cl− K�:Cl− K�:Na� Na� Cl− K�

H1-RPE, KSR 71 � 2 0.01 � 0.01 0.97 � 0.01 1.38 � 0.01 1.42 � 0.01 17.2 � 0.5 17.7 � 0.6 24.4 � 0.7
H1-RPE, SFM-1 201 � 59 0.6 � 0.3 0.98 � 0.04 1.45 � 0.03 1.48 � 0.08 8 � 2 8 � 2 11 � 3
H9-RPE, KSR 78 � 11 0.05 � 0.02 0.97 � 0.01 1.34 � 0.01 1.39 � 0.01 17 � 2 18 � 2 24 � 3
H9-RPE, SFM-1 86 � 4 0.16 � 0.03 1.02 � 0.01 1.36 � 0.01 1.33 � 0.01 14.6 � 0.8 14.4 � 0.8 19.4 � 0.9
hfRPE, SFM-1 422 � 10 0.32 � 0.04 1.06 � 0.01 1.50 � 0.04 1.41 � 0.04 3.0 � 0.1 2.8 � 0.1 4.2 � 0.1
Filter 5.7 � 0.1 0.01 � 0.01 0.72 � 0.01 0.96 � 0.01 1.34 � 0.01 182 � 3 255 � 4 245 � 4

An Ussing chamber with voltage clamp was used to estimate the permeation coefficient of the tight junctions under conditions that inhibit
membrane transport. (Under normal conditions, the TEP 	 0.8 � 0.1, apical positive for H9-RPE maintained in KSR.) Measurements were made at
37°C. Cultures maintained in SFM-1 had a higher TER and lower permeation coefficient for the ions examined. The permeation ratios indicate that
the selectivity of the junctions was close to that of hfRPE and slightly cation selective, when compared with the bare filter. The indicated SE was
calculated from three to four cultures.
Abbreviations: hESC, human embryonic stem cell; hfRPE, human fetal retinal pigment epithelium; KSR, knockout serum replacement medium; RPE,
retinal pigment epithelium; SFM, serum-free medium; TEP, transepithelial electrical potential.
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RPE [43, 44], but it is also known that RPE secretes trophic factors
that modulate this process (e.g., pigment epithelial-derived fac-
tor, brain-derived neurotrophic factor, and vascular endothelial
growth factor-A, among others) [45]. Additionally, outer seg-
ments fail to form in cultures of retinal progenitors [43, 44]. In
preliminary studies, we found that SFM-1 supports the matura-
tion of retinal progenitor cells that were derived from H1 or H9
hESCs (L.J. Rizzolo and S. Peng, unpublished data), which makes
coculture experiments a feasible approach to studying how RPE
and retinal progenitors foster each other’s maturation.
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