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Abstract In age-related macular degeneration (AMD) the ret-
inal pigment epithelium (RPE) deteriorates, leading to photo-
receptor decay and severe vision loss. New therapeutic strat-
egies aim at RPE replacement by transplantation of pluripo-
tent stem cell (PSC)-derived RPE. Several protocols to gener-
ate RPE have been developed where appearance of pigmen-
tation is commonly used as indicator of RPE differentiation
and maturation. It is, however, unclear how different pigmen-
tation stages reflect developmental stages and functionality of
PSC-derived RPE cells. We generated human embryonic stem
cell-derived RPE (hESC-RPE) cells and investigated their
gene expression profiles at early pigmentation (EP) and late
pigmentation (LP) stages. In addition, we compared the
hESC-RPE samples with human endogenous RPE. We used

a common reference design microarray (44 K). Our analysis
showed that maturing hESC-RPE, upon acquiring pigmenta-
tion, expresses markers specific for human RPE. Interestingly,
our analysis revealed that EP and LP hESC-RPE do not differ
much in gene expression. Our data further showed that
pigmented hESC-RPE has a significant lower expression than
human endogenous RPE in the visual cycle and oxidative
stress pathways. In contrast, we observed a significantly
higher expression of pathways related to the process
adhesion-to-polarity model that is typical of developing epi-
thelial cells. We conclude that, in vitro, the first appearance of
pigmentation hallmarks differentiated RPE. However, further
increase in pigmentation does not result in much significant
gene expression changes and does not add important RPE
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functionalities. Consequently, our results suggest that the time
span for obtaining differentiated hESC-RPE cells, that are
suitable for transplantation, may be greatly reduced.

Keywords Human embryonic stem cells . Retinal pigment
epithelium . Pigmentation . Age related macular
degeneration . Cell replacement therapy . Transcriptomics

Introduction

Regenerative medicine holds great promise for patients with
degenerative diseases that are clinically characterized by tis-
sue loss. Age-related macular degeneration (AMD) is a pro-
gressive degenerative disease and it is the leading cause of
blindness in the elderly in the Western world. In people of
60 years of age or older, 4% is affected by a late severe stage
of AMD [1]. AMD is classically characterized by the dysfunc-
tion and degeneration of the retinal pigment epithelium (RPE)
in the macula, the part of the retina responsible for central
vision. The RPE is a monolayer of cells in the back of the
eye that plays an important role in the maintenance and health
of the photoreceptors [2, 3].

AMD presents itself in two forms: wet and dry. The more
severe wet form accounts for 10–15% of the cases [4], and is
characterized by neovascularization. This form can be treated
by monthly intra-ocular injections of anti-angiogenic drugs.
Even though frequently effective, this is a patient unfriendly,
invasive and costly treatment. Dry AMD is more prevalent
and is characterized by a slow buildup of yellowish deposits
beneath the RPE, called drusen, which progresses to geo-
graphic loss of RPE and subsequently photoreceptor atrophy.
There are several treatment options for dry AMD, including
RPE transplantation, laser photocoagulation, photodynamic
therapy, submacular surgery, transpupillary thermotherapy,
and pharmacotherapy [5–8]. However, these approaches are
not very effective, and thus there is much interest in the de-
velopment of new therapies.

AMD is a genetically complex disorder, and, at least in the
classical view, the primary pathology is limited to a single cell
type (the RPE). RPE transplantation may be the only AMD
treatment that can restore the function of already degenerated
cells, if this is performed in an early stage of AMD in order to
prevent photoreceptor loss. However, replacement of
degenerated tissue with donor material, or the translocation
of autologous RPE sheets from the periphery to the macula,
have had limited success so far [6, 9]. This can partly be
ascribed to the technical challenges involving the collection
of sufficient tissue, transplant rejection, and the difficulties in
controlling harvest and direct use of age- and genetically-
matched cells.

The use of pluripotent stem cell derived-RPE cells (PSC-
RPE) may circumvent some of these problems, as we have

more and more control of generating specific neural subtypes,
such as RPE, using HLA-matched PSC sources and scaling
cell products to sufficiently high numbers.

Several groups recently optimized PSC differentiation pro-
tocols to generate RPE. Early protocols were based on so-
called spontaneous differentiation by letting PSC freely differ-
entiate using the adherent culture or floating embryoid body
methods into pigmented RPE cells [10–12]. Although these
protocols reliably produce pigmented cells, they are time-
consuming and inefficient. Later protocols, so called the di-
rected differentiation methods, showed improved efficiency.
Directed differentiation methods use the addition of growth
factors to induce RPE differentiation, and either involve ad-
herent, suspension or 3D cultures to resemble the in vivo de-
velopment more closely (reviewed by Leach et al. 2016 [13]).

Although we are able to generate RPE(−like) cells in vitro,
our knowledge about the most suitable differentiation state
and corresponding function before and upon transplantation
is limited. So far the emergence and increase of pigmentation
is used as important hallmark for differentiation and further
maturation of PSC-RPE. It is however unclear how the PSC-
RPE changes during this increase in pigmentation, how PSC-
RPE with little pigmentation compares to PSC-RPE with
much pigmentation, and to what extent they represent stages
in maturation towards the human endogenous RPE.

We adapted an established directed differentiation protocol
to produce human embryonic stem cells derived-RPE cells
(hESC-RPE) [14]. Subsequently, we compared the gene ex-
pression profiles of hESC-RPE samples that start to show
pigmentation and that of samples that are almost fully
pigmented. Finally, we compared the hESC-RPE samples to
endogenous human RPE.

Materials and Methods

Maintenance of hESC Cells and RPE Differentiation

hESC line H1 (WA01, WiCell Research Institute, Madison,
USA) was cultured in Essential 8 medium (Thermo Fischer,
Waltham, USA) on Geltrex LDEV-Free hESC-qualified
Reduced Growth Factor Basement Membrane Matrix
(Thermo Fischer, Waltham, USA) coated 6-well plates. The
cells were passaged as clumps every 3 to 4 days using 0.5 mM
UltraPure EDTA (Thermo Fischer, Waltham, USA) dissolved
in DPBS without Calcium and Magnesium (Thermo Fischer,
Waltham, USA). Morphologically distinguishable differenti-
ated cells were mechanically removed at each passage. To
improve cell survival during passaging, the Rho kinase inhib-
itor, Y-27632 (SelleckChem, Houston, USA), was added in
the culture medium during the first 24 h after plating.

To produce hESC-RPE cells, undifferentiated cell colonies
were partially lifted by EDTA and scraped off with a cell
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scraper. The cell aggregates (150–250 um diameter) from one
well of a six-well plate that was densely packed with colonies,
were embedded in 150-250ul Matrigel (Corning, Corning,
USA). The Matrigel containing the cells was plated 150ul
per well on a six wells plate. They were plated as drops of
Matrigel without touching the sidewalls of the wells. After
gelling at 37 °C for 10 min, neural induction medium
N2B27 was added, prepared as described (Pollard,
Benchoua and Lowell 2006 [15]). After three days of differ-
entiation, the cells were taken out of the Matrigel using Cell
Recovery Solution (Corning, Corning, USA). To make single
cells from the three-dimensional spheroids we treated it with
TrypLE Express (Thermo Fischer, Waltham, USA), followed
by gentle trituration. The cells were resuspended in N2B27
medium, containing 10 uM Rho kinase inhibitor to promote
cell survival and seeded onto growth factor reduced Matrigel
(Corning, Corning, USA) coated 6.5 mm Transwell inserts
with 0.4uM pore polyester membrane (Corning, Corning,
USA), at a density of 2-4 × 105 cells/insert. At day 4 the cells
were washed with RPE medium (see Zhu et al. 2013 for de-
tails [14]) and were kept in culture with RPE medium that
contained human Activin A (100 ng/ml) (Agrenvec, Madrid,
Spain). RPE medium consists of DMEM/F-12; no glutamine
supplemented with 20% KnockOut Serum Replacement;
MEM Non-Essential Amino Acids Solution; GlutaMAX
Supplement; 100 U/ml Penicillin-Streptomycin and 0.1 mM
2-Mercaptoethanol (All from Thermo Fischer, Waltham,
USA). Medium was changed every 2–3 days.

RNA Isolation and (sq)RT-PCR

Total RNAwas isolated using the RNeasy Micro Kit (Qiagen,
Hilden, Germany). Subsequent reverse transcription to cDNA
was performed with Superscript III reverse transcriptase (Life
Technologies, Waltham, USA). The synthesized cDNA was
amplified with transcript specific, intron-spanning primers
(See Table S1 for the primer sequences). PCR was carried
out with HOT FIREPol DNA Polymerase (Solis Biodyne,
Tartu, Estonia) with an annealing temperature of 60 °C and
33 cycles. For the sqRT-PCR’s, we calculated the relative
abundance of transcript expression by quantifying the gene
expression in ImageJ and normalizing it to the housekeeping
gene β-actin (ACTB).

Immunocytochemistry

Cells were fixed with 2% paraformaldehyde for 20 min at
room temperature, followed by blocking with 0.1% BSA,
0.3% Triton X-100, 5% normal goat serum, in 1× PBS.
Incubation with the primary antibodies was performed in
blocking buffer and done overnight at 4 °C. The working
solutions were as follows: rabbit anti-RLBP1 1:200 (PA5–
29759, Thermo Fisher, Waltham, USA), rabbit anti-MITF

1:200 (PA5–38294, Thermo Fisher, Waltham, USA), rabbit
anti-ZO1 1:100 (61–7300, Thermo Fisher, Waltham, USA),
rabbit anti-BEST1 1:100 (ab14928, Abcam, Cambridge, UK).
The immunoreactivity of the antibodies was confirmed by
immunostainings on human retinal cryosections and
ARPE19 cells as positive control (Fig. S1). As a secondary
antibody we used the Alexa Fluor 594 goat-anti-rabbit 1:1000
(A-111012, Thermo Fisher, Waltham, USA). Cell nuclei were
counterstained with DAPI (Thermo Fisher, Waltham, USA).
Cells were imaged using a Leica TCS SP8 X confocal
microscope.

Microarray Sample Collection and Preparation

We selected two microarray sample groups based on their
pigmentation state during the hESC-RPE differentiation pro-
tocol. For six independent differentiation experiments we har-
vested cells, when the cells in the inserts started to show pig-
mentation (timepoint BEarly Pigmentation^, EP) and when
they were more than 80% pigmented (timepoint BLate
Pigmentation^, LP), measured in ImageJ. The average days
in culture for the EP samples is 32 (s = 8.6), and for the LP
samples 62.5 (s = 12.1).We used global (manual) thresholding
to determine the percentage of pigmented area. Photographs
of the inserts were made with an 8-megapixel phone camera.
These were loaded into ImageJ and converted to 8-bit images
in order to be able to segment the image. The membrane of the
insert was selected to include the whole culture surface. By
thresholding the area that contains pigmented cells was in-
cluded in the percentage. Because of variation in lighting of
the original photos, we determined the threshold independent-
ly for every sample.

RNA isolation, amplification and labelling procedures
were carried out essentially as described elsewhere [16].
Quality of the total RNA was checked with a Bioanalyzer
assay (RNA 6000 Pico Kit, Agilent Technologies,
Amstelveen, The Netherlands). The average RIN value for
the total RNA of both the EP and the LP samples was 9.7,
indicating excellent quality. In our microarray study we used a
common reference design. As a common reference we used
RNA from human RPE/choroid that was used in previous and
on-going gene expression analyses in our lab [16, 17]. In
short, the common reference sample consists of RNA from a
pool of RPE/choroid isolated from 10 donor eyes (mean age
60 years). It was prepared using the same methodology as our
experimental samples, and labelled with Cy3 (Cy3 mono-
reactive dye pack, GE Healthcare UK, Little Chalfont,
Buckinghamshire, UK). See Janssen et al. (2012) [16] for a
more detailed description RNA processing and microarray
procedures.

In addition, to make sure we compared hESC-RPE cells,
we performed a RT-PCR experiment (Fig. S2). We studied the
expression ofRAX, VSX2,MITF, TYR, TRPM3, TJP1, RLBP1,
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RPE65, MERTK in EP and LP samples. The results confirmed
the RPE character of the cells.

Microarray Data Analysis

The microarray data were extracted using Agilent Feature
Extraction Software (Agilent Technologies, version 9.5.3.1).
Raw data were imported into R (version 2.14.0 for Windows,
R Development Core Team, 2009) using the Bioconductor
package LIMMA. Background correction was performed
using the Bnormexp^ method with an offset of 10 to adjust
the foreground signal without introducing negative values.
The resulting log-ratios were transformed using intensity-
dependent loess normalization. We further normalized the av-
erage intensities across arrays using the Aquantile method
[18].

The microarray data is available in the Gene Expression
Omnibus database with the accession number GSE85907.

Genes that are differentially expressed between the EP and
LP hESC-RPE, or between the hESC-RPE (EP and LP) and
human endogenous RPE, were identified on the normalized
log-ratios using a linear model. The data for the human en-
dogenous RPE were derived from a previous study that used
the exact same microarray strategy and analysis (submitted).
This dataset consists of 5 independent donor eyes that were
enucleated and snap-frozenwithin 24 h post mortem. The eyes
were stored at −80 °C until use. Donors were aged 49 to 73 at
time of death. Donors were selected for not having any oph-
thalmic disorder and visual inspection examination showed no
retinal pathology. To collect the RPE, a macular fragment of
16mm2 with the fovea in its center was cut from the
retina.12uM Sections from the macular area were used to iso-
late the RPE cells [19]. The sections were dehydrated with
ethanol and air-dried before micro dissection. To minimize
cellular cross-contamination in our procedure, we used the
meticulous laser dissection microscope to cut the RPE mono-
layer specifically (PALM Carl Zeiss, MicroImaging GmbH,
Munich, Germany).

Significant differences were determined using Bayes mod-
erated paired t-statistics (package LIMMA in R). Resulting p-
values were corrected for multiple testing using Benjamini-
Hochberg False Discovery Rate adjustment. To identify spe-
cific differences between the EP hESC-RPE and the LP
hESC-RPE, we used cutoff values of a fold change (FC)
>2.5 and a p-value < 0.05. We found 246 genes significantly
higher expressed in the EP hESC-RPE and 65 genes signifi-
cantly higher expressed in the LP hESC-RPE.

Subsequently, we statistically tested the differences be-
tween the hESC-RPE (EP and LP) and human endogenous
RPE. We used the stringent cut off values of FC > 5 and
adjusted p value of p < 0.001 because we were interested in
the most significantly specific differences between the two
groups. This resulted in 737 genes significantly higher

expressed in the hESC-RPE (EP and LP) and 1022 genes
significantly higher expressed in the human endogenous RPE.

To investigate the degree of equality between gene expres-
sion profiles of the various groups, we plotted the samples on
a multidimensional scaling plot (two dimensions) in the
LIMMA package in R. The purpose of this plot is to provide
a visual representation of the pattern of proximities (i.e. sim-
ilarities or distances) among a set of objects. Those objects
that are perceived to be very similar to each other are placed
near each other on the map, and the objects that are perceived
as very different are placed far away from each other.

Functional annotation was done in IPA, Ingenuity
(Ingenuity Systems, version 24,718,999, assessed at
May 31st, 2016). To present the results as comprehensive as
possible we highlighted only the Ingenuity canonical path-
ways because these depict the most simple and straightfor-
ward representation of our data and functionalities.

Confirmation of Microarray Results

We confirmed our microarray data with sqRT-PCR (Fig. S3).
sqRT-PCR was carried out using intron-spanning primers on
cDNA from EP and LP, using 6 biological replicates. To min-
imize effects of RNA degradation artefacts, we generated
primers near the 3’end of the gene. We quantified the gene
expression in ImageJ.

Results

Characterization of hESC-RPE Differentiation

We differentiated hESC into RPE cells according to an
adapted protocol previously described by Zhu et al. 2013
[14] (Figure 1A). We reduced the incubation time of the
three-dimensional spheroids in the Matrigel from 5 to 3 days
as in our hands the spheroids were already fully grown within
3 days. To confirm RPE development, we performed RT-PCR
at different time points during hESC-RPE cell generation
(Figure 1B). We measured gene expression of well-known
RPE markers in our hESC-RPE cells at several time points
(Figure 1C) [2]. Before pigmentation (time point 1 and 2),
hESC-RPE expressed the early eye development markers
PAX6 and OTX2, which stay present till late differentiation
stages (Figure 1C). By early onset of pigmentation (time point
2 and 3), most RPE-specific genes are turned on (MITF, TYR,
BEST1, TRPM3, RLBP1, MERTK, RPE65 and TJP1). In our
differentiation protocol, the early eye marker RAX is only
clearly expressed at time points 3 and 4, but that does not seem
to hinder the expression of other important RPE developmen-
tal genes (see previous sentence). RT-PCR analysis also con-
firmed the generation of the RPE by almost complete absence
of VSX2, a marker for retinal progenitor cells. We see some

662 Stem Cell Rev and Rep (2017) 13:659–669



VSX2 expression at time points 3 and 5, that disappears at
later stages. This transient expression level of VSX2 may
indicate the switching point between the development of pho-
toreceptors or RPE [20]. In addition, as many PSC-derived
protocols are challenged by high variability, we measured 50
independent samples, derived from 16 independent differen-
tiation procedures, for a (semi-) quantification of the data after
normalization of the expression to the housekeeping gene
ACTB (Fig. S4). We found a high amount of variation.
Generation of RPE-like cells was further shown by light mi-
croscopy analysis, identifying typical epithelial cobblestone
RPE-like appearance and the presence of pigment granules
(Figure 1D), and by immunocytochemical analysis of RPE-
specific markers ZO-1, MITF, RLBP1 and BEST1 (Figure 2).
Additionally, hESC-RPE showed photoreceptor outer

segment phagocytosis using a previously published protocol
(Fig. S5) [21, 22].

Gene Expression Profile Analysis of Early and Late-Stage
Pigmentation of hESC-RPE

To investigate RPE maturity and functional properties of EP
and LP hESC-RPE in more depth, we performed six indepen-
dent experiments (see Materials and Methods for details).
These samples were used for a microarray study.

After feature extraction, we performed a paired t test on the
gene expression data of the two groups (EP and LP hESC-
RPE) and made a selection using a Benjamini-Hochberg (B-
H) corrected p value <0.05 and fold change >2.5. We found a
total of 311 genes differentially expressed (Table S2). Even

Fig. 1 (a) Overview of the hESC-RPE differentiation protocol adapted
from Zhu et al. [14]. (b) Scheme shows the different time points for
collection of samples for validation of hESC-RPE generation
(1 = 3 days, 2 = 10–12 days, 3 = 20–25 days, 4 = 30–35 days, 5 = 40–
45 days, 6 = 50–55 days, 7 = 60–63 days, 8 = 70 days), by RT-PCR
analysis. We also collected RNA when the cells started to show

pigmentation (EP) and when more than 80% of the confluent culture
was pigmented (LP). (c) RT-PCR analysis at time points 1–8 showed
absence and expression of characteristic RPE genes. (d) The hESC-
RPE cells started to show first pigmentation phenotypes and typical
epithelial hexagonal morphology at timepoint 4
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though the sample groups were determined by their pig-
mentation levels, there are no genes in this list that are
well-known for the melanogenesis in the RPE [23, 24].
The expression levels of these melanogenesis genes
(PAX6, OTX2, TYR, TYRP1, DCT, MITF, SI, MLANA)
are comparable between EP and LP samples (for details
see the normalized expression levels of the microarray
at the Gene Expression Omnibus database, accession
number GSE85907).

Subsequently, we used the IPA knowledge database to at-
tribute a selection of overrepresented pathways to the

differences between EP and LP hESC-RPE cells. These func-
tions are depicted in Fig. 3.

Because only a relatively small number of genes showed
statistically significant differences (311 out of 19,596 unique
genes on array), we also analyzed the (dis)similarities of the
overall expression of the individual samples. We plotted the
normalized expression data (this includes the expression of all
the entries that are measured on the array: 43,376 entries per
sample) in a multidimensional scaling plot to visualize the
level of (dis)similarity (Figure 4). This plot showed no clear
segregation between the EP and LP hESC-RPE groups.

Fig. 2 RPE generation was
confirmed by
immunocytochemistry for the
tight junction protein ZO-1,
transcription factor MITF, visual
cycle related protein RLBP1 and
the chloride channel BEST1
(scalebar = 10uM)
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Comparison of hESC-RPE and Human Endogenous RPE
Expression Profiles

Next, we studied how similar the in vitro cultured
hESC-RPE cells are to human endogenous RPE. EP
and LP hESC-RPE did not show clear differences and
we combined the data into one hESC-RPE group. We
compared that group with human endogenous RPE gene
expression data, previously generated from laser-
dissected RPE from human donor eyes, using the same

microarray platform and common reference design (sub-
mitted). To begin, we analyzed the (dis)similarities of
the overall expression of the individual sample using
multidimensional scaling (Figure 5).

The multidimensional scaling plot shows that the
overall expression profiles are very different between
hESC-RPE and the human endogenous RPE sample
groups. This analysis also shows that there is more var-
iation within the hESC-RPE sample group than within
the human endogenous RPE samples group.

Fig. 3 Canonical pathways identified by IPA for the genes that are
significantly differentially expressed genes between EP and LP
samples. The left y-axis displays the –log of the Benjamini-Hochberg
corrected –value. The right axis displays the ratio of the number of

genes derived from our dataset, divided by the total number of genes in
the pathway. The bar graph represents the –log(B-H) p-value. The orange
line indicates the threshold at a B-H corrected p-value <0.05

Fig. 4 Multidimensional scaling
plot to visually represent the
(dis)similarities among the
different hESC-RPE cell samples.
The light blue dots represent the
individual EP samples and the
dark blue dots represent the LP
samples. We used the LIMMA
package in R, which is specific for
the analysis of microarray data,
and included all the normalized
expression data of the individual
samples: 43,376 entries per
sample
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To further compare the hESC-RPE and human endogenous
RPE, we performed an unpaired t test. Here we considered
genes significantly differentially expressed with a B-H adjust-
ed p value <0.001 and fold change >5. We chose these strin-
gent cutoff values in order to focus on the most prominent
differences. We found 737 genes significantly higher
expressed in the hESC-RPE (EP and LP) cells compared to
the human endogenous RPE and 1022 genes significantly
higher expressed in the human endogenous RPE compared
to the hESC-RPE (Table S3). We conducted a functional an-
notation in IPA for the differentially expressed genes between
the hESC-RPE (EP and LP) samples and the human endoge-
nous RPE (Figure 6). This yielded 12 canonical pathways
higher expressed in the hESC-RPE (EP and LP) cells, of
which eight pathways are related to the so called adhesion-
to-polarity model: Epithelial Adherens Junction Signaling,
Actin Cytoskeleton Signaling, ILK Signaling, RhoGDI
Signaling, Remodeling of Epithelial Adherens Junctions,
Tec Kinase Signaling, Regulation of Actin-Based Motility
by Rho, Signaling by Rho Family GTPases. The analysis in
IPA resulted in 14 canonical pathways that are higher
expressed in the human endogenous RPE. Most prominent
was the appearance of pathways related to the visual system:
Phototransduction Pathway and The Visual Cycle. Other path-
ways were relevant to oxidative stress handling: Protein
Kinase A Signaling, cAMP-mediated Signaling, CREB
Signaling in Neurons, Melatonin Signaling. And also mainte-
nance of the blood-retina-barrier: Endothelin-1 Signaling and
Thrombin Signaling.

Discussion

In this study we expanded our knowledge on the development
of hESC-RPE cells and generated expression profiles of EP
and LP hESC-RPE samples, to investigate the suitability of

pigmentation as a maturation marker in hESC-RPE differen-
tiation. In addition, we compared the gene expression profiles
of the hESC-RPE cells and the human endogenous RPE that it
is supposed to replace.

We generated functional hESC-RPE cells using a
well-established directed differentiation protocol. As
many human stem cell-derived cultures are challenged
by high amounts of variation, hESC-RPE cultures do
not always mature with the same speed. Consequently,
virtually all RPE differentiation studies use pigmentation
as a maturation marker for the culture instead of time.
This seems like a reliable benchmark and easy to use
because it is clearly visible.

In attempt to answer the question whether increasing
pigmentation indicates differentiation into more mature
hESC-RPE cells, we performed a microarray study with
the EP and LP hESC-RPE samples. In the comparison
we found only a small amount of statistically significant
differences. This implies that EP and LP hESC-RPE
samples may be less different than generally accepted.
Even though pigmentation seems to be a good biomark-
er for RPE development, the level of pigmentation does
not reflect the maturation state of hESC-RPE. In terms
of gene expression profile and functional annotation,
cells seem to be at a similar developmental stage at
EP and LP. Both the EP and LP cells show the expres-
sion of well-known RPE markers which is an important
prerequisite for the transplantation of PSC-RPE cells
[14, 25–30]. This could mean that there is no need to
wait for the cells to be fully pigmented because it does
not make a substantial difference.

To be able to say more about how the hESC-RPE cells
compare to human endogenous RPE, we subsequently com-
pared the gene expression profiles of the hESC-RPE (EP and
LP) samples and the gene expression profiles of human en-
dogenous RPE samples.

Fig. 5 Multidimensional scaling
plot to visually represent the
(dis)similarities among the
different hESC-RPE cells (blue
dots) and human endogenous
RPE (green dots). Also see Fig. 3
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In our analysis we found 12 canonical pathways highly
expressed in the hESC-RPE (EP and LP) as compared to the
human endogenous RPE. It is striking that eight of these are
involved in the adhesion-to-polarity model that is typical for
developing epithelial cells. The human endogenous RPE is a
highly polarized cell type with distinct apical and basolateral
plasmamembrane domains. Cell polarity is initiated through a
combination of spatial cues that depend on cell-cell interaction
and cell-extracellular matrix interaction. Adherens junctions
(AJs) and tight junctions (TJs) mediate the cell-cell contact of
epithelial cells. Both types form extracellular adhesive con-
tacts between cells and intracellular links to the actin cytoskel-
eton and signaling pathways, and they do this through differ-
ent transmembrane proteins [31]. The ILK Signaling (integrin
linked kinase) pathway may point to cell-extracellular matrix
interaction that takes place during development of cell polar-
ity. Since integrins do not exhibit intrinsic enzymatic activity,
binding of integrins to the extracellular matrix proteins, results
in recruitment of multiple intracellular proteins that activate
signaling cascades and provide links to the actin cytoskeleton,
including ILK [32]. ILK has been described to be an important
modulator in cell-ECM interactions and the formation of AJs
and TJs [33]. Several Rho signaling pathways have been con-
nected to the hESC-RPE (EP and LP) specific dataset. Rho
signaling has been implicated in the control of AJ integrity
and the maintenance of the AJs [34]. These pathways, togeth-
er with Actin Cytoskeleton Signaling and Tec Kinase
Signaling (involved in actin cytoskeleton signaling), indicate
that the hESC-RPE (EP and LP) cells are in the process of
cellular remodeling to become a stable layer of epithelial cells.

Bear in mind that these pathways are highly expressed in
hESC-RPE (EP and LP) compared to human endogenous
RPE. Thus, the hESC-RPE (EP and LP) cells are in the

process of epithelial development, while the typical epithelial
polarity is already well established in the collected human
endogenous RPE.

The most noticeable pathways that are higher expressed in
the human endogenous RPE compared to the hESC-RPE are
Phototransduction Pathway and The Visual Cycle. In vivo, the
phototransduction pathway is induced by photon-mediated
activation and subsequent destabilization of rhodopsin in the
photoreceptors. The adjacent RPE is essential for recycling
opsin/all-transretinol back into 11-cis retinal in the coupled
(visual) retinol cycle and thus the photoreceptors rely on the
RPE for continuing visual phototransduction. It is likely that
the in vivo laser-dissected RPE samples were contaminated
with photoreceptor outer segments, as we observed and
discussed extensively elsewhere [3, 19], causing the overex-
pression of phototransduction genes.

To activate the retinol cycle in the hESC-RPE, physical
interaction with the photoreceptor cells is critical. Thus, low
expression of these pathways in the hESC-RPE (EP and LP)
samples could be caused by the absence of this interactive
microenvironment. However, this needs to be tested in future
studies.

The human endogenous RPE shows expression of genes
within Protein Kinase A (PKA) Signaling, cAMP-mediated
Signaling and CREB Signaling in Neurons as shown by
IPA. These pathways are intertwined, as CREB is a cellular
transcription factor that can be activated by cAMP signaling
through PKA. Furthermore, the cAMP-PKA-dependent phos-
phorylation of CREB affects the expression of Klotho (KL), a
gene involved in aging, in RPE physiology and retinal health.
KL has important functions in protecting against oxidative
stress, in promoting POS phagocytosis by upregulating
MERTK gene expression, and in regulating melanogenesis

Fig. 6 Canonical pathways identified by IPA for the genes that are
significantly differentially expressed between the hESC-RPE cells and
the human endogenous RPE. The left graph (blue) depicts the canonical
pathways that relate to the genes specifically expressed in the hESC-RPE
(this study). The right graph (green) depicts the canonical pathways that
relate to the genes specifically expressed in the human endogenous RPE

(submitted). In the graphs, the left y-axis displays the –log of the
Benjamini-Hochberg corrected –value. The right axis displays the ratio
of the number of genes derived from our dataset, divided by the total
number of genes in the pathway. The bars show the –log(B-H) p-value.
The orange line indicates the threshold at a B-H corrected p-value <0.05
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through the genes MITF and TYR [35]. Interestingly, melato-
nin levels are reduced in AMD patients and administration of
melatonin has been shown to have a protective effect on RPE
cells against oxidative stress [36–38]. Accordingly, the gene
expression ofMelatonin Signalingmay also indicate oxidative
stress [39]. So, the human endogenous RPE shows increased
expression of genes involved in defense mechanisms against
oxidative stress as compared to the hESC-RPE cells. This
might reflect the age-related enhanced oxidative stress levels
in vivo [40].

In summary, we show that the in vitro hESC-RPE cells are
indeed RPE since they show RPE specific morphology and
molecular characteristics. We did not find substantial differ-
ences in gene expression profiles between EP and LP hESC-
RPE, but we did find a clear difference between the hESC-
RPE cells and the human endogenous RPE. While they lack
the human endogenous RPE expression related to photorecep-
tor cell presence and defense against oxidative stress, the
hESC-RPE cells show expression of pathways that enable
the cells to stabilize their epithelial morphology.

Conclusions

In our study we tried to elucidate to what extent increased
pigmentation in hESC-RPE cells relates to differentiation
and maturation towards human endogenous RPE. Our data
suggest that even though pigmentation seems to be a good
biomarker for RPE development, the level of pigmentation
does not reflect the maturation state of hESC-RPE. In addi-
tion, the data suggest that the hESC-RPE and the human en-
dogenous RPE are substantially different.

Future studies should showwhether hESC-RPE cells adopt
these functions after transplantation or after growing them on
a supporting scaffold that mimics the Bruch’s membrane.
Importantly, hESC-RPE cells at early pigmentation stages al-
ready show an expression profile representative of differenti-
ated RPE. This suggests that hESC-RPE differentiation pro-
cedures for RPE replacement therapies can be shortened sig-
nificantly which has important implications for the develop-
ment of new therapeutic strategies in AMD.

Acknowledgements The authors thank Dr. Sven Schreiber for his ex-
cellent advice on the differentiation protocol.

Author’s Contributions AB conception and design, laboratory re-
search, data analysis and interpretation, manuscript writing; JGJ provision
of study material, laboratory research; LAEC laboratory research, data
analysis and interpretation; CK laboratory research; ROS critical reading
of the manuscript; JM critical reading of the manuscript; TGMFG con-
ception and design, critical reading of the manuscript; JB provision of
study material, laboratory research; PDM statistical analysis; VMH prin-
cipal investigator, conception and design, data interpretation, final ap-
proval of manuscript; AAB principal investigator, conception and design,
data interpretation, final approval of manuscript.

Compliance with Ethical Standards

Conflict of Interest The authors declare no potential conflicts of
interest.

Funding This study was supported by grants from the General Dutch
Foundation Preventing Blindness, the Foundation Blinden-Penning, the
National Foundation for Blindness and LowVision (LSBS); TheNational
Foundation of Macular Degeneration (MD); The Netherlands Eye
Foundation (Oogvereniging); The Gelderse Foundation for the Blind;
Retina Netherlands Foundation; The Foundation Winckel-Sweep; all co-
ordinated through the UitZicht platform, project 2011–6, as well as the
Rotterdam Foundation for the Blind (RvB); and The Hague Foundation
BCare for the Blind^. The funders had no role in study design, data
collection and analysis, decision to publish, or preparation of the
manuscript.

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.

References

1. Klein, R., Klein, B. E. K., Knudtson, M. D., Meuer, S. M., Swift,
M., & Gangnon, R. E. (2007). Fifteen-year cumulative incidence of
age-related macular degeneration: the Beaver Dam Eye Study.
Ophthalmology, 114(2), 253–262.

2. Strauss, O. (2005). The retinal pigment epithelium in visual func-
tion. Physiological Reviews, 85(3), 845–881.

3. Booij, J. C., van Soest, S., Swagemakers, S. M. A., et al. (2009).
Functional annotation of the human retinal pigment epithelium tran-
scriptome. BMC Genomics, 10, 164.

4. Jager, R. D., Mieler, W. F., & Miller, J. W. (2008). Age-Related
Macular Degeneration. The New England Journal of Medicine,
358(24), 2606–2617.

5. Zhou, B., & Wang, B. (2006). Pegaptanib for the treatment of age-
related macular degeneration. Experimental Eye Research, 83(3),
615–619.

6. van Meurs (lasts) JC, Kirchhof B,MacLaren R, et al. (2016) Ryan’s
Retina 6th edition, Chapter 124: Retinal Pigment Epithelium and
Choroid Translocation in Patients with Age-Related Macular
Degeneration. Mosby.

7. Novais, E. A., Badaró, E., Regatieri, C. V. S., Duker, J., & de
Oliveira Bonomo, P. P. (2015). Regression of drusen after com-
bined treatment using photodynamic therapy with verteporfin and
ranibizumab. Ophthalmic Surgery Lasers Imaging Retina, 46(2),
275–278.

8. Söderberg, A.-C., Algvere, P. V., Hengstler, J. C., Söderberg, P.,
Seregard, S., & Kvanta, A. (2012). Combination therapy with
low-dose transpupillary thermotherapy and intravitreal ranibizumab
for neovascular age-related macular degeneration: a 24-month pro-
spective randomised clinical study. The British Journal of
Ophthalmology, 96(5), 714–718.

9. Binder, S., Stanzel, B. V., Krebs, I., & Glittenberg, C. (2007).
Transplantation of the RPE in AMD. Progress in Retinal and Eye
Research, 26(5), 516–554.

10. Carr, A.-J., Vugler, A., Lawrence, J., et al. (2009). Molecular char-
acterization and functional analysis of phagocytosis by human em-
bryonic stem cell-derived RPE cells using a novel human retinal
assay. Molecular Vision, 15, 283–295.

668 Stem Cell Rev and Rep (2017) 13:659–669



11. Klimanskaya, I., Hipp, J., Rezai, K. A., West, M., Atala, A., &
Lanza, R. (2004). Derivation and Comparative Assessment of
Retinal Pigment Epithelium from Human Embryonic Stem Cells
Using Transcriptomics. Cloning and Stem Cells, 6(3), 217–245.

12. Liao, J.-L., Yu, J., Huang, K., et al. (2010). Molecular signature of
primary retinal pigment epithelium and stem-cell-derived RPE
cells. Human Molecular Genetics, 19(21), 4229–4238.

13. Leach, L. L., Croze, R. H., Hu, Q., et al. (2016). Induced Pluripotent
Stem Cell-Derived Retinal Pigmented Epithelium: A Comparative
Study Between Cell Lines and Differentiation Methods. Journal of
Ocular Pharmacology and Therapeutics: The Official Journal of
the Association for Ocular Pharmacology and Therapeutics, 32(5),
317–330.

14. Zhu, Y., Carido, M., Meinhardt, A., et al. (2013). Three-
dimensional neuroepithelial culture from human embryonic stem
cells and its use for quantitative conversion to retinal pigment ep-
ithelium. PloS One, 8(1), e54552.

15. Pollard, S. M., Benchoua, A., & Lowell, S. (2006). Neural stem
cells, neurons, and glia. Methods in Enzymology, 418, 151–169.

16. Janssen, S. F., Gorgels, T. G. M. F., Bossers, K., et al. (2012). Gene
expression and functional annotation of the human ciliary body
epithelia. PloS One, 7(9), e44973.

17. Bennis, A., Gorgels, T. G. M. F., ten Brink, J. B., et al. (2015).
Comparison of Mouse and Human Retinal Pigment Epithelium
Gene Expression Profiles: Potential Implications for Age-Related
Macular Degeneration. PloS One, 10(10), e0141597.

18. Smyth, G. K. (2004). Linear models and empirical bayes methods
for assessing differential expression in microarray experiments.
Statistical Applications in Genetics and Molecular Biology, 3, 3.

19. Van Soest, S. S., de Wit, G. M. J., Essing, A. H. W., et al. (2007).
Comparison of human retinal pigment epithelium gene expression
in macula and periphery highlights potential topographic differ-
ences in Bruch’s membrane. Molecular Vision, 13, 1608–1617.

20. Horsford, D. J., Nguyen, M.-T. T., Sellar, G. C., Kothary, R.,
Arnheiter, H., & McInnes, R. R. (2005). Chx10 repression of
Mitf is required for the maintenance of mammalian neuroretinal
identity. Development (Cambridge, England), 132(1), 177–187.

21. Westenskow, P. D., Moreno, S. K., Krohne, T. U., et al. (2012).
Using Flow Cytometry to Compare the Dynamics of
Photoreceptor Outer Segment Phagocytosis in iPS-Derived RPE
Cells. Investigative Ophthalmology & Visual Science, 53(10),
6282–6290.

22. Papermaster, D. S. (1982). Preparation of retinal rod outer seg-
ments. Methods in Enzymology, 81, 48–52.

23. Raviv, S., Bharti, K., Rencus-Lazar, S., et al. (2014). PAX6
Regulates Melanogenesis in the Retinal Pigmented Epithelium
through Feed-Forward Regulatory Interactions with MITF. PLoS
Genetics, 10(5), e1004360.

24. Reinisalo, M., Putula, J., Mannermaa, E., Urtti, A., & Honkakoski,
P. (2012). Regulation of the human tyrosinase gene in retinal pig-
ment epithelium cells: the significance of transcription factor
orthodenticle homeobox 2 and its polymorphic binding site.
Molecular Vision, 18, 38–54.

25. Plaza Reyes, A., Petrus-Reurer, S., Antonsson, L., et al. (2015).
Xeno-Free and Defined Human Embryonic Stem Cell-Derived

Retinal Pigment Epithelial Cells Functionally Integrate in a Large-
Eyed Preclinical Model. Stem Cell Reports, 6(1), 9–17.

26. Schwartz, S. D., Tan, G., Hosseini, H., & Nagiel, A. (2016).
Subretinal Transplantation of Embryonic Stem Cell-Derived
Retinal Pigment Epithelium for the Treatment of Macular
Degeneration: An Assessment at 4 Years. Investigative
Ophthalmology & Visual Science, 57(5), ORSFc1–ORSFc9.

27. Carido, M., Zhu, Y., Postel, K., et al. (2014). Characterization of a
Mouse Model With Complete RPE Loss and Its Use for RPE Cell
Transplantation. Investigative ophthalmology and Visual Science,
55(8), 5431.

28. Stanzel, B. V., Liu, Z., Somboonthanakij, S., et al. (2014). Human
RPE stem cells grown into polarized RPE monolayers on a polyes-
ter matrix are maintained after grafting into rabbit subretinal space.
Stem Cell Reports, 2(1), 64–77.

29. Lund, R. D., Wang, S., Klimanskaya, I., et al. (2006). Human
Embryonic Stem Cell–Derived Cells Rescue Visual Function in
Dystrophic RCS Rats. Cloning and Stem Cells, 8(3), 189–199.

30. Idelson, M., Alper, R., Obolensky, A., et al. (2009). Directed
Differentiation of Human Embryonic Stem Cells into Functional
Retinal Pigment Epithelium Cells. Cell Stem Cell, 5(4), 396–408.

31. Niessen, C. M. (2007). Tight Junctions/Adherens Junctions: Basic
Structure and Function. The Journal of Investigative Dermatology,
127(11), 2525–2532.

32. Widmaier, M., Rognoni, E., Radovanac, K., Azimifar, S. B., &
Fässler, R. (2012). Integrin-linked kinase at a glance. Journal of
Cell Science, 125(8), 1839–1843.

33. Vespa, A., D’Souza, S. J. A., &Dagnino, L. (2005). A novel role for
integrin-linked kinase in epithelial sheet morphogenesis.Molecular
Biology of the Cell, 16(9), 4084–4095.

34. Menke, A., & Giehl, K. (2012). Regulation of adherens junctions
by Rho GTPases and p120-catenin. Archives of Biochemistry and
Biophysics, 524(1), 48–55.

35. Kokkinaki, M., Abu-Asab, M., Gunawardena, N., et al. (2013).
Klotho Regulates Retinal Pigment Epithelial Functions and
Protects Against Oxidative Stress. The Journal of Neuroscience,
33(41), 16346–16359.

36. Rosen, R. B., Hu, D.-N., Chen,M., McCormick, S. A., Walsh, J., &
Roberts, J. E. (2012). Effects of melatonin and its receptor antago-
nist on retinal pigment epithelial cells against hydrogen peroxide
damage. Molecular Vision, 18, 1640–1648.

37. Liang, F.-Q., Green, L., Wang, C., Alssadi, R., & Godley, B. F.
(2004). Melatonin protects human retinal pigment epithelial
(RPE) cells against oxidative stress. Experimental Eye Research,
78(6), 1069–1075.

38. Rastmanesh, R. (2011). Potential of melatonin to treat or prevent
age-related macular degeneration through stimulation of telomerase
activity. Medical Hypotheses, 76(1), 79–85.

39. Özdemir, G., Ergün, Y., Bakariş, S., Kılınç, M., Durdu, H., &
Ganiyusufoğlu, E. (2014). Melatonin prevents retinal oxidative
stress and vascular changes in diabetic rats. Eye, 28(8), 1020–1027.

40. Bonilha, V. L. (2008). Age and disease-related structural changes in
the retinal pigment epithelium. Clin Ophthalmol Auckl NZ, 2(2),
413–424.

Stem Cell Rev and Rep (2017) 13:659–669 669


	Stem...
	Abstract
	Introduction
	Materials and Methods
	Maintenance of hESC Cells and RPE Differentiation
	RNA Isolation and (sq)RT-PCR
	Immunocytochemistry
	Microarray Sample Collection and Preparation
	Microarray Data Analysis
	Confirmation of Microarray Results

	Results
	Characterization of hESC-RPE Differentiation
	Gene Expression Profile Analysis of Early and Late-Stage Pigmentation of hESC-RPE
	Comparison of hESC-RPE and Human Endogenous RPE Expression Profiles

	Discussion
	Conclusions
	References


