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Abstract

Retinal pigment epithelium (RPE) cells show heterogeneous level of pigmentation when
cultured in vitro. To know whether their color in appearance indicates functional qualities of
the RPE, especially in terms of clinical use for cell transplantation, we analyzed the
correlation between the color intensities and the gene expression profile of human-induced
pluripotent stem cell-derived RPE cells (iPSC-RPE) at single cell level. For this purpose, we
utilized our recent invention, Automated Live imaging and cell Picking System (ALPS), which
enabled photographing each cell before RNA-sequencing analysis to profile the gene
expression of each cell. While our iPSC-RPE were categorized in 4 clusters by gene expression,
the color intensity of iPSC-RPE did not project any specific gene expression profiles,
suggesting the degree of pigmentation of iPSC-RPE in vitro does not specifically correlate with
quality metrics for clinical use.

eLife assessment

This useful study presents a novel method to analyze the correlation between the
degree of pigmentation, and the gene expression profile of human-induced
pluripotent stem cell-derived Retinal Pigmented Epithelial (iPSC-RPE) cells at the
single cell level, trying to establish if this parameter might be of use as a guide for
transplantation. The presented evidence is incomplete: pigmentation was not an
indicator of functionality or maturity and the data, although obtained from a
pertinent approach, is limited to in vitro conditions; further, this approach is not
complete since no attempts were made to graft iPSC-RPE.
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Introduction

Retinal pigment epithelium (RPE) is a layer of cells paved by hexagonal, brown pigmented cells,
which locates between the neural retina and the choroid. RPE cells play an important role in
maintaining the visual system by supplying nutrition to the photoreceptors, phagocytosing mature
outer segments of the photoreceptors, facilitating visual/retinoid cycle to produce a photosensitive
derivative of vitamin A, absorbing stray light for the vision, and secreting vascular endothelial
growth factor (VEGF) for the maintenance of choroid blood vessels (Kim et al., 2013 ; Lehmann et
al., 20143; Lin et al., 2022 ). Abnormalities in the RPE cause a wide variety of retinal
degenerative diseases such as age-related macular degeneration (AMD) which is a devastating
disease leading to blindness. Medication for AMD is limited, and there are increasing attention on
cell transplantation of RPE for the treatment. RPE transplantation for AMD to replace degenerated
RPE with fetal RPE was introduced almost 3 decades ago (Algvere et al., 1994 (). Later,
transplantation of autologous peripheral RPE to the degenerated site has also been reported
(Binder et al., 2002(2). Our laboratory has pioneered in the production of RPE cells from human
induced pluripotent stem cells (iPSC) and ocular transplantation of iPSC-derived RPE cells (iPSC-
RPE) to replace degenerated RPE of AMD patients (Mandai et al. 20172 ; Sugita et al. 2020 2). For
the quality management of iPSC-RPE transplants, we routinely verify the expressions of key
factors such as RPE65, Bestrophin, CRALBP and MERTK by quantitative PCR; PAX6 and
microphthalmia transcription factor (MiTF) by immunostaining; and pigment epithelium derived
factor glycoprotein (PEDF) and VEGF by enzyme linked immunosorbent assay (ELISA). The
morphology and pigmentation are also qualitatively checked, but there has been no means to link
these appearances with gene expression.

Our recent invention, Automated Live imaging and cell Picking System (ALPS), enables the
characterization of a cell that is actually showing a behavior of interest (Jin
monitoring the cells in live, ALPS enables to pick up one single cell for furthe pulation. In
the present study, we utilized this system to monitor the color of iPSC-RPE cells, then to pick up
one of the cells, followed by RNA-sequencing analysis to profile the gene expression of that single
cell. In this way, we confirmed the iPSC-RPE cells that passed our quality management criteria for
clinical use did not show strong correlation between the color and the expression of a specific
gene, suggesting the degree of pigmentation in an iPSC-RPE cell do not indicate the functional
quality of an RPE cell, in terms of the use as an RPE-transplant.

Results

ALPS enabled photographing each cell before RNA extraction
iPSC-RPE cells were produced from two human iPSC-lines of the Center for iPS Cell Research and
Application (CiRA; iPSC-lines 201B7 and 253G1). The quality of the iPSC-RPE cells as RPE-
transplants were verified by the expressions of RPE65, Bestrophin, CRALBP and MERTK by
quantitative PCR; PAX6, MiTF and Bestrophin by immunostaining; and PEDF and VEGF by ELISA.
Hexagonal morphologies and sufficient degree of pigmentation were also confirmed qualitatively
(Figure 1A®@). Normally the degree of pigmentation of RPE cells increases during the culture
period, culminating when the cells become confluent, and returns less pigmented when they are
replated at sparse density. It is also normal that even at the most confluent state, RPE cells show
diverse degree of pigmentation (Figure 1A %). To characterize the cells with different degrees of
pigmentation, 2034 cells of iPSC-RPE (96 cells each from 2 different dishes of 12 independent
cultures of iPSC201B7-RPE and iPSC253G1-RPE cultured for 6 and 12 weeks; Figure 1 -table 1(%)
were picked as single cells by ALPS and photographed under a light microscope (Figure 1B2
photos). The intensities of red, green and blue channels were measured for each cell (Figure 1B®@
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plots). Because of the strong correlation (r > 0.99) between the three channels (Figure 1 -figure
supplement 1), we used the intensity of the blue channel, or the average intensity of the three
channels (so-called brightness), as a proxy for color intensity of each cell.

Dark or white iPSC-RPE cells did not form a specific

cluster by single cell transcriptome analysis

The iPSC-RPE cells picked by ALPS and photographed were then subjected to RNA-extraction
followed by single cell RNA-sequencing analysis. To compare the gene expression profiles of our
iPSC-RPE lines with other commercially available RPE cells, human fetal primary RPE cells
purchased from Lonza were picked by ALPS after cultured for 6 and 12 weeks as well (Figure1 -
table 1@). The t-distributed stochastic neighbor embedding (t-SNE) plot of the transcriptomes of
iPSC-RPE cells, Lonza-RPE cells together with undifferentiated human iPSCs and human
fibroblasts showed our iPSC-RPE and Lonza-RPE in different clusters (Figures 2A® and B®).
Although the parameters for t-SNE were adjusted to have all the iPSC-RPEs (iPSC201B7-RPE and
iPSC253G1-RPE cultured for 6 and 12 weeks; Figure1 -table 1 @) mingle regardless of the original
iPSC-line or the culture period (Figure 2A (@), our iPSC-RPE was divided in 4 sub-clusters (Figure
2B[@). The major 2 clusters (cluster-0 and -1) did not show critical differences in the expressions
of key factors for quality management (Figure 2 -figure supplement 1) or the gene-ontology
terms (Figure 2 -figure supplement 2@). Interestingly, cluster-8 that consisted of 32 cells showed
the expression of proliferation marker MKI67 which was not expressed in other clusters besides
cluster-4 that represented iPSC (Figure 2 -figure supplement 3@). Unlike iPSCs in cluster-4, the
iPSC-RPE cells of cluster-8 did not show the expression of an iPSC-marker LIN28A (Figure 2 -figure
supplement 3@ ) denying the possibility of cluster-8 being a residual of iPSCs after RPE
differentiation. It could be possible that cluster-8 implies the existence of adult stem cell
population of RPE.

When the t-SNE plot was displayed with the color intensity of each cell, either deeply or lightly
pigmented cells did not localize to a particular cluster (Figure 2C ). Violin plots quantifying color
intensities of the cells in each cluster showed all clusters having both dark- and light-colored cells
(Figure 2D @). Interestingly, Lonza-RPE showed biased distribution of cell-color among the 3
clusters (cluster-2, -3, and -7), having highly pigmented cells in cluster-2 and -3 but not in -7 (Figure
2C & and D @). These results indicated the degree of pigmentation of our iPSC-RPE did not
associate with a specific gene expression profile defined by t-SNE.

There was no strong correlation between the

color of iPSC-RPE and the gene expression

As no correlation between the color and gene expression profile was revealed in our iPSC-RPE by
clustering analysis, next we sought the correlation of individual genes with the color of the cells.
When each of the 28047 genes was analyzed for the correlation coefficient between its expression
level and the color intensity in each cell, even for the gene with the highest positive- or negative-
correlation with the color, the coefficient was 0.565 and -0.445, respectively (Figure 3 2). The gene
with the highest correlation was CST3 (correlation coefficient 0.565) that encodes cystatin C, a

inhibits cysteine-targeted degradation.

Intriguingly, the expressions of the genes directly related to the production of melanin were not
the highest for the correlation with the color. For example, correlation coefficients between the
expressions of the enzymes for melanin-synthesis, TYR and TYRP1, and color intensities were
0.434 and 0.458, respectively (Figure 3A(%). In other words, the darkest cells were not necessarily
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Figure 1.

ALPS enabled photographing each cell before RNA extraction

A iPSC-RPE in vitro shows diverse degree of pigmentation among the cells. B Each cell was picked by ALPS and photographed
under a light-microscope. The intensities of red, green and blue were measured. As there was no difference among the three
intensities, the intensity of blue wavelength was used to represent the color intensity of each cell (see also Figure 1 -figure
supplement 132),
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Figure 2.

Single cell transcriptome analysis of the cells picked with ALPS.

Two-dimension plotting of the gene expression profile of each cell colored by the cell-types (A), clusters defined by gene
expression profiles (B) or color intensities (C), and a violin plot quantitatively showing color intensities of the cells in each
cluster (D). A iPSC-RPE cells formed a different cluster from Lonza-RPE. B iPSC-RPE cells were a heterogeneous population
consisted of 4 sub-clusters. C, D Either very black or very white cells did not localize to a specific sub-cluster of iPSC-RPE.
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Figure 3.
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Correlation analysis between the expression level of each gene and the color of the iPSC-RPE.

List of the genes with positive (A) and negative (B) correlation to color intensities of in vitro cultured iPSC-RPE cells are shown.
Even for the gene with the highest correlation to the color, the correlation value was 0.565. Notably, the melanin-synthesis
enzymes TYRP1 and tyrosinase (TYR) both showed only weak correlations (correlation value = 0.458 and 0.434, respectively).

Yoko Nakai-Futatsugi et al., 2023 eLife. https://doi.org/10.7554/eLife.92510.1

5 of 21


https://doi.org/10.7554/eLife.92510.1
https://doi.org/10.7554/eLife.92510.1

7 eLife

expressing the highest level of TYR or TYRP1 mRNAs. This suggests the degree of pigmentation is
dynamically regulated in each cell, and there is a time-lag between mRNA expression, production
of the enzymes and synthesis of melanin (descriptive image in Figure 3 -figure supplement 1@).

Biological aspects that correlated with pigmentation of iPSC-RPE
Having the results suggesting the color of iPSC-RPE may not be an indicator of the expression
levels of any of the critical genes used for quality management (Figure 2 -figure supplement 1 @),
next we sought then which biological aspects underlie the degree of pigmentation of in vitro
cultured iPSC-RPE cells. For this purpose, we re-analyzed the transcriptome of our iPSC-RPE cells
shown in Figure 1A 2. First, we calculated the weighted sum of the RGB channels, the so-called
brightness, and used it as a proxy for the pigmentation level. Then, by gene set enrichment
analysis (GSEA) (Korotkevich et al., 2021 %), we identified 15 biological pathways, including
lysosome- and complement-related pathways, enriched in darker cells, regardless of cell lineage
(Lonza-RPE, iPS201-RPE, and iPS253-RPE) (Figure 4@ ). Among lysosome-related genes, PASP and
CTSD correlated with the color intensity of the cells at correlation coefficients 0.34 and 0.31,
respectively (Figure 4-figure supplement 1®). Among complement-related genes, C1R, C1S and
C3 correlated with the color intensity of the cells at correlation coefficients 0.31, 0.31 and 0.27,
respectively (Figure 4-figure supplement 2(@). This correlation was partially consistent with the
analysis of independent genes (Figure 3 %), which showed complement related genes CIR,
C1QTNF5 and (1S, and lysosome related gene CTSD within the top 20 of the genes that had positive
correlation with color intensity (Figure 3A @ list on the right).

Gene set related to retinoid recycling, an important feature of the RPE to supply the photoreceptor
with retinal, showed weak correlation with the color intensity of iPSC-RPE cells with correlation
coefficients of genes such as RDH11, BCO1, RDH10, DHRS3, and RDH5 at 0.25, 0.20, 0.16, 0.12 and
0.11, respectively (Figure 4 -figure supplement 3 @). The gene set related to melanin-synthesis,
including the genes such as DCT, TYRP1 and TYR, only showed weak correlation with the color
intensity of iPSC-RPE (Figure 4 -figure supplement 4% ), which was consistent with the analysis
of TYRP1 and TYR shown in Figure 3(%.

Discussion

In this study, we showed the degree of pigmentation of in vitro cultured iPSC-RPE cells did not
project specific gene ontological clusters, although it correlated to some extent with the
expressions of complement- and lysosome-related genes. Eye, as well as brain and testis, is an
immune privilege organ, where inflammation by the immune system is minimized (Zhou et al.
2010; Chen et al. 2019 ; Mohan et al. 2022 (%). To protect the photoreceptors from pathogens at
this immune suppressive environment, RPE has an immune cell-like aspect with the capability of
complement activation (Kunchithapautham et al., 20142 ; Chen et al. 20192 ; Jensen et al., 2020 (;
Li et al., 2020; Schafer et al., 2020 @) and phagocytosis (Boulton, 2014 @; Lehmann et al., 2014 (%).

Besides these immunogenic aspects, pigmentation also confers protective function on RPE from
different biological aspects. The material of the dark pigments, melanin, is conserved from
bacteria to mammals, with diverse protective functions against damaging ultraviolet (UV) rays,
free radicals, or toxins (D'Alba and Shawkey, 2019 ). In most species, melanin pigments are
confined in an intracellular organelle called melanosome. In the eye, melanosomes locate in RPE
cells and choroidal melanocytes, where they shield the photoreceptor to reduce backscattered
light and remove free radicals (Boulton, 2014 ; Lehmann et al., 20145 ; D'Alba and Shawkey,
2019 (). Unlike skin melanin that is constantly synthesized in epidermal melanocytes, melanin in
RPE cells decrease with age, making the retina vulnerable with less protection by the RPE. Several
attempts were made to re-pigment RPE cells by supplying with melanosomes isolated from ex vivo
RPE cells (Boulton, 2014 ) or more recently with artificial melanin-like nanoparticles (Kwon et
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Figure 4.

GSEA of iPSC-RPE cells elucidated gene sets correlated with color intensities.

GSEA revealed 15 pathways that had high correlation with the intensities of the color of iPSC-RPE. Among them, there were
lysosome-related and complement-related pathways.
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derived RPE cells, although less pigmented initially, become heavily pigmented when confluent
monolayers are formed (Maminishkis et al. 2006 2), reflecting the nature of melanosomes

human embryonic stem cell (ESC)- or iPSC-derived RPE cells exhibit pigmentation when they
become confluent (Boulton, 2014 % ; Kamao et al., 2014 @) suggesting these cells may retain or
have been reprogrammed to gain the characteristics of fetal RPE cells. The Lonza-RPE cells (line
#476621) used in this study were fetal-derived. Our iPSC-RPE formed different clusters from
Lonza-RPE by single cell transcriptome analysis, which was consistent with our previous study
showing the gene expression pattern of our iPSC-RPE was slightly different from Lonza-RPE,
although it was closer than human RPE cell-line ARPE19, (Kamao et al., 2014 (2). Interestingly, the
pigmentation level of Lonza-RPE cells correlated with their gene expression profile (Figure 2D @),
which may be reflecting the developmental process of RPE that gains protective function,
including melanogenesis, during embryogenesis. From this aspect, ESC- or iPSC-derived RPE cells
may be more plastic, retaining immature profiles although apparently being pigmented
spontaneously. In fact, there are several lines of evidence implying in vitro pigmentation of stem
cell-derived RPE cells may not necessarily reflect their levels of functional maturation. For
example, bone marrow-derived RPE cells that are poorly pigmented in vitro become highly
pigmented when transplanted (Sengupta et al., 2009 2), as well as our iPSC-RPE cells that are not

2017 (Z; Sugita et al., 2020 (%), suggest the significance of environmental niche for melanogenesis.
When stem cell-derived RPE cells are cultured in vitro, they are apparently not pigmented at
sparse density, probably due to dilution amongst daughter cells (Boulton, 2014 (3) or secretion of

melanin by the fusion of melanosome membrane to the plasma membrane as proposed in
melanocytes (Moreiras et al., 2021), but they become pigmented when they form a confluent
monolayer, which is a reversible effect as the dynamics of pigmentation repeats when they are re-
plated at a sparse density and become confluent again (Figure 3 -figure supplement 1®). This
again suggest the involvement of extracellular cues for pigmentation, besides the intrinsic
characteristics of each RPE cell. Indeed, it has been shown that in vitro pigmentations of RPE cells
are enhanced by extracellular matrix (Bo
of rod outer segments (Schraermeyer et al.

Without the exposure to pathogens or photoreceptor outer segments, in vitro pigmentation of
iPSC-RPE cells could be somewhat a spontaneous but not a necessary sign to show they are prone
to execute their protective function.

Materials and Methods

Cell culture

The study was approved by the ethical committees of the Institute of Biomedical Research and
Innovation Hospital and the RIKEN Center for Developmental Biology, Japan. Human iPSC-lines
201B7 (HPS4290) and 253G1 (HPS0002) (Nakagawa et al., 2008 @) were provided by the RIKEN BRC
through the National BioResource Project of the MEXT/AMED, Japan. iPSCs were cultured and
differentiated into RPE cells as described previously (Kamao et al., 2014 2). Briefly, to differentiate
human iPSCs into RPE cells, human iPSCs were cultured on gelatin-coated dishes in differentiation
medium (GMEM (Sigma) supplemented with 1mM sodium pyruvate, 0.1 mM non-essential amino
acids (Sigma), and 0.1 mM 2-mercaptoethanol (Sigma)) with 20% KnockOut Serum Replacement
(KSR; Invitrogen) for four days, 15% KSR for six days, and 10% KSR for 20 days. Y-27632 (10 uM;
Wako), SB431542 (5 pM; Sigma), and CKI7 (3 uM; Sigma) were added for the initial 18 days. After
the emergence of pigmented cells, the medium was switched to SFRM (DMEM/F12 [7:3]
supplemented with B27 (Invitrogen), 2 mM L-glutamine).

Yoko Nakai-Futatsugi et al., 2023 eLife. https://doi.org/10.7554/eLife.92510.1 8 of 21
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Lonza-RPE cells (line #476621; Lonza) were maintained in SFRM as well.

Human dermal fibroblasts were obtained from a healthy doner and cultured as described
previously (Sugita et al., 20152).

Cell preparation for ALPS

Cell concentrations was measured using Hemocytometer Standard Specification (Improved
Neubauer) (HIRSCHMANN LAB). 3 ml of PBS (D-PBS(-) without Ca and Mg, #14249-95, Nacalai
Tesque Inc.) containing 0.25-1.0x10% cells were added onto a dish (PrimeSurface Dish 35, #MS-
9035X, SUMITOMO BAKELITE CO, LTD.).

Imaging, isolation, and RNA-seq for single cells

Live cell imaging, cell picking, and single cell digital RNA-seq (Shiroguchi et al., 2012 ; Ogawa et
al., 20172) were performed as described previously (Jin et al., 2023 %) except for the followings:
In total, 4032 cells (Figure 1 -table 1@) were measured and analyzed. Cell images (400 pixel x 330
pixel; 0.36 um/pixel) were captured by both bright field and fluorescent channels (filter unit:
mCherry C-FLL-C, Nikon Co.) with 20x objective (N.A. 0.7) and a color camera (Color Camera Nikon
DS-Ri2, Nikon Co.). Exposure times for bright field and fluorescence were 10 ms and 100 m:s,
respectively. For both channels, Z-stacks (21 planes) were recorded with 1-ym interval. Randomly
selected cells were picked (“random selection” of ALPS (Jin et al., 2023 [4)). For the picked single
cells, library preparation including cell lysis, RNA fragmentation, cDNA generation with molecular
barcode attachment, amplification, and purification was performed using the Bravo NGS
workstation (Agilent Technologies) and thermal cyclers (Mastercycler X50s, Eppendorf). The
libraries were mixed using different indexes, and sequenced on HiSeq (Illumina, 150 cycle) using
custom primers. Detected number of RNA molecules for each gene in each cell was counted based
on molecular barcodes.

All sequencing datasets have been deposited in the Genome Expression Omnibus database under
accession No. GSE242184.

To estimate the RGB values of the cells within the cell images, first, the average intensities (0-255)
per pixel for R, G, and B channels, respectively, of a circular area with a radius of 50 pixels at the
position (195, 169 (coordinates in pixel)) of each cell image that covered the cell, and the area
other than the circular area (background) were calculated. Then, for each image and each
channel, the average intensity of the background was subtracted by the average intensity of the
circular area. Finally, for each cell and each channel, the mean and standard deviation of the
subtracted average circular area intensities of all 21 Z-stack images were obtained. The circular
area images of iPSC-RPE cells are illustrated in Figure 1B2.

Single cell transcriptome analysis

Single cell RNA-seq data were analyzed using Seurat v4 (Satija et al., 20152 ; Butler et al., 2018 @ ;
Stuart et al., 2019 ; Hao et al., 2021 ) with R v4.2.1 (R Core Team (2022) (@). For cluster analyses
in Figure 22, the following parameters were used:

FindNeighbors(dims = 1:6)
FindClusters(resolution = 0.4)

RunTSNE(all, dims = 1:6).

Yoko Nakai-Futatsugi et al., 2023 eLife. https://doi.org/10.7554/eLife.92510.1 9 of 21
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Brightness calculation

The brightness value Y for each cell was calculated by taking a weighted sum of the background-
corrected intensities of the RGB channels (International Telecommunication Union, 2022):

Y = (0.299,0.587,0.114) - (Reorrs Georr Beorr),

where the background-corrected intensities of the RGB channels were obtained by adding a
virtual white background to delta intensities of RGB channels of each cell:

(Reorrs Georrs Beorr) = (255,255, 255) + (AR, AG, AB).

If the corrected intensity exceeded 255, it was replaced by the maximum value below 255 (there
was only one such case). The resultant cellular brightness Y € [0,255]had a skewed distribution
around the background brightness value, 255. Then, normalized brightness Y},,,,, was obtained by
logit transformation, so that its range takes the entire real number.

Y
Yhorm = log (255 — y)

The normalized brightness Yy, € [-o0, ©]Jwas approximately normally distributed.

Pathway enrichment analysis
For each of the three RPE cell lineage (Lonza-RPE, iPS201-RPE, and iPS253-RPE), we explored
biological pathways correlated with pigmentation levels according to the following steps:

1. Calculate Pearson’s correlation coefficient between scaled gene expression levels
(“scale.data” slot of a Seurat object) and the normalized brightness Y}, oy

2. Perform GSEA-preranked by the fgsea library in R using the gene list ranked by absolute
value of Pearson’s correlation coefficient as input and the KEGG pathway of MSigDB
(c2.cp.kegg.v2023.1.Hs.symbols.gmt) as a reference (Liberzon et al., 2011 @ ; Korotkevich et
al, 20212).

3. Define pathways with FDR<0.05 as significant (conventional criteria for GSEA).

4. Divide significant pathways into brightness-correlated pathways (NES>0) and -
uncorrelated pathways (NES<O0).

Finally, for each of the brightness-correlated and -uncorrelated significant pathways, we extracted
the intersection, i.e., pathways commonly enriched in all three cell lineages.

Note that although we found 15 common brightness-correlated pathways among three cell lines,
no brightness-uncorrelated pathways were detected even in any of three cell lines.

Figures
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iPS201-RPE 6W 192 cells (2plates) x3 cultures
Lonza-RPE 6w 192 cells (2plates) x3 cultures
iPS253-RPE 12W 192 cells (2plates) x3 cultures
iPS201-RPE 12W 192 cells (2plates) x3 cultures
Lonza-RPE 12W 192 cells (2plates) x3 cultures
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iPS201 192 cells (2plates) x1
Fibroblast 192 cells (2plates) x1

Figure 1 -table 1

The cells picked by ALPS and subjected to single cell transcriptome analysis
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Figure 1 -figure supplement 1

Since the red-, green- and blue-intensities were linearly correlated among the iPSC-RPE cells, the intensity of blue wavelength
was used to represent the color intensity of each cell in the following analyses.
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Figure 2 -figure supplement 1

The expression levels of the genes critical for quality management of iPSC-RPE cells for clinical use are shown by violin plots
of each cluster defined in Figure 2B(Z.

clusterO vs 1

regulation of cellular process -

nitrogen compound metabolic process -

O-ll

cluster1 vs 0

regulation of cellular metabolic process -

cell population proliferation -

positive regulation of cellular metabolic process -
positive regulation of cell population proliferation -
regulation of cellular biosynthetic process -
negative regulation of cellular metabolic process -
negative regulation of cell population proliferation -
interleukin-8 production -

Figure 2 -figure supplement 2

Gene enrichment analysis of the 2 major clusters of iPSC-RPE (cluster 0 and 1) defined in Figure 2B did not elucidate
qualitatively significant difference between the two.
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Figure 2 -figure supplement 3

A minor cluster of iPSC-RPE defined in Figure 2B, which consisted of 32 cells (upper right), showed a stem cell-like feature
with higher expression of proliferation marker MIK67 (upper left) and active cell cycle by gene enrichment analysis (lower
panel), but was seemingly not a residual of undifferentiated iPSCs as shown by little expression of pluripotency marker LIN28A
(upper middle).

s £ g g

-

Figure 3 -figure supplement 1

Hypothetical model for the interpretation of weak correlation between
the expression of TYR and the degree of pigmentation in iPSC-RPE cells.

When cultured in vitro, RPEs become more pigmented at higher cell-density, and return less pigmented when re-plated to
lower cell density. The material of the color in RPE is melanin, which is synthesized by the enzymes such as TYRP1 and TYR,
although the expressions of TYRPT and TYR were not strongly correlated with the color of RPE (Figure 3A%).

The interpretation for this could be:

i) When RPEs contact each other, the nature as protective cell makes them to synthesize melanin, with upregulation of TYRP1
and TYR.

ii) With sufficient amount of melanin, TYRP1 and TYP become downregulated.

i) Melanin will be divided among the daughter cells or secreted, which makes the cells less pigmented.

iv) When the amount of melanin becomes lower, TYRP1 and TYR become upregulated again.

This model interprets the colors of iPSC-RPE cells are representing not a stable characteristic but a temporal condition of each
cell, which makes it reasonable for the iPSC-RPE cells not having a specific gene expression profile that reflects on the degree
of pigmentation (as shown in Figure 22).
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Figure 4 -figure supplement 1

Genes of lysosome-related pathway showed correlation with the color of iPSC-RPE cells.
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Figure 4 -figure supplement 2

Genes of complement-related pathway showed moderate correlation with the color of iPSC-RPE cells.
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Figure 4 -figure supplement 3

Genes related to retinol metabolism had weak correlation with the color of iPSC-RPE cells.
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Figure 4 -figure supplement 4

Genes related to melanogenesis had weak correlation with the color of iPSC-RPE cells.
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Summary:
In this paper, the authors show that the degree of pigmentation for RPE cells is not correlated
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with a level of maturation and function. They suggest that this status could be different in
vitro than in vivo but do not provide proper experiments to validate this hypothesis.
However, it is the first time that the absence of a correlation between pigmentation and
function has been studied.

Strengths:
The methods are good and the experiments are very rigorous.

Weaknesses:
Demonstration of in vitro but no in vivo data.

¢ https://doi.org/10.7554/eLife.92510.1.sal

Reviewer #2 (Public Review):

Summary:

Nakai-Futatsugi et al. present a novel method to analyze the correlation between the degree
of pigmentation and the gene expression profile of human-induced pluripotent stem cell-
derived RPE (iPSC-RPE) cells at the single cell level. This was achieved with the use of ALPS
(Automated Live imaging and cell Picking System), an invention developed by the same
authors. Briefly, it allows one to choose and photograph a specific cell from a culture dish and
proceed to single-cell digital RNA-seq. The authors identify clusters of cells that present
differential gene expression, but this shows no association with the degree of pigmentation of
the cells. Further data analysis allowed the authors to correlate the degree of pigmentation to
some degree with the expression of complement and lysosome-related genes.

Strengths:
An important amount of data related to gene expression and heterogeneity of the iPSC-RPE
population has been generated in this work.

Weaknesses:
However, the justification of the analysis, and the physiological relevance of the hypothesis
and the findings could be strengthened.

Importantly, I fail to grasp from the introduction what is the previous evidence that leads to
the hypothesis. Why would color intensity be related to the quality of cell transplantation? In
fact, cell transplantation is not evaluated at all in this work. The authors mention "quality
metrics for clinical use"”, but this concept is not further explained. Neither is the concept of
"sufficient degree of pigmentation" explained.

On the other hand, the positive correlation of cluster formation with complement and
lysosome-related genes is not discussed.

As a consequence, it is very difficult to evaluate the impact of these findings on the field.
e https://doi.org/10.7554/eLife.92510.1.sa0

Author Response:

We thank the reviewers for their careful comments. We sincerely agree with the comments
from both reviewers, and noticed the word “cell transplantation”, throughout the manuscript
including the title, was confusing. We will revise the manuscript to clarify the aim of the
study, and to express the conclusion more straightforwardly.

Response to reviewers:
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We interpret the data of the present study as the color of each RPE cell is a temporal
condition which does not necessarily represent the quality (e.g. for cell transplantation) of the
cells. We consider this may be applicable not only in vitro but also in vivo, although we do not
know whether RPE shows heterogeneous level of pigmentation in vivo.

As our concern for iPSC-RPE is always about their quality for cell transplantation, maybe we
haven’t fairly evaluated the scientific significance obtained from the present study.

Another thing we noticed was, although we used the term “cell transplantation” to explain
what we meant by “quality” of the cells, we agree this was confusing. The aim of the study
was not to show how the pigmentation level of transplant-RPE affects the result of cell
transplantation, but to show the heterogeneous gene expression of iPSC-derived RPE cells,
and the less correlation of the heterogeneity with the pigmentation level. We went through
the manuscript, including the title, to more straightforwardly lead this conclusion: the degree
of pigmentation had some but weak correlation with the expression levels of functional
genes, and the reason for the weakness of the correlation may be because the color is a
temporal condition (as we interpreted from the data) that is different from more stable
characteristics of the cells.

We agree that “cell transplantation” in the title (and other parts) was misleading. So, we will
change the title, and removed the phrase that led as if the aim of the study was to show
something about cell transplantation or in vivo results.

Also, to face scientifically significant results obtained from the present study appropriately,
we will discuss more about the correlation of the pigmentation level with some functional
genes, and brought this as one of the conclusions of the manuscript.
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