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SUMMARY

Retinal dystrophies (RDs) lead to irreversible vision impairment with no radical
treatment. Although photoreceptor cells (PRCs) differentiated from human
induced pluripotent stem cells (iPSCs) are essential for the study of RDs as a scal-
able source, current differentiation methods for PRCs require multiple steps. To
address these issues, we developed a method to generate PRCs from human
iPSCs by introducing the transcription factors, CRX and NEUROD1. This approach
enabled us to generate induced photoreceptor-like cells (iPRCs) expressing PRC
markers. Single-cell RNA sequencing revealed the transcriptome of iPRCs in
which the genes associated with phototransduction were expressed. Generated
iPRCs exhibited their functional properties in calcium imaging. Furthermore,
light-induced damage on iPRCs was inhibited by an antioxidant compound. This
simple approach would facilitate the availability of materials for PRC-related
research and provide a useful application for disease modeling and drug
discovery.

INTRODUCTION

The retina, a photosensitive tissue, lines the inner surface of the eye and conveys visual information to the
brain via optic nerve. Photoreceptor cells (PRCs), one of the retinal components, are primary light-sensing
cells. They convert light information to electrical signals that are relayed to the brain through several inter-
neurons (Singh et al., 2018). Retinal dystrophies (RDs) are a diverse group of diseases characterized by pro-
gressive degeneration of PRCs leading to irreversible vision loss and are major causes of blindness
affecting more than 4.5 million patients worldwide (Hohman, 20716). Several treatment approaches for
RDs including pharmacological agents (Hasegawa et al., 2018), retinal prosthesis (Ayton et al., 2020),
gene therapy (Diakatou et al., 2019), and cell transplantation (Tu et al., 2019) have shown potential during
the recent decade. However, they are still challenging, and there are no radical treatments for RDs.

Retinal biopsies are invasive and virtually inaccessible (Milam et al., 1998); therefore, histopathologic anal-
ysis of RDs are limited to postmortem eyes. Thus, investigating the pathological process of the disease,
especially in the early stage is difficult. The technology of induced pluripotent stem cells (iPSCs) enabled
the generation of retinal cells and in vitro models to study these diseases (Takahashi and Yamanaka, 2006).
Several differentiation methods to generate PRCs have been reported. In particular, three-dimensional
(3D) retinal organoids have been used, showing the expression patterns of targeted cell-specific markers
and being adopted for the modeling of RDs (Megaw et al., 2017; Parfitt et al., 2016; Schwarz et al., 2017).
However, these methods require multiple steps and longtime culture to generate PRCs with a limited num-
ber of targeted cells (Deng et al., 2018; Wahlin et al., 2017).

In addition to the 3D organ culture technique, direct reprogramming technology has been developed for
various tissues. Using this method, somatic cells are converted into sought-for lineages through the forced
expression of lineage-determining factors (Duran Alonso et al., 2018; Graf and Enver, 2009; Zhou et al.,
2008). This approach has already been reported in the generation of retinal pigment epithelium (RPE)
(Zhang et al., 2014) or corneal epithelial cells (Cieslar-Pobuda et al., 2016; Kitazawa et al., 2019) from human
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Figure 1. Introduction of CRX and NEUROD1 using piggyBac vector into iPSCs and differentiation to induced photoreceptor-like cells (iPRCs)
(A) Design of polycistronic piggyBac vector for CRX and NEUROD1 mediated conversion under control of the tetracycline operator rtTA and neomycin
resistance gene. Dox: doxycycline, rtTA: reverse tetracycline transactivator, neo: neomycin resistance gene.

(B) Outline shows experimental procedures depending on the culture periods of iPRCs differentiation. Quantitative PCR analysis was conducted on day 7, 14,
21, and 28. Immunocytochemistry, single-cell RNA sequencing, and calcium imaging were performed on day 28. Culture medium containing DMEM/F12 -
Glutamax, 1% N2 supplement, 10% Fetal Bovine Serum, 0.5 uM Retinoic acid, and 0.1 mM taurine was used throughout the differentiation. Doxycycline was
removed from the medium three days before all analyses.
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Figure 1. Continued

(C) Quantitative PCR analyses of iPSCs (Clone 1) and iPRCs cultured for 7, 14, 21, 28 days, respectively, with a photoreceptor precursor marker (RCVRN), rod
cell markers (NRL and RHO), and a cone cell marker (CAR) are shown. The vertical axis indicates the expression levels of each gene, relative to human iPSCs
described as Day 0. One-way ANOVA was used for statistical comparison (*p < 0.05). Error bars show SEM (n = 3) of biological triplicates.

(D) Representative immunofluorescence images of iPRCs on day 28 with photoreceptor markers including RCVRN, NRL, RHO, and CAR. Scale bars, 200 pm.

dermal fibroblasts. Especially, it has been attempted to generate PRCs from iris-derived cells (Seko et al.,
2012), dermal fibroblasts (Fukuda et al., 2018; Seko et al., 2014), and peripheral blood mononuclear cells
(PBMCs) (Komuta et al., 2016), showing the expression of PRC markers. However, these approaches ex-
hibited limited scalability because somatic cells are not infinite in number.

To address these issues, we developed a method to generate PRCs from human iPSCs by introducing tran-
scription factors. We evaluated the characteristics of generated cells and optimized the culture condition.
The protocol enables reproducible generation of PRCs from iPSCs with an efficient number and would be
beneficial for the development of RD models.

RESULTS
Generation of photoreceptor-like cells from human iPSCs using transcription factors

We developed a photoreceptor differentiation method by transducing two transcription factors, cone-rod
homeobox (CRX) and neuronal differentiation 1 (NEUROD1), into human iPSCs. These genes were selected
based on a previous report that identified CRX and NEUROD1 as essential factors for photoreceptor induc-
tion from iris-derived cells (Seko et al., 2012). A polycistronic vector containing CRX and NEUROD1 under
control of the tetracycline operator was introduced to iPSCs using a piggyBac vector, which was randomly
inserted in the genome (Figure 1A). After neomycin selection, the iPSCs with the vector construct were es-
tablished as stable iPSC clones. We cultured these iPSCs with doxycycline and found that differentiated
cells expressing Recoverin (RCVRN) were generated from iPSCs within 14 days. We defined these cells ob-
tained by this direct conversion protocol as induced photoreceptor-like cells (iPRCs).

To evaluate the expression of molecular markers for PRCs, we cultured iPRCs until day 28 and conducted
gPCR analysis on day 7, 14, 21, and 28 (Figure 1B). The expression of RCVRN was significantly upregulated
in just 14 days and that it was further enhanced on day 28. Meanwhile, increased mRNA expression of neural
retina-specific leucine zipper (NRL), rhodopsin (RHO), and cone arrestin (CAR) was observed on day 28 (Fig-
ure 1C). Immunocytochemistry (ICC) was performed on day 28 to confirm the immunostaining of each PRC
marker with iPRCs (Figure 1D). The differentiation rates of RCVRN-positive, NRL-positive, RHO-positive,
and CAR-positive cells were 344 + 37%, 21.8 + 1.4%, 2.9 + 0.7%, and 18.1 + 0.5%, respectively
(mean £ SEM, n = 3). These results indicated that photoreceptor precursors expressing RCVRN were pro-
duced within 14 days and both rod and cone cell differentiation continued to progress from day 14-28.

To evaluate the reproducibility of the direct conversion method, we differentiated two other iPSC clones
and one embryonic stem cell (ESC) clone for 28 days and performed immunostaining with photoreceptor
markers and the percentages of photoreceptor marker-positive cells were analyzed. We confirmed similar
differentiation rates were obtained in each marker with three different healthy iPSCs and ESCs (Figure STA
and S1B). In this way, we succeeded in producing photoreceptor-like cells from human iPSCs by the intro-
duction of CRX and NEUROD1.

Single-cell RNA sequencing of generated cells

Subsequently, single-cell RNA sequencing (scRNA-seq) was conducted to reveal the transcriptome of
iPRCs on day 28. Seven groups of transcriptomically similar cells were identified (Figure 2A). Photoreceptor
cell-specific markers (NRL and GNB3; encoding cone G protein subunit beta 3) (Arno et al., 2016)-positive
cells were detected in cluster 3 (Figure 2B)). Furthermore, the expression of genes regulating photore-
ceptor specification and those encoding molecules associated with phototransduction were not only domi-
nantly identified in cluster 3 but also in other clusters (Figures 2C and S2A); NRL and nuclear receptor sub-
family 2 group E member 3 (NR2E3) play a role in rod specification, and retinoid X receptor gamma (RXRG)
is a key regulator for cone differentiation (Swaroop et al., 2010). Important components in the phototrans-
duction cascade in both rod and cone photoreceptor cells include G protein subunit gamma transducin 1
(GNGT1) and G protein subunit beta 3 (GNB3) encoding G protein transducin subunit in rod and cone
cells, respectively, and phosphodiesterase 6A (PDE6A) and phosphodiesterase 6H (PDE4H) encoding
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Figure 2. Single-cell RNA sequencing of generated cells

(A) tSNE plot shows the infomap clusters with iPRCs on day 28. Each point represents the transcriptome of a single cell.

(B) Highly expressed genes (row) in each cluster (column) are shown.

(C) The expression levels of representative photoreceptor cell markers in individual cells in each cluster are presented. Each point represents the
transcriptome of a single cell in each cluster.

phosphodiesterase in rod and cone cells, respectively (Figure 2C). Therefore, we found that many retinal
disease-related genes, most of which are crucial to photoreceptor functions, were expressed in the gener-
ated cells on day 28.

Meanwhile, differentiated cells expressing representative Horizontal cell markers (one cut homeobox 1
(ONECUT1) and LIM homeobox 1 (LHX1)) or Amacrine cell markers (transcription factor AP-2 (TFAP2)
and glutamate decarboxylase 2 (GAD2)) were dominantly identified in cluster 7 (Figure S2B).

iPRCs-contained functional cyclic nucleotide-gated (CNG) cationic channels

Calcium imaging was performed to examine whether iPRCs contained the functional machinery necessary
for phototransduction. We tested their ability to exhibit an inward dark current corresponding to an influx
of sodium (Na*) and calcium (Ca®") via cyclic nucleotide-gated (CNG) cationic channels by a membrane-
permeant cGMP analogue (8-Br-cGMP), as previously described (Mellough et al., 2015) (Reichman et al.,
2017). Ca®* indicator Fluo-8 was loaded to iPRCs on day 28 and its influx was monitored with live confocal
imaging. When exposed to 8-Br-cGMP, some of the Fluo-8-loaded iPRCs showed Ca®" influx with
increased intracellular fluorescence (Figures 3A and 3B). The average fluorescence variation during the
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Figure 3. Calcium imaging with induced photoreceptor-like cells (iPRCs) on day 28

(A) Representative confocal images of Fluo-8-AM-loaded induced photoreceptor-like cells (iPRCs) before (left) and during (right) cGMP analogue (8-Br-
cGMP) application. White arrowheads indicate a responsive cell (#1) and a non-responsive cell (#2), respectively. Scale bars, 50 pm.

(B) The raw traces of fluorescence intensity are displayed. The numbers correspond to those in Figure 4A. iPRC #1 exhibited approximately 31.1% of increase
in intracellular fluorescence by 8-Br-cGMP exposure, whereas iPRC #2 did not show a significant change.

(C) The dot plot represents the average of each change in fluorescence intensity by the addition of the vehicle or 8-Br-cGMP. Eighty iPRCs were randomly
picked up from three independent experiments. Unpaired t-test was used for statistical comparison (*p < 0.05).

(D) Immunostaining of cyclic nucleotide-gated (CNG) cationic channels was observed in iPRCs. Scale bar, 50 pm.

recording of eighty iPRCs was 8.5 & 1.5% and it was significantly larger than the change induced by vehicle
injection (0.33 £ 0.49%) (Figure 3C). In particular, several iPRCs exhibited robust Ca?* influx, showing more
than 30% change from baseline fluorescence. We also performed ICC for the CNG channel and confirmed
its staining (Figure 3D).

scRNA-seq analysis detected the expression of CNGs in iPRCs (Figure S2A). CNGA1 forms a heterote-
tramer with CNGB1 in rod photoreceptors, whereas CNGA3 and CNGB3 are expressed in cone photore-
ceptors (Podda and Grassi, 2014). The intensity changes in fluorescence depend on the expression levels
and the combinations of any of CNGA1, CNGB1, CNGA3, or CNGB3 expressions (Komuta et al., 2016).
These results demonstrated that iPRCs presented the functional property with CNG cationic channels.

Light-induced cell damage was inhibited by an antioxidant compound

To apply iPRC to study photoreceptor diseases, we constructed a light-induced phototoxicity model using
iPRCs (Figure 4A). On day 27, the medium was changed to one without Phenol Red to avoid light absorp-
tion and it was supplemented with 9-cis-Retinal vitamin A analog to activate the phototransduction
cascade (Seko et al., 2014) (Cowan et al., 2020) (Figure 4B). One hour after compound treatment, iPRCs
were exposed to white LED light for 24 hours and the number of cells expressing photoreceptor markers
were evaluated with ICC. The number of RCVRN-positive cells did not differ between iPRCs cultured in the
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Figure 4. Effects of light on the cell viability of induced photoreceptor-like cells (iPRCs)

(A) White LED light was exposed to cells cultured in a 24-well plate at 37°C in a standard 5% CO; incubator.

(B) The outline shows the experimental procedures. 9-cis-Retinal vitamin A analog was supplemented 4 hours before the
beginning of light stimulation. One hour after iPRCs were treated with vehicle (DMEM), N-acetylcysteine (NAC), or Z-VAD-
FMK, iPRCs were exposed to white LED light for 24 hours.

(C) The number of RCVRN or RHO-positive cells per field was analyzed under each culture condition. Error bars are SEM of
36 fields. *p < 0.05, one-way ANOVA.

dark and under light exposure. However, the number of RHO expressing iPRCs was significantly decreased
by light exposure, compared to controls cultured in a dark state (Figure 4C). Under the light condition, the
loss of RHO-positive cells was inhibited by an antioxidant, T m M N-acetylcysteine (NAC) treatment,
whereas 0.1 mM NAC was not effective for suppressing cell death.

3D-structure formation improved the differentiation of iPRCs

Subsequently, we investigated whether the 3D-structure formation of iPRCs promotes the photoreceptor
differentiation (Figure S3A). Floating culture of iPRC bodies (FiPBs) were cultured until day 28 (Figure S3B).
ICC following cryosectioning demonstrated the intriguing staining pattern of photoreceptor markers.
RCVRN and RHO were diffusely distributed throughout the aggregates (Figure S3C). The percentage of
positive cells for RCVRN or RHO was 44.2 + 4.2% or 6.0 + 0.9%, respectively (n = 8 fields from 4 FiPBs).
We also conducted gPCR analysis to compare the differentiation status with adherent cultured iPRCs.
Although the expression levels of RCVRN and NRL were not significantly different, the expression levels
of both RHO and CAR were elevated in FiPBs, suggesting that 3D formation brought the progression of
both rod and cone cell differentiations (Figure S3D). We also examined the effect of high oxygen treatment
(40%), expecting further improvement of photoreceptor differentiation. FiPBs were cultured under normal
or high oxygen conditions and the photoreceptor marker expression levels were compared by gPCR anal-
ysis on day 28. However, the expressions of photoreceptor markers including RHO and CAR were
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Table 1. Comparison of methods for photoreceptor cell generation

Number of Duration to
experimental RCVRN-positive

Cell source Scalability Transcriptional factors steps cells (days) Reference
This study iPSC Unlimited CRX, NEUROD1 1 <14 -
Conventional methods
2D culture iPSC Unlimited (-) 5 <90 Takahashi and
Yamanaka (2006)
3D organoid iPSC Unlimited (-) 3 50 Megaw et al. (2017)

Parfitt et al. (2016)
Schwarz et al. (2017)

Direct reprogramming Iris-derived cell Limited CRX, NEUROD1 1 <7 Seko et al. (2012)
Direct reprogramming  Dermal fibroblast Limited CRX, NEUROD1, RAX, (OTX2) 1 <14 Seko et al. (2014)
Direct reprogramming PBMC Limited CRX, (NEUROD1, RAX) 1 N/A Komuta et al. (2016)
Direct reprogramming  Dermal fibroblast Limited Five compounds 2 <10 Mahato et al. (2020)

Fetal lung fibroblast

PBMC: peripheral blood mononuclear cell.

remarkably reduced (Figure S3D). We confirmed that high oxygen concentration did not contribute to pro-
moting the differentiation status in FiPBs.

The late steps of photoreceptor maturation take place autonomously via intrinsic factor release, whereas
the addition of extrinsic compounds largely affects differentiation in the early stages (Achberger et al.,
2019). Meanwhile, self-organization in 3D culture is driven via an intrinsic program of the orchestrated local
cellular interactions (Nakano et al., 2012). Our findings indicated that intrinsic factor release and more
robust cellular interaction probably contributed to the differentiation of FiPBs.

DISCUSSION

We developed a method to generate photoreceptor-like cells from human iPSCs by forced expression of
two transcription factors. Table 1 summarizes the comparison of methods to generate PRCs. In contrast to
previous direct reprogramming methods, we used iPSCs as a cell source and employed piggyBac trans-
poson system. Our simple method enabled us to supply reproducible and unlimited numbers of PRCs
with one step. Generated iPRCs exhibited their functional property with the expression of phototransduc-
tion-associated genes. Furthermore, they provided a useful application for disease modeling and drug
discovery.

For differentiation toward PRCs, two transcription factors, CRX and NEUROD1, were introduced into iPSCs.
Ectopic expression of CRX failed to produce a rod-like epigenome, suggesting that CRX is not a pioneer
transcription factor that can bind to fully closed sites to induce de novo chromatin remodeling for cell fate
specification (Ruzycki et al., 2018). In the current study, CRX and NEUROD1 were sufficient for iPSCs to
differentiate to photoreceptor cells, indicating that NEUROD1 contributes to chromatin remodeling and
enables CRX to bind to the promoter of rod and cone genes and activate their expression via its transacti-
vation domain. In addition, this demonstrates that the potential tendency of iPSCs to differentiate toward
PRCs is higher than that of dermal fibroblasts, because the expression of retina and anterior neural fold ho-
meobox (RAX) is required for the induction of photoreceptors from dermal fibroblasts (Seko et al., 2014).

CRXis a homeodomain transcription factor that plays a key role in both rod and cone photoreceptor devel-
opment and maintenance (Chen et al., 1997; Furukawa et al., 1997). It is described that CRX interacts with
NRL for leading rod differentiation, and the cells expressing only CRX are committed to cone photore-
ceptor fate (Oh et al., 2007). In Crx-deficient mice, photoreceptors are generated but failed to express
many phototransduction genes (Furukawa et al., 1999). In this study, scRNA-seq analysis showed crucial
transcription factors for photoreceptor differentiation; in addition, a series of phototransduction molecules
in both rod and cone photoreceptor cells were detected.
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Meanwhile, scRNA-seq analysis also revealed that differentiated cells expressed representative markers of
other retinal neuronal cells such as Horizontal or Amacrine cells. NEUROD1 has been described as a regulator
of both rod (Morrow et al., 1999) and cone photoreceptors (Liu et al., 2008) during retinal development. In
addition, it is primarily a pioneer transcriptional factor that plays a crucial role in neurogenesis (Egawa
et al., 2020) and is involved in the determination of Horizontal and Amacrine cells (Xiang, 2013). These reports
supportthe finding in our study that retinal cells other than photoreceptors are included in the generated cells.

The advantages of primary retinal cultures created from several mammalian donors and 3D organoids are
their anatomical similarity to the human retina and that they contain other retinal cells. This can facilitate
recapitulating in vivo development more closely and utilizing it as complex disease modeling in vitro (Os-
wald and Baranov, 2018). In contrast, photoreceptor cell lines, represented by an immortalized mouse cone
photoreceptor cell, 661W do not provide an architecture of native tissue and functional influence of other
retinal cell types, rather they facilitate the evaluation of isolated cells. In previous reports, 661W was used as
RD models for studying light-induced damage (Kuse et al., 2015), photooxidative stress (Kanan et al., 2008),
ciliopathy (Wheway et al., 2019), and other conditions. To confirm whether iPRCs are useful for such models,
we evaluated light-induced cell death with iPRCs. The mechanism of retinal photoreceptor cell damage
induced by light has not been fully understood yet. However, the only known common mechanism is the
dependence on the Rhodopsin molecule (Joly et al., 2009) and the increase in reactive oxygen species
(ROS) following light exposure is one of the major factors causing photoreceptor cell death (Dunaief,
2002). In the current study, although RCVRN-positive cells were not affected, the number of iPRCs with
RHO expression was drastically decreased by light exposure. In addition, light-induced cell death was in-
hibited by NAC treatment. NAC was reported to protect against light-induced cellular damage by sup-
pressing ROS generation (Kuse et al., 2015). In iPRCs, RHO was bleached by intense and persistent light
stimulation and this led to several downstream mechanisms including ROS increase. In addition, because
RCVRN-positive cells included more immature cells without RHO expression, significant phototoxicity was
probably not observed. These results demonstrated that iPRCs generated by this simple approach would
provide a useful application for disease modeling and drug discovery.

To summarize, we report a direct conversion method using transcription factors to produce photoreceptor-
like cells from human iPSCs. We could obtain these cells with one step. Our simple approach significantly
reduced the efforts required to generate PRCs and will provide a powerful method for diverse applications
including the modeling and drug discovery of RDs.

Limitations of the study

There are some technical limitations. First, we were not able to obtain photoreceptor cells with ultrastruc-
ture including an outer segment (OS). Nevertheless, it is still difficult to generate a robust and functional OS
structure by other protocols, even if the differentiation period is extended. It may be beneficial to further
improve the introduced transcription factors or culture conditions for further promotion of the differenti-
ation status. Second, iPRCs probably consist of various cells at different differentiation stages. According
to previous reports, CD73, CD29, or fucosyltransferase 4 (FUT4) were suitable markers for selecting photo-
receptor precursors; however, there is no effective strategy to purify more differentiated PRCs expressing
RHO or cone opsins (Gagliardi et al., 2018) (Lakowski et al., 2018). In fact, transgenic Nrl-GFP mouse was
used for purifying rod cells (Mahato et al., 2020). The powerful methods of purifying PRCs will facilitate
this direct conversion method for its application to compound screening and other practical situations.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Mouse monoclonal anti-CNG Channel GeneTex Cat#GTX79456; RRID: AB_11167547

Rabbit polyclonal anti-CONE ARRESTIN
Goat polyclonal anti-NRL
Rabbit polyclonal anti-RECOVERIN

Merck Millipore
R&D systems

ProteinTech

Cat#AB15282; RRID: AB_1163387
Cat#FNK-AF2945; RRID: AB_2155098
Cat#10073-1-AP; RRID: AB_2178005

Mouse monoclonal anti-RHODOPSIN Sigma Aldrich Cat#04886; RRID: AB_260838
Goat anti-rabbit Alexa- 488 Thermo Fisher Scientific Cat#A11034
Goat anti-mouse Alexa- 488 Thermo Fisher Scientific Cat#A11029
Goat anti-mouse Alexa- 594 Thermo Fisher Scientific Cat#A11032
Donkey anti-goat Alexa- 594 Thermo Fisher Scientific Cat#A11058
Chemicals, peptides, and recombinant proteins
Doxycycline TAKARA Cat#631311
9-cis-Retinal Cayman Cat#21692
N-acetylcysteine Wako Cat#015-05132
Z-VAD-FMK Peptide Institute Cat#3188-v
Critical commercial assays
miRNeasy Mini Kit (50) QUIAGEN Cat#217004
SuperScript™ VILO™ MasterMix Thermo Fisher Scientific Cat#11755050
TagMan® Gene expression Master Mix Thermo Fisher Scientific Cat#4369016
Lipofectamine LTX Reagent Thermo Fisher Scientific Cat#15338100
Pluronic F-127 Sigma-Aldrich Cat#P2443
Fluo-8 AM AAT Bioquest Cat#21080
8-Br-cGMP Sigma-Aldrich Cat#B1381
Deposited data
Single-cell RNA sequencing data This paper, deposited at NBDC/GEA J-DS000586
Experimental models: Cell lines
Human iPSCs RIKEN BioResource Research Center HPS1042
HPS1749
HPS0063
Human ESCs WiCell H9
Recombinant DNA
KW110_PB_TA_ERN (Efta_rtTA_neo) vector Kim et al., 2015 Addgene; Plasmid #80474

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Haruhisa Inoue (haruhisa.inoue@riken.jp).

Materials availability

Antibodies, and other reagents used in this study were commercially available, and company and catalog
numbers were provided in supplemental information. Plasmids generated on this study are available from

the corresponding author on request.
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Data and code availability

@ Single-cell RNA sequencing data have been deposited at National Bioscience Database Center (NBDC)
and Genomic Expression Archive (GEA) under application number J-DS000586 (https://biosciencedbec.
jp/en/).

® This study did not generate novel computer code/ software.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
iPS and ES cell lines and maintenance

The use of iPSCs and ESCs was approved by the Ethics Committees of RIKEN BioResource Research Center
and department of Medicine and Graduate School of Medicine of Kyoto University. The data on human
iPSCs and ESCs used in the present study are shown in Table S1. Human iPSCs were maintained on laminin
(iMatrix-511; TAKARA, Kusatsu, Japan) in StemFit AKO2N medium (Ajinomoto, Tokyo, Japan) at 37°Cin a
standard 5% CO, incubator, according to a published protocol (Nakagawa et al., 2015), with slight modi-
fications. Passages were performed every seventh day. Prior to passaging, culture plates were coated with
laminin in phosphate buffered saline (PBS) at 37°C for at least one hour. iPSC colonies were treated with
TrypLE Select Enzyme (Thermo Fisher Scientific, Waltham, MA) at 37°C for four minutes (min) and dissoci-
ated into single cells by gentle pipetting. The dissociated iPSCs were suspended in StemFit medium and
counted with Countess Il Automated Cell Counter (Thermo Fisher Scientific). The single-cell iPSC suspen-
sion was plated at a density of 13,000 cells per well and cultured in StemFit medium with 10 uM Y-27632
Rock inhibitor (Nacalai-Tesque, Kyoto, Japan). The medium was changed to StemFit without Y-27632 on
the following day and then further changed every other day. ESCs were cultured as well as iPSCs.

METHOD DETAILS

Preparation of a piggyBac vector and introduction into iPSCs

Polycistronic vectors were generated, containing murine cytomegalovirus (MCMV) promoter, CRX and
NEUROD?1 under control of the tetracycline operator rtTA and neomycin resistance gene with the
KW110_PB_TA_ERN (Ef1a_rtTA_neo) vector backbone (Kim et al., 2015). The plasmid was gifted from Knut
Woltjen (Addgene plasmid # 80474). For transfection purpose, iPSCs were seeded on laminin coated 6-well
plates at a density of 13,000 cells per well. The cells were grown for three days and transfected with 1.75 pg
of DNA using Lipofectamine LTX Reagent (Thermo Fisher Scientific) according to the manufacturer’s instruc-
tions. The following day, culture medium was changed to StemFit medium. After clone selection using
neomycin (G418 Sulfate; Sigma-Aldrich, St. Louis, MO), stable iPSC and ESC clones were established.

Photoreceptor-like cell differentiation from human iPSCs

For differentiation toward photoreceptor-like cells, we used differentiation media based on the previous re-
ports (Kuwahara et al, 2015), containing DMEM/F12 - Glutamax (Thermo Fisher Scientific), 1% N2 supplement
(Thermo Fisher Scientific), 10% Fetal Bovine Serum (FBS; Thermo Fisher Scientific), 0.5 uM RA (Sigma-Aldrich),
and 0.1 mM taurine (Sigma-Aldrich). CRX and NEUROD1 introduced iPSCs were dissociated with TrypLE
Select and plated on laminin-coated 6-well plates at a density of 150,000 cells per well, with the medium con-
taining 10 uM Y-27632. At this point, T ng/ml doxycycline (TAKARA) was added to the medium until three days
before any analysis. After overnight incubation, the medium was changed to fresh medium without Y-27632,
and half of the medium was changed every 2-3 days. ESCs were differentiated as well as iPSCs.

For the formation of 3D structure, iPSCs were dissociated into single cells in TrypLE select and re-aggre-
gated using low-cell adhesion 96-well plates with V-bottomed conical wells (Sumilon PrimeSurface plate;
Sumitomo Bakelite, Tokyo, Japan) in differentiation medium (12,000 cells per well, 100 ul) supplemented
with 20 uM Y-27632 under 5% CO, at 37°C (defined as day 0). On culture day 3, 50 pL medium was added
to the culture. From day 5, half of the medium was changed every 2-3 days.

Reverse transcription quantitative polymerase chain reaction (RT-qPCR)

Total RNAs were extracted using RNeasy PlusMini Kit (QIAGEN, Hilden, Germany) according to the man-
ufacturer’s protocol. RNA yields and quality were checked with a NanoDrop spectrophotometer (Thermo
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Fisher Scientific). Complementary DNA (cDNA) was synthesized from 2 pg of mRNA using SuperScript™
VILO™ MasterMix (Thermo Fisher Scientific) following the manufacturer’'s recommendations. Synthesized
cDNA was diluted at 1/9 in DNase-free water before performing quantitative PCR. gPCR analysis was per-
formed on QuantStudio™ 12K Flex Real-Time PCR System (Thermo Fisher Scientific) with custom
TagMan® Array 96-Well Fast plates and TagMan® Gene expression Master Mix (Thermo Fisher Scientific)
according to the manufacturer’s instructions. All primers and Minor Groove Binder (MGB) probes labeled
with fluorescein (FAM) for amplification were purchased from Thermo Fischer Scientific (Table S2). Results
were normalized against glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and quantification of
gene expression was based on the Delta Delta Ct Method in three independent biological experiments.

Immunocytochemistry (ICC)

Cells were fixed in 4% paraformaldehyde (PFA) for 15 min at room temperature, washed with PBS and per-
meabilized in PBS containing 0.2% Triton X-100 for 30 min at room temperature, and incubated with block
reagent (Block Ace; Yukijirushi, Tokyo, Japan). After incubation with primary antibodies overnight at 4°C,
cells were washed three times with PBS and incubated with appropriate secondary antibodies for one hour
at room temperature. Cell images were acquired with FLUOVIEW FV3000 (Olympus Life Science, Tokyo,
Japan) or IN Cell Analyzer 6000 (GE Healthcare, Chicago, IL). The numbers of cells were quantified with
IN Cell Analyzer 6000 and IN CELL Developer toolbox software 1.9. The primary antibodies used in this
assay were listed in Table S3.

The immunostaining procedure for the 3D structure was performed by the following steps. Aggregates
were fixed with 4% PFA for 15 min at room temperature and incubated in 30% sucrose in PBS overnight
at 4°C for cryo-protection. The fixed aggregates were embedded in OCT compound (Sakura Finetek,
Tokyo, Japan) and stored at -80°C. Cryo-sections of 12 um thickness were made with a Cryostat (Leica, Wet-
zlar, Germany). Samples were permeabilized with 0.3% Triton X-100 in PBS-T (PBS with 0.1% Tween 20) for
15 min and incubated with block buffer for one hour at room temperature. They were incubated with pri-
mary antibodies dilated in blocking buffer at 4°C overnight, followed by incubation with secondary anti-
bodies conjugated with Alexa 488, 594 and DAPI at room temperature for one hour.

Single-cell RNA sequencing

Two dimensional iPRCs on day 28 were collected with Accumax Cell/Tissue Dissociation Solution (Lagen
Laboratories, Rochester, Ml) at 37°C for 10 min. The dissociated cells were suspended in PBS containing
10 UM Y-27632 and 0.1% BSA, which was then immediately followed by a library preparation targeting single
cells using the Chromium Next GEM Single Cell 3’ Reagent Kits v3.1 (10X Genomics, CA) according to the
manufacturer’s instructions. Six thousand cells were analyzed, and the library was sequenced on NovaSeq
6000 (Illumina, San Diego, CA). Cell-specific FASTQ files were generated by deconvolution of UMIs and cell
barcodes using bcl2fastq 2.20.0.422 (lllumina). Alignment to the human reference genome GRCh38 and UMI
counting were conducted by Cell Ranger v6.1.1 pipeline (10xGenomics). Data analysis including t-distrib-
uted Stochastic Neighbor Embedding (tSNE) were implemented in the Seurat package v3.2.3.

Calcium imaging

For functional analysis, iPRCs on day 21 were collected using Accumax Cell/Tissue Dissociatetion Solution
at 37°C for five min and dissociated into single cells by gentle pipetting. The dissociated cells were sus-
pended in the differentiation medium with 10 uM Y-27632, counted and plated on laminin-coated p-dish
(ibidi, GmbH, Gréafelfing, Germany) at a density of 200,000 cells in 100 pL per dish. The medium was
changed to differentiation medium without Y-27632 on the following day and doxycycline was removed
on day 25.

After PBS wash, iPRCs on day 28 were exposed to differentiation medium containing 0.05 % Pluronic F-127
(Sigma-Aldrich) and 5 pm Fluo-8 AM (AAT Bioquest, Sunnyvale, CA) at 37°C for 30 min. Cells were washed
with PBS three times and changed to Neurobasal Minus Phenol Red (Thermo Fisher Scientific). Fluores-
cence intensity of iPRCs was monitored using Nikon A1R MP microscopy (Nikon, Tokyo, Japan). As control,
the medium without cGMP analogue was applied and the trace of fluorescence was recorded. For each
measurement, 30-second baseline activity was recorded before cGMP analogue (8-Br-cGMP; Sigma-Al-
drich) was added at a final concentration of 100 pM. Fluorescence change was analyzed with NIS-Elements
AR Analysis software using the formula of 4f/ f, where f was the average cellular fluorescence during base-
line activity and 4f was the change from baseline fluorescence.
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Light-induced cell death analysis

Differentiated cells were replated into laminin-coated 24-well plates at a density of 50,000 cells per well on
day 14. After overnight incubation, the medium was changed to fresh medium without Y-27632. Half of the
medium was changed every 2-3 days and doxycycline was removed on day 25. On day 27, the medium was
changed to DMEM/F12, no phenol red (Thermo Fisher Scientific) supplemented with 1% N2 supplement,
0.5 uM RA, 0.1 mM taurine to prevent nutrients from degrading. To activate the phototransduction
cascade, 9-cis-Retinal vitamin A analog (Cayman Chemical, Michigan, CA) was added to the media four
hours before light exposure (final concentration: 10 pM). After iPRCs were treated with N-acetylcysteine
(NAC) (Wako, Osaka, Japan) or 25uM Z-VAD-FMK (Peptide Institute., Osaka, Japan) or vehicle (phenol
free DMEM), the cells were incubated for 1 hour. The cells were then exposed to 10,000 lux white LED light
under 5% CO, at 37°C for 24 hours. Dark control cells were all from the same stock and were cultured simul-
taneously in another incubator. We confirmed that medium temperature did not affect the cell viability by
thermometer measurements. Following light exposure, cells were fixed in 4% PFA for immunostaining.

QUANTIFICATION AND STATISTICAL ANALYSIS

We conducted the experiments with biological triplicates and data are expressed as mean + standard er-
ror of mean (SEM). Results were analyzed using one-way analysis of variance (ANOVA) followed by Dun-
nett’s post hoc test or unpaired t-test to determine statistical significances of the data. All analyses were
performed using statistical software (SPSS Statistics 19; SPSS, Inc., Chicago, IL), and statistical significance
was defined as p < 0.05.
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