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Background: The BMP signaling pathway plays a key role in growth, differentiation and patterning
during neural development. Recent work on the generation of a self-organization of three-dimensional
retinal organoid (3D-retina) from human pluripotent stem cells (hPSCs) revealed that addition of
recombinant human BMP4 (rhBMP4) promotes retinal differentiation in the early neural differentiation
stage. For clinical application, efficient differentiation from hPSCs to retinal cells with minimal numbers
of off-target non-retinal cells is desirable. We therefore aimed to further improve an efficient retinal
differentiation method for future up-scaling of cell production.
Methods: hPSCs were differentiated into 3D-retina using a modified SFEBq method. The effect of rhBMP4
with or without Checkpoint kinase 1 (Chk1) inhibitor (PD407824), a modulator of BMP signaling
pathway, at day 3 was compared by characterizing the differentiating 3D-retina by the use of the hPSCs
and immunohistochemical analysis.
Results: The Chk1 inhibitor treatment promoted retinal differentiation from hPSCs, in combination with
low-concentration rhBMP4. Addition of a Chk1 inhibitor generated a unique type of organoid with neural
retina (NR) encapsulated in retinal pigment epithelium (RPE), possibly by promoting phosphorylation of
SMAD1/5/9 in the cells inside the early aggregates. We confirmed that the Chk1-inhibitor-treated hPSC-
3D-retina differentiated into rod and cone photoreceptor precursors and other types of retinal neurons,
in long-term culture.
Conclusions: In this study, we found that combined use of rhBMP4 and a Chk1 inhibitor cooperatively
promoted retinal differentiation from hPSCs. Our new retinal differentiation method is a promising
option for the stable supply and up-scaling of production of 3D-retina for future cell therapy.

© 2021, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. All
rights reserved.
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1. Introduction

Retinitis pigmentosa (RP) is a group of inherited, progressive
diseases with photoreceptor degeneration that leads to loss of
vision. Retinal transplantation is a possible therapeutic option for
retinal degeneration with a severe loss of photoreceptors, and has
been studied using laboratory animals [1e3]. Several clinical re-
searches using fetal retina were performed during 1990se2000s
[4e6]. These studies provided clinical evidence of the safety of
retinal transplantation, with possible potential for therapeutic
sting by Elsevier B.V. All rights reserved.
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benefits, but stable preparation of donor retinal tissue was still a
major limitation in order to further assess treatment efficacy.

Human embryonic stem cells (hESCs) and induced pluripotent
stem cells (hiPSCs) have great potential as an unlimited cell source
of graft preparation. Eiraku et al. and Nakano et al. reported gen-
eration of a self-organizing 3D-retina derived from mouse and
human ESCs, respectively, a major breakthrough in the clinical
application of retinal transplantation [7,8]. Later, we reported that
timed exogenous recombinant human BMP4 (rhBMP4) treatment
in the early neural differentiation stage promoted highly selective
retinal differentiation [9]. Other groups also reported the use of
rhBMP4 for retinal differentiation, suggesting that BMP signaling
pathway plays a key role in inducing retinal cells from human
pluripotent stem cells (hPSCs) [10e12]. Recently, we optimized our
method for retinal differentiation from feeder-free hPSCs, by pre-
conditioning initial hPSC-state by modulating the levels of TGF-b
superfamily signaling pathways and the sonic hedgehog signaling
pathway [13]. Using these methods, the 3D-retina self-formed
continuous retinal epithelium that differentiate into the neural
retina (NR) and retinal pigment epithelium (RPE).

Several groups including ours have demonstrated that hPSC-
derived retinal tissue sheet (‘retinal sheet’, hereafter) trans-
plantation results in graft integration into the host retina with
functional recovery, using end-stage retinal degenerationmodels in
mice, rats and monkeys [14e19]. We recently demonstrated that
hPSC-derived 3D-retina have low immunogenicity and immuno-
suppressive properties, a finding that is also advantageous for
transplantation therapies [20]. These reports suggest the possible
utility of hPSC-derived 3D-retinas in clinical usage intending to
reconstitute retinal circuits.

For clinical application, an efficient and robust retinal differenti-
ation method is important to prepare high-quality grafts. In general,
some small molecules are more stable in solution than recombinant
growth factors or trophic factors and their effect is highly repro-
ducible. In addition, the regular use of rhBMP4 is expensive. We thus
aimed to develop an improved retinal differentiation protocol for the
efficient production of a 3D-retina, with reduced use of rhBMP4, to
accommodate scaled-up cell production in the future. We focused to
regulate Checkpoint kinase 1 (Chk1) during retinal differentiation.
Chk1 was first identified as a serine/threonine cell cycle regulatory
kinase that responds to DNA damage [21]. Chk1 inhibitor (Chk1i)
have beenwell studied in cancer treatment that usesmonotherapyor
combination therapies [22]. Recently, Feng et al. identified a new role
of Chk1i where it cooperated with rhBMP4 in promoting differenti-
ation of mesoderm or cytotrophoblast stem cells from hESCs [23].
This report suggested that Chk1i PD407824 (PD) increased the
sensitivity of cells to sub-threshold concentration of rhBMP4 during
hESC differentiation. Therefore, Chk1i may have great potential to
modulate the fate of various stem/progenitor cells in combination
with the BMP signaling pathway. Our new method that uses timed
treatment with the PD caused hPSCs to differentiate efficiently into a
3D-retina at a lower concentration (0.15 nM) of rhBMP4, compared to
our previous protocol. Interestingly, 1.5 nM rhBMP4 and Chk1i
treatment generated NR-RPE organoids with NR tissue encapsulated
within the RPE, possibly by enhancing BMP signaling in the inner
cells of the early aggregates.

2. Materials and methods

2.1. Maintenance of human ESCs and iPSCs

hESCs (KhES-1) that express Venus under the control of the Rx
promoter [8] were used according to the hESC research guidelines of
the Japanese government, and cultured at RIKEN. hiPSCs (1231A3)
were established by Kyoto University and derived from ePBMC(R)
25
purchased from Cellular Technology Limited (http://www.
immunospot.com/), and provided by Kyoto University [24]. hESCs
and hiPSCsweremaintained in StemFitmedium (Ajinomoto, Japan) in
six-well tissue culture plates (AGC Techno Glass, Japan) coated with
LM511-E8 matrix (iMatrix511, Matrixome, Japan) as previously
described [24]. The mediumwas changed (1.5e2 mL/well) every 1e2
days until approximately 70e80% confluence was reached. After
washing with PBS, cells were enzymatically passaged using TrypLE
Select Enzyme (Thermo Fisher Scientific) and 1.0e1.2� 104 cells were
plated in each well of six-well, LM511-E8 coated plates containing
StemFitmediumwith10mMY-27632 (WakoPureChemical Industries,
Japan). From the following day, the medium was replaced to StemFit
mediumwithout Y-27632. All cellswere cultured at 37 �Cwith 5%CO2.

2.2. Chemicals used in combination with rhBMP4

SB-4 (#6881) and PD407824 (#2694) were purchased from R&D
Systems. SJ0002919 was purchased from SigmaeAldrich
(#SML2087). These compounds were dissolved in DMSO (Wako)
and stored at �30 �C.

2.3. Retinal differentiation from human ESCs and iPSCs

hESCs and hiPSCs were differentiated into a 3D-retina using a
modified “serum-free floating culture of embryoid body-like ag-
gregates with quick reaggregation (SFEBq)”method combined with
preconditioning as we previously reported [9,13,20]. For one day
prior to differentiation, hESCs and hiPSCs were treated with 5 mM
SB431542 (TGF-b receptor inhibitor, Wako Pure Chemical In-
dustries) and 300 nM SAG (smoothened agonist, Enzo Biochem) in
StemFit medium as described previously [13]. The following day,
hESCs and hiPSCs were placed in differentiation medium (gfCDM)
supplemented with Y-27632 and SAG in low-cell-adhesion, 96-well
V-bottomed plates (Sumilon Prime Surface plate: Sumitomo
Bakelite; 1.2 � 104 cells/well). The differentiation medium (gfCDM)
comprised Ham's F12 (Thermo)/Iscove's modified Dulbecco's me-
dium (Thermo) 1:1, 10% KSR (Thermo), 1% Chemically defined lipid
concentrate (Thermo) and 450 mM Monothioglycerol (Sigma). At
day 3, rhBMP4 and 1 mM PD (Chk1i) were added to the differenti-
ation medium. The rhBMP4 and 1 mM PD concentration were
reduced in a step-wise manner by replacing half the medium. The
differentiation mediumwas changed every 3e4 days until the next
induction-reversal culture step. Induction-reversal culture and
long-term maturation culture were performed as described
[9,13,20] (WO2019017492A1, WO2019054514A1).

2.4. Immunohistochemistry and imaging

Immunohistochemistry protocols were performed as previously
described [20]. The differentiated 3D-retinas were fixed with 4%
paraformaldehyde (Wako Pure Chemical Industries) at 4 �C for
15 min and washed with PBS, and then equilibrated in 20% sucrose/
PBS solution at 4 �C overnight. 3D-retina were embedded in OCT
compound (Sakura Finetek Japan), and sectioned at 12 mm thick-
ness using a cryostat (Leica Camera). Sections were treated with or
without heat-induced epitope retrieval using citrate buffer. Primary
antibodies used in this study are summarized in Table 1. All images
were obtained using TSC SP-8 (Leica Camera) or LSM880 (Carl
Zeiss) laser scanning confocal microscopes. Images were processed
using Imaris and Zen Blue (Carl Zeiss) imaging software.

2.5. Statistical analysis

Statistical analyses were performed with Excel software. Data
represent mean ± s.e.m.
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Table 1
Antibodies.

Antigen Host Source Cat No. RRID Dilution

Brn3 Goat Santa Cruz Biotechnology sc-6026 AB_673441 1:200
Calbindin Rabbit Abcam ab108404 AB_10861236 1:500
Chx10 Mouse Santa Cruz Biotechnology sc-365519 AB_10842442 1:500
Chx10 Sheep Exalpha Biologicals X1180P AB_2314191 1:500
Collagen-IV Rabbit Abcam ab6311 AB_305414 1:500
Crx Rabbit Takara Bio Inc. M231 1:500
EphrinB2 Goat R&D Systems AF496 AB_2095679 1:500
Laminin Rabbit Abcam ab-11575 AB_298179 1:500
Mitf Mouse Exalpha Biologicals X2398M 1:500
Nrl Goat R&D Systems AF2945 AB_2155098 1:500
Ki67 Rabbit R&D Systems MAB7617 1:500
Pax6 Mouse BD Pharmingen 561462 AB_10715442 1:500
Pmel17 Rabbit Abcam ab137062 1:500
pSMAD1/5/9 Rabbit Cell Signaling Technology 13820S AB_2493181 1:500
Recoverin Rabbit Proteintech 10073-1-AP AB_2178005 1:500
Rx Guniea pig Takara Bio Inc. M229 1:500
Rxrg Mouse Santa Cruz Biotechnology sc365252 AB_10850062 1:500
Sox2 Mouse BD Pharmingen 561469 AB_10694256 1:500
TBX5 Rabbit Novus Biologicals NBP1-83237 AB_11018767 1:500
Zo-1 Mouse Invitrogen 33e9100 AB_87181 1:500
Zo-1 Rabbit Invitrogen 61e7300 AB_138452 1:500
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3. Results

3.1. Chk1i PD407824 combined with rhBMP4 promoted Rx::Venus
induction

We aimed to further improve an efficient retinal differentiation
method for future up-scaling of cell production. We first investi-
gated whether a small molecule can enhance retinal differentiation
either alone or in combination with rhBMP4. We examined the ef-
fect of three candidate BMP signal activators at two concentrations;
SB-4 [25], SJ000286237 [26] and PD407824 (PD) [23]. Using hESC
line (KhES-1) with Venus cDNA knocked in the locus of the retinal
progenitor marker Rx [27], we evaluated retinal differentiation by
the induction of Rx::Venus expression, following a self-organizing
retinal differentiation protocol SFEBq with some modifications
that used preconditioning and BMP4methods (Fig.1A) [7e9,13]. On
day 9, none of these small molecules induced Rx::Venus expression
when applied alone (Fig. 1B). However, the addition of 1 mM PD
combined with 0.15 nM rhBMP4 strongly induced Rx::Venus in the
whole aggregate (Fig.1C).We also found that treatmentwith 1.5 nM
rhBMP4 and 1 mM PD on the aggregate on day 3 promoted self-
formation of Rx::Venus positive inner aggregates. The timing of
PD treatment was found to be important; for example, hESC-
derived aggregates on day 12 collapsed when 1 mM PD was
applied from the beginning of the differentiation culture (Figure
S1A). These observations suggested that simultaneous treatment
with rhBMP4 and PD effectively promoted retinal differentiation.

3.2. Chk1i PD407824 combined with low-concentration rhBMP4
treatment efficiently differentiates 3D-retina

Next, we evaluated whether the differentiation method with
0.15 nM rhBMP4 þ 1 mM PD can induce 3D-retina, like our previous
method with 1.5 nM rhBMP4. Most aggregates differentiated into a
Rx::Venus positive hESC-derived 3D-retina on day 14 with both the
1.5 nM rhBMP4 and the 0.15 nM rhBMP4 þ 1 mM PD differentiation
methods (Fig. 2A). The 3D-retina often presented with lobular
vesicle structures and with Rx::Venus-negative cell clumps
attached by the 1.5 nM rhBMP4 method, while these Rx::Venus-
negative cell clumps were rarely observed by the 0.15 nM
rhBMP4 þ 1 mM PD differentiation method (Fig. 2B). This result
suggested that low-concentration rhBMP4 þ PD treatment
enhanced efficient retinal differentiation.
26
3.3. Generation of a NR-RPE organoid with NR tissue encapsulated
within the RPE

At our screening of small molecules in combination with
rhBMP4, on day 9 Rx::Venus positive inner aggregates were
observed under treatment with 1.5 nM rhBMP4 and 1 mM PD (Fig.
1C). The differentiation step called ‘induction-reversal’ culture
was performed from day 14 as a part of our regular protocol [9]. In
this process, the GSK3b inhibitor CHIR99021 and the FGF receptor
inhibitor SU5402 were applied for 3e4 days from days 14e18; with
the induction of RPE-prone cells from retinal progenitor cells, fol-
lowed by the reversal to NR epithelium. After induction-reversal
culture, hESC-derived 3D-retina formed a capsule-like superficial
layer of pigmented cells (Fig. 3A). Importantly, Rx::Venus positive
NR self-formed in the pigmented cells capsule after the reversal
culture process (Fig. 3B). On day 21, we then characterized the 3D-
retinas using immunohistochemistry on frozen sections. Chx10
positive NR progenitor cells spontaneously formed NR epithelium
within the Mitf positive RPE capsule (Fig. 3C). Notably, we
frequently observed a tapering epithelial morphology at the
boundary between NR and RPE, which resembled the morphology
of the ocular ciliary margin (CM) in vivo (Fig. 3C and Figure S1) [9].
Furthermore, serial section staining with an apical marker Zo-1 and
a basal marker collagen-IV revealed that these NR tissue encapsu-
lated within the RPE (NR-RPE organoids, hereafter) exhibited a
continuous epithelial structure with apico-basal polarity (Fig. 3D).
In the NR-RPE organoids, the Zo-1 was localized on the apical side
of Rx::Venus positive NR progenitor cells and the outer surface of
RPE, while the Collagen-IV positive basement membrane was
located on the inner capsule. Later, on day 60, Chx10 positive NR
progenitor cells constituted the largest population and Crx positive
photoreceptor precursors accumulated in the most apical layer,
occasionally facing the pigmented RPE (Fig. 3E). These observations
show that the new 1.5 nM rhBMP4 þ 1 mM PD differentiation
method can generate a unique NR-RPE organoids with NR tissue
encapsulated in the RPE.

3.4. Chk1i PD407824 causes distributional changes of proliferating
cells and may enhance BMP signaling inside the aggregate

Since Chk1 is known to be involved in cell cycling, we examined
the effect of PD on cell proliferation in aggregates [21]. The PD
treatment tended to result in hiPSC-derived aggregates with a



Fig. 1. Chk1i PD407824 combined with rhBMP4 treatment promotes retinal differentiation from hESCs. (A) Scheme of retinal differentiation. rhBMP4 and 1 mM PD (Chk1i) were
added in the differentiation medium on day 3. The concentration of rhBMP4 and PD were diluted into half by half medium change on every 3e4 days. (B-C) Examination of three
candidate small molecule BMP signal activators for induction of Rx::Venus expression using hESCs Rx::Venus reporter line. Bright-field view with expression of Rx::Venus of day 9
aggregates after small molecule treatment. (B) Treatmentwith smallmolecules alone. (C) PD treatment combinedwith rhBMP4. Scale bar, 200 mm (B, C), SJ: SJ000286237, PD: PD407824.
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small spherical shape compared to non-PD-treated aggregates that
formed a lobulated appearance on day 6 (Fig. 4A). The spherical
shape was relatively maintained in 1.5 nM rhBMP4 þ 1 mM PD-
treated aggregates on day 17 before induction-reversal culture
step (Fig. 4B). With immunohistochemical analysis, the number of
proliferationmarker Ki67 positive cellswas decreased in PD-treated
aggregates in the outer layer on day 6 (Fig. 4C). On day 17, Ki67
27
positive cells in outer neural epithelium were not much different
between PD-treated and non-treated-aggregates but were
observed inside the aggregate with 1.5 nM rhBMP4 and PD-treated
aggregates (Fig. 4D). These results suggested the localization change
in proliferating types of cells by PD in retinal differentiation culture.

To examine whether PD affects the effector molecules in BMP
signaling pathway, we observed the localization of phosphorylated



Fig. 2. Treatment with low-concentration rhBMP4 and Chk1i PD407824 efficiently causes retinal differentiation reducing an Rx::Venus-negative cell clumps. (A) Bright-field
view with Rx::Venus fluorescence in hESC-derived 3D-retina on day 14. Images were obtained on an individual low cell binding 96-well V-bottomed plate (upper image) or a 90 mm
Petri dish after the transfer for long-term culture (lower image). (B) Quantification analysis of 3D-retinas without an Rx::Venus-negative cell clump. Data represent mean ± s.e.m.
(n ¼ 3 with 32 3D-retinas). Bars represent the proportion of the 3D-retina without a non-retinal cell clump. Scale bars, 500 mm.
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Smad1/5/9 (pSmad1/5/9) in aggregates of day 6 and day 17.
Compared to control (-rhBMP4) aggregates, phosphorylation of
SMAD1/5/9 was enhanced in rhBMP4-treated aggregates (Fig. 5A
and B). Although pSmad1/5/9 positive cells were limited to the
outer continuous epithelial layer in 1.5 nM rhBMP4-treated ag-
gregates, pSmad1/5/9 positive cells were observed not only in the
outer layer but also inside the aggregates in 1.5 nM rhBMP4 and PD-
treated aggregate (Fig. 5A and B). Concomitantly, on day 17, NR
progenitor marker Chx10 was also positive in both outer and inner
cells in 1.5 nM rhBMP4 and PD-treated aggregates (Fig. 5B).

We also examined the expression of T-box 5 (Tbx5) and Eph-
rinB2, which are downstream target of BMP signaling during the
retinal development in vivo [28,29]. In 1.5 nM rhBMP4 treated
aggregate, Tbx5 and EphrinB2 were expressed in outer NR layer
(Fig. 5C and Figure S2), while Tbx5 and EphrinB2were co-expressed
in outer-layer cells as well as in the folded NR layers inside the
aggregate after treatment with 1.5 nM rhBMP4þ PD. These implied
the activation of the downstream effector molecules of BMP
signaling both outside and inside the aggregate by PD, which may
lead to NR tissue formation inside the aggregate. Moreover, aggre-
gate formed apico-basal polarity, expressing Laminin on the basal
side and Zo-1 on the apical side at early differentiation stage (Fig. 5D
and E). Surprisingly, PD treated aggregates were packedwith folded
NR with Zo-1 positive apical vacuoles inside. These findings raise a
possibility that the treatment of PD may lead to NR-RPE organoids
formation by causing a distributional change in proliferating cells as
well as by enhancement of BMP signaling inside the aggregate.

3.5. The Chk1i PD407824-treated hESC-3D-retina forms a
multilayer and differentiates into rod and cone photoreceptor
precursors in long-term culture in vitro

Finally, we evaluated the potential for PD-treated 3D-retina
undergoing long-term in vitro culture to differentiate into each type
of retinal cell, including rod and cone photoreceptor precursors.
After induction-reversal culture, hESC-derived 3D-retina was
further cultured for 42 days, as described previously [20]. During a
28
long term culture, NR tissues expanded and often grew out of RPE
capsule of the NR-RPE organoid that was initially formed in 1.5 nM
rhBMP4 þ PD (Figure S1B). On day 60, the 3D-retina treated with
0.15 nM rhBMP4 þ PD had formed Rx::Venus positive NR epithe-
lium similar to control 1.5 nM rhBMP4-treated 3D-retina (Fig. 6A-
A0). In contrast, 3D-retina treated with 1.5 nM rhBMP4 þ PD were
reproducibly observed to contain pigmented RPE tissue (Fig. 6A-A0).
These observations were also seen at day 136, on further long-term
culture (Fig. 6B-B'). With immunohistochemical analysis, we found
Pmel17 positive RPE tissue was observed in 3D-retina treated with
1.5 nM rhBMP4þ PD, on both days 60 and 136 (Fig. 6C and D). Sox2
positive/Ki67 positive/Chx10 positive NR progenitor cells formed
on the inner neuroblastic layer and this NR progenitor cells popu-
lation had significant decreased on day 136 (Fig. 6EeH). In contrast,
photoreceptor precursor marker Crx positive and bona fide pan-
photoreceptor marker recoverin positive photoreceptors had
differentiated and accumulated in the apical-most outer layer on
day 136 (Fig. 6I and J). Early cone marker Rxrg positive cone
photoreceptor precursors were observed from day 60, and later on
day 136, with expression of the arrestin-3 cone photoreceptor
marker (Fig. 6K-L and Figure S3A). Rod-specific transcription factor
Nrl positive rod photoreceptor precursors were observed from day
136 (Fig. 6L). Nrl positive rod nuclei were located on the inner side
of Rxrg positive cone nuclei in the densely packed ONL-like
structure. In addition, Brn3 positive retinal ganglion cells, calbin-
din positive horizontal cells, calretinin positive amacrine cells, and
PKCa positive bipolar cells were observed on the basal side of PD-
treated 3D-retina (Figure S3B-E). These immunohistochemical ob-
servations demonstrated that the rhBMP4 and PD-treated 3D-
retina has the ability to produce retinal cells including rod and cone
photoreceptor precursors, with multiple stratified layers.

4. Discussion

A method for efficient retinal differentiation is mandatory for
future, scalable manufacturing for retinal cell therapy. In this study,
by screening for candidate BMP signal activators, we found that



Fig. 3. Selective induction of NR-RPE organoids with NR tissue encapsulated in RPE under treatment with 1.5 nM rhBMP4 and Chk1i PD407824. (A) Bright-field with
Rx::Venus fluorescence image of hESC-derived 3D-retinas on day 17. Note that low-concentration (0.15 nM) rhBMP4 and PD treatment in 3D-retina efficiently promoted formation
of Rx::Venus-positive 3D-retinas compared to the 0.15 nM rhBMP4 treatment alone (control). (B) 1.5 nM rhBMP4 þ PD-treated day 21 3D-retinas show self-organized, Rx::Venus-
expressing NR tissue in these pigmented spheres. (C-D) Immunostaining of day 21 NR-RPE organoids for Chx10 (NR progenitor cells; green), Mitf (RPE; red), Zo-1 (Apical; white) and
Collagen-IV (basement membrane; red) with DAPI nuclear staining (blue). (C) Chx10 positive NR progenitor cells were located in the Mitf positive RPE capsule. Arrows indicate the
tapering structure of the NR-RPE junction. (D) Zo-1 and Collagen-IV immunostaining show the spontaneously developed apico-basal polarity in NR-RPE organoids. (E) Immu-
nostaining of 1.5 nM rhBMP4 þ PD-treated NR-RPE organoids for Crx (photoreceptor precursor cells; green) and Chx10 (NR progenitor cells; red) on day 60. Crx positive
photoreceptor precursors located and accumulated in the most apical layer facing the RPE. Scale bars, 500 mm (A, B upper image), 200 mm (B, lower image), 100 mm (C-D), 20 mm (E).
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Fig. 4. An addition of Chk1i PD407824 directs the aggregates to form spherical morphology with a distributional change in proliferating cells. (A-B) Representative hiPSC-
derived aggregate images of day 6 and day17 with the indicated rhBMP4 and PD concentrations. Aggregates of all six differentiation conditions formed epithelial structure. PD-
treated aggregates (þPD, 0.15 nM BMP4 þ PD, 1.5 nM BMP4 þ PD) show a spherical morphology compared to the non-treated condition. (C-D) Immunostaining for Ki67 (green) to
analyze the distribution of proliferating cells in the day 6 and day 17 aggregates. Blue, nuclear staining with DAPI. Scale bars, 500 mm (A. upper image), 200 mm (A, lower image),
100 mm (C-D).
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Fig. 5. Chk1i PD407824 and rhBMP4 promotes phosphorylation of SMAD1/5/9 toward inside the aggregates concomitantly with NR formation. (A-B) Representative confocal
images of day 6 and day17 hiPSC-derived aggregate staining for pSmad1/5/9 (green) and NR progenitor markder Chx10 (red). Blue, nuclear staining with DAPI. (C) Immunostaining
for Tbx5 (green) and EphrinB2 (red), the downstream of BMP signaling during retinal development in vivo. (D-E) Apical marker Zo-1 (green) and basement membrane marker
Laminin (red) immunostaining show the apico-basal polarity in day 6 and day 17 aggregates. Arrows indicate self-organized NR tissues within aggregate. Scale bars, 100 mm (C).
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Fig. 6. Chk1i PD407824-treated 3D-retina has the ability to produce retinal cells, retinal ganglion cells, horizontal cells, and cone and rod photoreceptor precursors. (A, B)
Bright-field view with Rx::Venus fluorescence in PD-treated or non-treated hESC-3D-retina on days 60 (A0) and 136 (B0). Note that a stratified, continuous NR epithelium was
maintained in PD-treated 3D-retina during long-term maturation culture. (C-L) Immunostaining of the hESC-3D-retina with antibodies for (C, D) Rx (green) and Pmel17 (red), (E-F)
Sox2 (green) and Ki67 (red) (G-H) Crx (green) and Chx10 (red) (I-J) Pax6 (green) and recoverin (red) (K, L) Rxrg (green) and Nrl (red). Blue, nuclear staining with DAPI. (C, E, G, I, K)
Day 60. (D, F, H, J, L) Day 136. Scale bars, 500 mm (A), 200 mm (B), 20 mm (E-L).
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combined treatment of rhBMP4 and Chk1i PD407824 promoted
retinal differentiation. Lower concentrations (0.15 nM) of rhBMP4
with PD treatment generated 3D-retina with expression of
Rx::Venus, without the lobular vesicle structures and frequent
Rx::Venus-negative cell clumps that were found in controls differ-
entiated with the 10-fold higher concentration of rhBMP4 used in
our previous method. We further demonstrated that combined
treatment of 1.5 nM rhBMP4 and Chk1i promoted self-formation
of NR-RPE organoids with NR tissue encapsulated in RPE. This
study suggests that the combined rhBMP4 and Chk1i retinal
differentiation method would be useful for scaling culture in clin-
ical manufacturing by reducing the amount of rhBMP4 that is used.

In general, scalable production of grafts derived from stem cells,
for use in transplantation therapy, requires stable supply of
adequate amounts of high-quality cells with rigorous production
processes adapted to Good Manufacturing Practice (GMP) stan-
dards. In addition, since cell-based products are generally expen-
sive, the manufacturing steps are desired to provide a cost-effective
platform in respect of medium, scaffold and recombinant proteins.
It is well known that one of the expensive reagents used during the
cell production step is recombinant proteins. Therefore, replace-
ment of recombinant proteins with small molecules is ideal in any
differentiation protocol. Small molecules that are potentially useful
for modulating BMP signaling include BMP signal inhibitors such as
LDN-193189, dorsomorphin and DMH1. Although some small
molecules have been reported to be BMP signaling activators, Feng
et al. reported most of the identified molecules have low activity
and fail to induce mature osteoblasts in the absence of exogenous
rhBMP addition. Our results also demonstrated that treatment with
small molecules alone did not induce expression of Rx::Venus
retinal progenitor cells. It may be difficult to activate BMP signaling
strongly using a small molecule alone. Therefore, the use of a small
molecule in combination with low-concentration rhBMP protein
may be the most practical way to enhance BMP signaling pathway.
Our study will help efficient production of retinal tissues or cells
from hPSC for both research and clinical use.

BMP signaling is a key factor for the induction of differentiation
of various cells such as trophoblasts and mesodermal cells [30,31],
maintaining pluripotency and self-renewal [32]. In our SFEBq
neural differentiation system, we applied rhBMP4 treatment to
differentiate hPSC into the retinal fate efficiently. Chk1i may useful
for rhBMP4 based differentiation methods, not just in previously
reported mesoderm or cytotrophoblast lineage differentiation
systems [23] but also for our retinal differentiation systems. In
addition, complex organoids containing several tissues might
possibly be generated depending on the concentration, timing, and
duration of treatment with rhBMP4.

Much progress has been made in producing retinal differentia-
tion methods over the decade. In contrast, little is known about
how to regulate 3D patterns of morphology and shape in the retina.
In our BMP4-treated retinal differentiation method, lobular vesic-
ular structures were routinely observed. In contrast, PD-treated
aggregates formed a spherical shape regardless of the presence or
absence of rhBMP4. These observations suggested that Chk1 may
play an important role for 3D-patterning of aggregates.

Previously, Feng et al. suggested a mechanism where Chk1i
indirectly sensitized BMP signaling [23]. According to this report,
Chk1 inhibition causes downregulation of p21, leading to activation
of CHK8/9 and ultimately, enhanced SMAD2/3 degradation.
Consequently, BMP ligands effectively activate targets downstream
of BMP through SMAD1/5/9, associated with an increase in avail-
able SMAD4. In the present study, we did not devote much atten-
tion to the mechanism of BMP signaling, however, we were able to
cause efficient differentiation of a 3D-retina, even with the use of
low concentrations of rhBMP4 and PD. Although a similar BMP
33
sensitizing mechanismwas thus considered to be present with our
retinal differentiation, Chk1i may still cause regulation of 3D
aggregate patterning apart from BMP signaling.

Intriguingly, 1.5 nM rhBMP4 and Chki1i treatment generated
NR-RPE organoids with NR tissue encapsulated in RPE. One
possible mechanism for generation of such NR-RPE organoids
may be due to the sensitization of BMP signaling pathway inside
the aggregate by Chk1i, as was implied by the presence of the
inner cells that were positive for phosphorylated Smad1/5/9 and
Tbx5/EphrinB2. The reason why inner cells of the aggregate
expressed phosphorylated Smad1/5/9 and Tbx5/EphrinB2 after
treatment with the addition of PD still remains unclear. Consid-
ering the molecular weight (MW) and permeability of rhBMP4, a
rhBMP4 decreasing concentration gradient would likely exist in
the direction of the inner aggregate. In the absence of PD con-
ditioning, the inner concentration of rhBMP4 might not reach the
threshold for BMP signaling activation. However, it is possible
that a mechanism exists that permits activation of BMP signaling
in the inner cells, even with low concentrations of exogenous
rhBMP4, due to the increased sensitivity of those inner cells to
sub-threshold concentration of rhBMP4 by PD. Differences in the
inner and outer microenvironment, such as rhBMP4 concentra-
tion gradients within the aggregate, may lead to changes in the
fate of cells, with differentiation of early retinal progenitor cells
into NR or RPE cells.

5. Conclusions

We found that the Chk1i PD cooperates with low-concentration
rhBMP4 in enhancing retinal differentiation. Moreover, complex
NR-RPE organoids with encapsulated NR tissue within RPE were
generated by combined treatment with 1.5 nM BMP4 and Chk1i.
This PD treatment increased the level of phosphorylated Smad1/5/9
in the inner cells of the aggregate, suggesting that BMP signaling
was activated both the outer neuroepithelium and the inner cells.
We also confirmed that with long-term in vitro culture, PD treated
3D-retina allows generation of retinal cells including rod and cone
photoreceptor precursors. These results suggest that the combined
use of rhBMP4 and a Chk1i as a retinal differentiation method will
be useful for future up-scaling production.
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