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Abstract

Background: Significant progress has been made in cell replacement therapy for neural retinal diseases using
retinal cells differentiated from human pluripotent stem cells. Low tumorigenicity and the ability to mature to form
synaptic junctions make precursor cells a promising donor source. Here, we attempted to improve the yield of
photoreceptor precursor cells in three-dimensional retinal organoids from human embryonic stem cells (hESCs).

Methods: A CRX-tdTomato-tagged hESC line was generated to track retinal precursors in 3D retinal organoids.
COCO, a multifunctional antagonist of the Wnt, TGF-3, and BMP pathways, was employed to 3D organoid
differentiation schemes for enhanced photoreceptor precursor cells. Organoid fluorescence intensity measurement
was used to monitor retinalization tendency with the number of precursors further checked by flow cytometry.
Signature gene expression during organoid differentiation were assessed by gPCR and immunocytochemistry after
COCO supplementation.

Results: CRX-positive cells can be spatiotemporally tracked by tdTomato without affecting retinalization during
retinal organoid differentiation. Fluorescence intensity of organoids, which turned out highly consistent with flow
cytometry measurement, allowed us to determine the differentiation efficiency of precursors during organoid
culturing directly. Using COCO as an auxiliary supplement, rather than alone, can yield an increased number of
photoreceptor precursors in the early stage of organoid differentiation. Over a longer time-frame, photoreceptor
precursors enhanced their fate of cones and decreased fate of rods after treatment with COCO.

Conclusions: Tracing with the CRX-reporter system showed that in retinal organoids derived from human
pluripotent stem cells, COCO increased the differentiation efficiency of photoreceptor precursors and cones.
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Introduction

The majority of retinal cell types can be formed by
in vitro differentiation of pluripotent stem cells (PSCs).
Employing healthy cells differentiated from PSCs to re-
place damaged cells in diseased eyes through cell trans-
plantation has revealed favorable prospects in laboratory
and clinical studies [1-3]. Among alternative cell types
used for retinal regeneration, cone photoreceptors and
precursors have received widespread attention for the
purpose of photoreceptor replacement [4—8]. Therefore,
improving the differentiation efficiency of photoreceptor
precursor cells during retinalization to supply an unlim-
ited source for cell transplantation will undoubtedly pro-
vide valuable applications in the future.

To enable integration with host retinal cells, it is ne-
cessary to provide cells that are similar to those in the
physiological situation [8, 9]. Such cells can present effi-
cient and robust integration, which is a prerequisite for
effective cell therapy. Compared with the single cell type
obtained from most 2D differentiation, the multiple
types of retinal cells obtained in a 3D differentiation sys-
tem form well-laminated and properly stratified struc-
tures similar to the real retina, which are obviously
closer to the physiological state [10, 11]. However, in-
creasing the ratio of a certain type of cell is challenging
in 3D culturing because of existing inherent cellular pro-
grams that form retinal organoids with self-organization.
Nonetheless, several successful cases have been reported
by artificially transforming the cell tendency in the nat-
ural state of organoids through external signal pathway
intervention. For example, inhibiting Notch signaling
during the early period of differentiation accelerates the
transformation of progenitor cells into precursor cells,
while eliminating the inhibition of GSK3 FGEFR pro-
motes the transition of RPE cells to the neural retina
[12, 13]. However, it is unknown whether an earlier
stage of intervention during stem cell differentiation
would achieve more effective production of photorecep-
tor precursor cells.

Fluorescent labeling of target cells during in vitro
differentiation has played a huge role in organoid re-
search [14]. With the help of fluorescently labeled
genes of interest, it is possible to determine the opti-
mal culture conditions to promote the formation of
organoids, to perform real-time imaging of 3D orga-
noids and to track abnormal mitotic characteristics of
targeted cells in pathogenesis [15-18]. CRX is a basic
homeobox gene with predominant expression in post-
mitotic photoreceptor precursors, regulating both
cone and rod fate and maturation [19]. In this study,
we used CRX as a target gene to construct a
fluorescence-labeled embryonic stem cell (ESC) line
to trace photoreceptor precursor cells during 3D dif-
ferentiation. With this system, CRX-positive cells can

Page 2 of 12

be spatiotemporally tracked without affecting retinali-
zation during 3D differentiation. We then employed
COCO, a reported multifunctional antagonist of the
Wnt, TGF-B, and BMP pathways, to our 3D retinal
organoid differentiation. Our results demonstrate that
COCO can work with Wnt inhibitors in the original
differentiation system to increase the number of
photoreceptor precursors in the early stage of
differentiation.

Methods

Generation of the knock-in hESC line

Our gene-targeting strategy is illustrated in Fig. la. To
introduce the exogenous gene into the H9 cell line, a
vector plasmid was designed and constructed. The plas-
mid contained the ¢cDNA of tdTomato, and a PGK
promoter-driven puromycin-resistance selection cassette
flanked by loxP sites was inserted downstream of tdTo-
mato. The sgRNA sequences targeting CRX gene exon 2
at the start codon ATG were designed and introduced
into the plasmid described above. The constructed vec-
tors were delivered into hESCs (H9 line, Biocytogen,
Beijing) by electroporation and then were selected with
puromycin. Finally, the positive clones were identified by
PCR and sequencing.

Culture of hESCs

Human ESCs were maintained on Matrigel-coated (Cat.
#356231; BD Corning, United States) dishes in mTeSR-
E8 medium (Cat. #05940; Stemcell Technologies,
Canada). The cells were passaged with 0.5 uM EDTA for
dissociating colonies, resuspended with mTeSR-E8
medium containing 10 uM Y27632 to reduce cell death
when clones reached approximately 80% confluence.

Differentiation of 3D retinal organoids

3D retinal organoids were generated as described previ-
ously [20]. Human ESCs were disrupted to form a sus-
pension of single cells that were allowed to quickly
aggregate in low-cell adhesion 96-well plates with V-
bottomed conical wells (9000 cells per well in 100 pl).
Cells were maintained in 20% O, and 5% CO, atmos-
phere. In COCO-supplemented experiments, COCO at a
final concentration of 30 uM was added to the culture
medium from day 0 to day 12 or day 30.

FACS analysis

Organoids derived from CRXp-tdTomato and H9 were
washed with DPBS and dissociated by trypsin EDTA
(Life Technology) and DNase I (Sigma) for 8 min at
37°C to generate single cells. After inactivation with a
cocktail containing DPBS, FBS (Cat. #04-002-1A; Bio-
logical Industry), and DNase I, the single cells were sus-
pended in the mixed solution for filtering. The resulting
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Fig. 1 Generation of reporter knock-in CRXp-tdTomato cell line. @ Schematic diagram showing the targeting strategy of the insertion site.
tdTomato cDNA sequence was fused in-frame into CRX behind start codon. b Overall 3D organoids fluorescent and bright field images on D45,
D60, D90, and D120. A typical fluorescence intensity increasement along with differentiation time is presented. ¢ Representative flow cytometry
analysis in D45, D60, D90, and D120 organoids. Black and red represent the organoids derived from control and knock cell line, respectively. d
Overall fluorescence intensity of organoids quantified by ImageJ, data are presented as the mean + SEM (n=27, 14, 11, and 10, respectively). e
Proportion of tdTomato-positive cells in 3D organoids counted by flow cytometry, data are presented as the mean + SEM (n=6, 6, 8, and 3,
respectively). f Comparison of increasement tendency between flow cytometry analysis and fluorescence intensity. g Relationship between
fluorescence intensity and the number of tdTomato-positive cell in 3D organoids
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cells were analyzed by FACS Aria (BD Biosciences). The
results were subsequently analyzed using FlowJo
software.

Real-time quantitative PCR

For qPCR, total RNA from 3 to 5 organoids from
three independent differentiation experiments was ex-
tracted using TRIzol Reagent (Cat. #15596018; Invi-
trogen) in accordance with the manufacturer’s
instructions. Total RNA was reverse-transcribed into

¢DNA using M-MLV Reverse Transcriptase (Promega;
Cat. #M1705) following the experimental protocol.
Quantitative PCR was performed on the cDNA sam-
ples using a real-time PCR system (LightCycler 96
System; Roche, Mannheim, Germany) with a master
mix (FastStart Universal SYBR Green Master [ROX];
Roche). Expression levels of genes of interest were
calculated assuming a PCR efficiency of 100%, and
they were normalized to the housekeeping genes
beta-actin or GAPDH.
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Fluorescence intensity quantification of retinal organoids
During retinal organoid differentiation, fluorescence im-
ages of organoids were captured with an inverted fluores-
cence microscope (Nikon TE2000; Japan) using the same
filters and magnification. In addition, the organoids that
were imaged were selected randomly. The mean fluores-
cence intensity of each organoid was quantified by Image]
software with the default parameter settings. Briefly,
imported image was firstly converted to 8-bit. Then, the
“threshold” was adjusted to delineate measured area for
gray value analysis. The “mean” value in the results panel
was used to be the mean fluorescence intensity of the
measured area.

Pearson’s correlation coefficient analysis

Immunostaining of retinal organoid cryosections was
performed as described elsewhere. Immunofluorescent
images were taken randomly for each timepoint with a
x 40 water objective, and the colocalization correlation
between CRX-positive signals and tdTomato fluorescent
signals was analyzed by the “Coloc2” plugin of Image]
software. Briefly, after imported into Image] software,
the multi-color fluorescence image was split channels by
the “Color-Split Channels” tool. The two channels were
converted to 8-bit to be analyzed. Then, “Coloc 2” plu-
gin was used to colocalization analysis between two
channels followed by online tutorial (https://imagej.net/
Coloc_2). “Pearson’s correlation coefficient” in the result
panels was used for further statistical analysis.

Statistical analysis

Statistical analysis was performed with GraphPad Prism
version 5.0 and Microsoft Excel. The standard errors of
means (SEM) or the standard deviation (SD) were calcu-
lated. Statistical significance was tested using an un-
paired  two-tailed  f-test.  Statistically  significant
differences were defined as P < 0.05.

Results

Correlation between fluorescence intensity and number
of fluorescent cells in retinal organoids

To intuitively and quickly judge whether the differenti-
ation scheme effectively improved the production of
photoreceptor precursor cells, we first constructed a cell
line based on ESC H9 with CRX labeled by tdTomato.
PCR was used to verify sequences upstream and down-
stream of the insertion site, as well as unmodified alleles
(Figure S1). Karyotype analysis revealed no chromosomal
aberrations in the CRXp-tdTomato line. The expression
of a-fetoprotein (AFP), a-sarcomeric actin (a-SMA), and
glial fibrillary acidic protein (GFAP) showed endoderm,
mesoderm, and ectoderm differentiation potential, re-
spectively. Together with the coloring of alkaline
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phosphatase staining, the CRXp-tdTomato line exhibited
a defining property of pluripotency.

We used a classic 3D differentiation method by inter-
fering with the Hedgehog and Wnt signaling pathways
to guide ESCs toward retinal differentiation. Organoids
began to show fluorescent signals around D28 of differ-
entiation. We tracked the fluorescence expression during
organoid differentiation with a wide-field fluorescence
microscope. At D45, D60, D90, and D120 of differenti-
ation, we acquired organoid images under the same pa-
rameters and then quantified fluorescence intensity by
Image]. The results revealed a gradual increase in fluor-
escence intensity passed by differentiation (Fig. 1b, d).

We further performed flow cytometry on organoids at
the same day of differentiation to determine the exact
proportion of fluorescent cells. Figure 1 ¢ shows that the
ratio of fluorescent cells at D45, D60, D90, and D120
was 2.75%, 13.6%, 30.2%, and 53.2%, respectively. We
further analyzed the relationship between the fluores-
cence intensity of organoids and the proportion of fluor-
escent cells. The results showed a high correlation
between the two measurements (Fig. 1f, g). Compared
with the flow cytometry analysis, the overall fluorescence
intensity decreased slightly at D120 (exhibited as a re-
duced slope). The limited intensity increase was attrib-
uted to overexposure of fluorescence intensity on the
D120 organoids with the same imaging parameters. Ob-
viously, the overall fluorescence intensity accumulation
was caused by the increase in the number of fluorescent
cells. We concluded that this reporter strategy could
help us directly judge the production of photoreceptor
precursor cells.

Effective fluorescent labeling of photoreceptor precursor
cells during 3D differentiation

To confirm the relationship between fluorescence and
CRX expression, we visualized endogenous CRX using
immunohistochemistry. The results showed that in orga-
noids on D45, D60, and D90, anti-CRX cells were not
significantly different from tdTomato-positive cells
(Fig. 2a, b). In addition, the pixel intensity from two
image channels correlated well with each other from
D45, D60, and D90 organoids (Pearson’s correlation co-
efficient =0.79 £ 0.02, 0.86+0.06, and 0.86+0.04, re-
spectively). These results indicated that tdTomato
spatiotemporally followed the expression of CRX. Con-
sidering the characteristic localization of CRX in the ret-
ina, we believe that tdTomato successfully traced
photoreceptor precursor cells and mature photoreceptor
cells in these 3D retinal organoids.

CRXp-tdTomato cells showed the same organoid yield
as H9 cells, suggesting that genetic modification of H9
did not affect its retinalization process (data not shown).
To further investigate whether fluorescent knock-in
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affected the expression of other genes in retinal orga-
noids, we performed immunostaining for several signa-
ture gene products at different stages of organoids
(Fig. 2c). VSX2-positive cells on D45 and PAX6-positive
cells on D60 organoids were expressed at equivalent
levels between the H9 and CRXp-tdTomato groups, sug-
gesting unaffected retinal progenitor cell development
after reporter knock-in (Fig. 2d). In both cell lines,
BRN3B-positive cells (representing ganglion cells) were
distributed on the inner side of organoids and were
expressed at the same high level in the early stage of dif-
ferentiation (45 days), which was consistent with the

natural characteristics of ganglion cells. Moreover, there
was no difference in the spatial distribution and NRL-
positive cell numbers on D90 organoids, representing a
normal initial state of rod cells at the middle stage in the
two groups. Therefore, tdTomato knock-in did not im-
pact the production of early progenitor cells, ganglion
cells or rods along with 3D retinal recapitulation.

COCO temporally enhances the differentiation efficiency
of photoreceptor precursor cells

The classic 3D differentiation system achieved retinaliza-
tion through the combined effects of early Wnt pathway
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inhibition, the addition of extracellular matrix, and the
activation of Hedgehog signaling [21]. COCO is a co-
inhibitor of the Wnt, TGF-p, and BMP pathways that is
to steer ESCs to differentiate into S cone cells, especially
when combined with IGF1 [21-23]. To investigate
whether COCO can replace the role of Wnt inhibitors in
3D differentiation, we first replaced IWR1le with COCO
in culture medium for 12 days (Fig. 3a). We found that
whether COCO was used alone or in combination with
IGF1, the efficiency of organoid production was greatly
reduced (Figure S2A). These organoids, which were
similar to retinal organoids morphologically, only
showed weak fluorescence in early-stage differentiation.
After D45, organoid fluorescence faded away and even-
tually was absent. This result indicate that 3D differenti-
ation treated with COCO (including combined with
IGF1) cannot effectively produce retinal organoids.

Then, we investigated whether COCO, as an auxiliary
additive, could increase the yield of precursors in 3D dif-
ferentiation. We speculated that the timing of COCO in
culture medium should be adapted to that of IWRle,
considering the relatively weak inhibition under the
above comparison. To study whether long-term supple-
mentation with COCO was more beneficial to 3D differ-
entiation, we extended the supplementation time to 30
days. The overall fluorescence exhibited stronger inten-
sity in the 12-day group than in the 30-day group in
D30 organoids (Figure S2B). Moreover, the survival rate
of organoids in the 30-day group was sharply reduced.
There was no survival rate difference between the con-
trol and the 12-day group. This result indicates that
long-term supplementation with COCO is not condu-
cive to retinal organoid differentiation and photorecep-
tor precursor production.

Next, we compared the fluorescence intensity changes
after COCO supplementation. Figure 3 b and d show
that compared to the control group, the COCO group
showed an increase in fluorescence intensity in the early
stage of differentiation (35 and 45 days), while the com-
bined treatment with COCO and IGF1 resulted in no
fluorescence increase compared with the control. We
performed further flow cytometry analysis on the COCO
and control groups. An increased number of fluorescent
cells appeared in organoids at D45 but not at D60 and
D90. These results showed a consensus between fluores-
cence intensity and the number of fluorescent cells; that
is, COCO can assist IWR1e in increasing photoreceptor
precursor production in the early stage of 3D
differentiation.

Expression of signature genes in retinal organoids
supplemented with COCO

In the presence of COCO, Wnt pathway component -
CATENIN (one of transducers) will be degraded in the
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cytoplasm, showing a typical Wnt pathway inhibitory.
We first tested the expression of (-CATENIN
(CTNNBI). Quantitative PCR results showed that (-
CATENIN was significantly reduced its expression on
D12 compared to the control group, demonstrating that
COCO plays a role in 3D differentiation by inhibiting
the Wnt pathway. There was no significant difference in
B-CATENIN expression after D12, indicating the short-
term inhibition of COCO.

We examined gene expression during retinal organoid
differentiation after COCO supplementation. In D25,
D35, and D45 organoids, expression of retinal progenitor
markers PAX6 and VSX2, and retinal ganglion cell
marker BRN3B did not significantly change compared
with their expression in the control group (Fig. 4 a). Im-
munofluorescence staining of the three gene expression
products showed neither cell distribution nor cell num-
ber changes, suggesting undifferentiated progenitor cells
and retinal ganglion cells that were similar to those of
the control group (Fig. 4b). OTX2, an upstream gene
participated in photoreceptor development, only transi-
ently increased its expression in D35 organoids, suggest-
ing that COCO might be involved in OTX2 regulation
(Fig. 4c). In D35, D45, D60, and D90 organoids, neither
the panphotoreceptor marker RCVRN nor the cone
marker ARR3 showed significant changes compared with
the control (Fig. 4d). The M cone-related genes RXRG
and THRB also maintained their expression levels after
COCO supplementation. It is puzzling that the increased
number of precursor cells in the early stage did not lead
to a corresponding increase in gene expression related
to photoreceptors. We assumed that COCO promoted a
proportion of cells to enter into a photoreceptor precur-
sor cell fate, while photoreceptor-related genes in each
cell might be downregulated ultimately, resulting an un-
changed mRNA level in bulk population of cells.

We further examined the spatial distribution of pro-
tein expression in organoids. At D45 of differentiation,
the proportion of OTX2-positive cells increased while
RXRG-positive cells decreased significantly, suggesting
portion of cells changed their fates during early differen-
tiation. There were no significant differences in D60 and
D90 organoids on both kinds of cells. Combining the re-
sults of gene expression and immunostaining, we believe
that COCO drives a part of cells into photoreceptor pre-
cursor fate at the early stage of differentiation.

Increased number of cone photoreceptors in retinal
organoids

Research has shown that early supplementation with
COCO inhibits multiple pathways (BMP, TGE-f, and
Wnt) and guides the development of embryonic stem
cells to differentiate in the direction of S cone cells [21].
To verify whether COCO has S cone guiding ability in
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(See figure on previous page.)

Fig. 4 Characterization of marker gene expression in 3D organoids after COCO supplement. a Percentage mRNA expression of PAX6, VSX2, and
BRN3B transcripts in early-stage differentiation analyzed by gqPCR in COCO supplement and control. b Immunostaining of gene products showed
in a. Scale bar, 50 um. ¢ Percentage mRNA expression of photoreceptor related OTX2 and RCVAN transcripts. d Percentage mRNA expression of all
subtypes of cones expressed ARR3 and M-cone expressed RXRG and THRB transcripts in COCO supplement and control. Data are expressed as
mean = SEM. e Immunocytochemical analysis with anti-OTX2 and anti-RXRG. Scale bar, 50 um. f, g Statistic analysis of OTX2" and OTX2" cells in

organoids. *P < 0.05, **P < 0.01, ns, not significant

this 3D differentiation and to assess photoreceptor precur-
sor fate in later differentiation after COCO supplementa-
tion, we examined the expression of photoreceptor genes
during maturation in retinal organoids. NRL and RHO,
which are expressed in rod cells, were downregulated in
D90 organoids (Fig. 5a). The number of NRL-positive cells
also decreased in anti-NRL immunostaining experiments
(Fig. 5¢, d). Therefore, we concluded that the number of
rod cells in the longer period is suppressed after COCO
supplementation. The total number of photoreceptors and

their precursor cells in D90 organoids did not differ after
COCO supplementation (Fig. 3d). Therefore, the decrease
in the number of rod cells means an increase in the num-
ber of cone cells at middle differentiation stage. There was
no significant increase in the expression of the S cone
opsin gene OPNISW in D45, D60, and D90 organoids
(Fig. 5b). At the same time, the expression of the M cone
opsin gene OPNIMW decreased in D90 organoids. Con-
sidering the existence of the S cone default pathway in
photoreceptor development [24, 25], we speculated that
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the downregulated OPNIMW may suggest a muted
process of S cone development into M cone cells after
COCO supplementation, or it may suggest slowed matur-
ation of M cone cells (Fig. 5e).

Discussion

In vitro organoid differentiation technology can recap-
itulate the process of organ development and has
attracted widespread attention for its ability to simulate
disease progression and aid in drug screening, especially
in the study of human development and human diseases
[26, 27]. Fluorescently labeled cell lines are one of the
most powerful tools in this process. Such lines not only
can help verify the effectiveness of the differentiation
method and obtain an optimized differentiation scheme
but also can enable many tools for subsequent research,
including cell sorting, gene expression analysis, and cell
transplantation. In this study, to improve the differenti-
ation efficiency of photoreceptor precursor cells, the re-
porter gene tdTomato was integrated into the marker
gene CRX, which is expressed in photoreceptor precur-
sor cells, resulting in an engineered ESC line. During 3D
retinal organoid differentiation, the fluorescence inten-
sity was monitored to indicate the efficiency of precursor
cell production. As a result, fluorescence successfully
tracks precursor cells during subsequent differentiation
without retinalization disturbance. By supplying COCO
to inhibit the Wnt, TGF-f3, and BMP signaling pathways,
we observed an increase in precursor cells in the early
stage of retinal organoids. In the long run, the number
of rod cells declines after COCO intervention in 3D
differentiation.

With a deep understanding of retinal development, re-
markable progress has been made in differentiating stem
cells into a retinal lineage using in vitro culturing sys-
tems [10, 28—30]. In earlier studies of 2D adhesion cul-
turing, it was found that in serum-free systems, early
signal pathway interventions can gradually successfully
guide ESCs to differentiate into retinal cells [31]. After
coculture with real retinal cells or further intervention
with additives such as retinoic acid, these differentiated
cells can begin to express mature photoreceptor genes
[32]. However, for retinal cells differentiated in vitro,
there was difficulty in getting the cells to exhibit the typ-
ical morphology and physiological functions of real ret-
inal cells until the emergence of 3D differentiation
systems. In fact, in vitro ESCs immediately exhibit self-
adhesive and self-organized differentiation characteris-
tics, which reflect natural embryonic development. Re-
cent studies have proven that physiological differences
play a role in cell therapy, which makes transplanted
cells difficult to integrate into the host retina in a robust
and efficient manner [4, 33]. Although the potential rule
of self-organization in 3D differentiation has not been
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fully understood, developmental biology has shown that
a large number of signaling pathways (FGF, IGF, BMP,
Nodal, Wnt, and Notch) drive this process for precise
regulation [24, 34-37].

Although lacking the Wnt antagonist Dkkl and the
BMP antagonist noggin in 2D differentiation, the
addition of COCO can significantly increase the expres-
sion of photoreceptor-related genes, especially when
COCO is used in combination with IGF1 [21]. However,
in the 3D differentiation system in this study, no stable
fluorescence expression of retinal organoids could be ob-
tained either by supplementation with COCO alone or
in combination with IGF1. At the same time, the sur-
vival rate of retinal organoids significantly decreased, in-
dicating that the COCO effect is probably not as strong
as that of the Wnt inhibitor IWR1e in the classic 3D cul-
turing system. Our results demonstrate that COCO can
only act as an auxiliary additive to IWR1e to contribute
to further pathway inhibition.

The process of in vitro differentiation mimics real ret-
inal development. During the transformation of PSCs
into the retina, early inhibition of the Wnt pathway can
promote ectoderm development, with obvious PAX6-
positive cells appearing [20]. However, the loss of p-
catenin, a Wnt signaling effector, disrupts the radial ar-
rangement of retinal progenitor cells, leading to the se-
vere retina destruction as well [38]. Therefore, it is
obviously inappropriate to blindly inhibit the Wnt sig-
naling pathway at different stages in 3D differentiation.
The same rules were also appropriate for the BMP path-
way. Considering the widespread presence of retinal pro-
genitor cells and ganglion cells in D30 organoids,
activation of the BMP pathway and Wnt pathway in this
stage is necessary. Therefore, in this study, COCO was
only used to temporarily and simultaneously inhibit the
Wnt pathway in the original 3D culture system. It turns
out that addition of COCO for a long duration in cultur-
ing is detrimental to organoid survival.

Even as a supplemental additive, the COCO effects
were relatively weak considering the upregulation of
OTX2 only in the early stage and the downregulation of
rod-related genes and the M-cone opsin gene OPNIMW
in the middle stage. The strategy of reporter gene
knock-in carried out in this study may be another reason
for this weak result. tdTomato is inserted after the pro-
moter of CRX exon 2 and ends with the poly-A tail. This
insertion strategy allows the engineered allele to express
tdTomato but not CRX via the CRX promoter. Like most
knock-in strategies in organoid research, this post-
promoter insertion strategy provided a relatively robust
tracking tool but at the cost of losing the expression of
one allele. Therefore, we created a CRX monoallelic
knockout cell line, which resulted in a decrease in CRX
expression during differentiation. In the CRX
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monoallelic knockout mice, photoreceptor outer seg-
ment lengths were shortened and S cone opsin was
slightly decreased at P14, while no embryonic data were
available for reference [39]. A CRX mutation, which is
the equivalent of a monoallelic knockout in humans,
also constitutes a clear cause of blindness [40]. We
speculate that haploinsufficiency of CRX may affect
photoreceptor development in the early stage of disease.
For these reasons, we do not rule out the weak effect of
COCO in 3D differentiation when considering insuffi-
cient doses of CRX due to tdTomato knock-in.

Conclusion

In summary, this study produced a fluorescently labeled
stem cell line enabling tracking of cells expressing CRX
and demonstrated that this system can be used to
optimize differentiation scheme for monitoring photo-
receptor precursor cell production under 3D retinal
organoid differentiation. Through screening, we proved
that the addition of COCO protein can increase the
number of precursor cells in the early stage of differenti-
ation. Obviously, the fluorescence knock-in strategy can
be expected to be further broadened to play a greater
role in the study of multicellular biology.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/513287-020-01883-5.

Additional file 1 : Figure S1. Characterization of CRXp-tdTomato. a Poly-
merase chain reaction of CRXp-tdTomato clones with primers spanning
the integration site to assess whether the cassette had integrated at the
correct site. b Karyotype analysis of CRXp-tdTomato. ¢ Immunohisto-
chemical analysis of alkaline phosphatase. Scale bar, 400 um. d Immuno-
cytochemistry of marker proteins for a-fetoprotein [AFP] (marker of
endoderm), a-smooth muscle actin [a-SMA] (marker of mesoderm) and
GFAP (marker of ectoderm). Scale bar, 100 um. Figure S2. 3D retinal orga-
noids formed by COCO supplement schemes. a Morphology of retinal
organoids after COCO with or without IWRTe and IGF1. Scale bar,

2000 um. b Comparison of COCO inducing efficiency between 12-day-
supplement and 30-day-supplement versus control group on D30 orga-
noids. ¢ Quantification of survival rate of organoids in panel B. e Fold
change of CTNNBT expression. *P < 0.05.

Abbreviations

ESCs: Embryonic stem cells; PSCs: Pluripotent stem cells; TGF-B3: Transforming
growth factor 3; BMP: Bone morphogenetic protein; IGF1: Insulin-like growth
factor 1; GSK3: Glycogen Synthase Kinase 3; FGFR: Fibroblast growth factor
receptor; CRX: Cone-Rod homeobox; NRL: Neural retina leucine zipper

Acknowledgements
We thank 502-laboratory members for the technical assistance and
discussion.

Consent of publication
Not applicable.

Authors’ contributions

Z-BJ and DP designed and supervised the whole study, conducted the data
analysis and interpretation, manuscript writing, financial support, and the
final approval of the manuscript. X-XX, S-QJ, and HZ performed experiments,

Page 11 of 12

collected samples, and analyzed data. Y-YL, HL, and M-LG participated in the
results discussion. All authors read and approved the final manuscript.

Funding

This work was supported by the National Natural Science Foundation of
China (81600772, 81790644), National Key R&D Program of China
(2017YFA0105300), and Zhejiang Provincial Natural Science Foundation of
China (LD18H120001LD).

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate
An ethical permit was obtained from the Ethics Committee of Wenzhou
Medical University (guidelines of the Declaration of Helsinki).

Competing interests
The authors declare no conflicts of interest.

Author details

"Laboratory of Stem Cell & Retinal Regeneration, Institute of Stermn Cell
Research, Division of Ophthalmic Genetics, The Eye Hospital, Wenzhou
Medical University, Wenzhou 325027, China. “Beijing Institute of
Ophthalmology, Beijing Tongren Eye Center, Beijing Tongren Hospital,
Capital Medical University, Beijing Ophthalmology & Visual Science Key
Laboratory, Beijing 100730, China. *Beijing Advanced Innovation Center for
Big Data-Based Precision Medicine, Beihang University & Capital Medical
University, Beijing Tongren Hospital, Beijing 100730, China. *School of Basic
Medical Sciences, Wenzhou Medical University, Wenzhou 325035, China.

Received: 18 May 2020 Revised: 17 July 2020
Accepted: 10 August 2020 Published online: 24 August 2020

References

1. Jayakody SA, Gonzalez-Cordero A, Ali RR, Pearson RA. Cellular strategies for
retinal repair by photoreceptor replacement. Prog Retin Eye Res. 2015;46:
31-66.

2. Zhao C, Wang Q, Temple S. Stem cell therapies for retinal diseases:
recapitulating development to replace degenerated cells. Development.
2017;144(8):1368-81.

3. Jin ZB, Gao ML, Deng WL, Wu KC, Sugita S, Mandai M, et al. Stemming
retinal regeneration with pluripotent stem cells. Prog Retin Eye Res. 2019,69:
38-56.

4. Gagliardi G, Ben M'Barek K, Chaffiol A, Slembrouck-Brec A, Conart JB,
Nanteau C, et al. Characterization and transplantation of CD73-positive
photoreceptors isolated from human iPSC-derived retinal organoids. Stem
Cell Rep. 2018;11(3):665-80.

5. Maclaren RE, Pearson RA, MacNeil A, Douglas RH, Salt TE, Akimoto M, et al.
Retinal repair by transplantation of photoreceptor precursors. Nature. 2006;
444(7116):203-7.

6.  Gonzalez-Cordero A, West EL, Pearson RA, Duran Y, Carvalho LS, Chu CJ,
et al. Photoreceptor precursors derived from three-dimensional embryonic
stem cell cultures integrate and mature within adult degenerate retina. Nat
Biotechnol. 2013;31(8):741-7.

7. West EL, Gonzalez-Cordero A, Hippert C, Osakada F, Martinez-Barbera JP,
Pearson RA, et al. Defining the integration capacity of embryonic stem cell-
derived photoreceptor precursors. Stem Cells. 2012;30(7):1424-35.

8. Lakowski J, Han YT, Pearson RA, Gonzalez-Cordero A, West EL, Gualdoni S,
et al. Effective transplantation of photoreceptor precursor cells selected via
cell surface antigen expression. Stem Cells. 2011;29(9):1391-404.

9. Collin J, Zerti D, Queen R, Santos-Ferreira T, Qauer R, Coxhead J, et al. CRX
expression in pluripotent stem cell-derived photoreceptors marks a
transplantable subpopulation of early cones. Stem Cells. 2019;37(5):609-22.

10.  Li M, Izpisua Belmonte JC. Organoids - preclinical models of human disease.
N Engl J Med. 2019;380(6):569-79.

11, Achberger K, Haderspeck JC, Kleger A, Liebau S. Stem cell-based retina
models. Adv Drug Deliv Rev. 2019;140:33-50.

12. Reichman S, Terray A, Slembrouck A, Nanteau C, Orieux G, Habeler W, et al.
From confluent human iPS cells to self-forming neural retina and retinal
pigmented epithelium. Proc Natl Acad Sci U S A. 2014;111(23):8518-23.


https://doi.org/10.1186/s13287-020-01883-5
https://doi.org/10.1186/s13287-020-01883-5

Pan et al. Stem Cell Research & Therapy

20.

21,

22.

23.

24,

25.

26.

27.

28.
29.

30.

31

32.

33.

34.

35.

36.

(2020) 11:366

Kuwahara A, Ozone C, Nakano T, Saito K, Eiraku M, Sasai Y. Generation of a
ciliary margin-like stem cell niche from self-organizing human retinal tissue.
Nat Commun. 2015;6:6286.

Nie J, Hashino E. Organoid technologies meet genome engineering. EMBO
Rep. 2017;18(3):367-76.

Karzbrun E, Kshirsagar A, Cohen SR, Hanna JH, Reiner O. Human brain
organoids on a chip reveal the physics of folding. Nat Phys. 2018;14(5):
515-22.

Xiang Y, Tanaka Y, Patterson B, Kang YJ, Govindaiah G, Roselaar N, et al.

Fusion of regionally specified hPSC-derived organoids models human
brain development and interneuron migration. Cell Stem Cell. 2017;
21(3):383-98. e7.

Bershteyn M, Nowakowski TJ, Pollen AA, Di Lullo E, Nene A, Wynshaw-Boris
A, et al. Human iPSC-derived cerebral organoids model cellular features of
lissencephaly and reveal prolonged mitosis of outer radial glia. Cell Stem
Cell. 2017;20(4):435-49.

Eiraku M, Takata N, Ishibashi H, Kawada M, Sakakura E, Okuda S, et al. Self-
organizing optic-cup morphogenesis in three-dimensional culture. Nature.
2011,472(7341):51-6.

Corbo JC, Lawrence KA, Karlstetter M, Myers CA, Abdelaziz M, Dirkes W,

et al. CRX ChIP-seq reveals the cis-regulatory architecture of mouse
photoreceptors. Genome Res. 2010;20(11):1512-25.

Nakano T, Ando S, Takata N, Kawada M, Muguruma K, Sekiguchi K, et al.
Self-formation of optic cups and storable stratified neural retina from
human ESCs. Cell Stem Cell. 2012;10(6):771-85.

Zhou S, Flamier A, Abdouh M, Tetreault N, Barabino A, Wadhwa S, et al.
Differentiation of human embryonic stem cells into cone photoreceptors
through simultaneous inhibition of BMP, TGFbeta and Wnt signaling.
Development. 2015;142(19):3294-306.

Bell E, Munoz-Sanjuan |, Altmann CR, Vonica A, Brivanlou AH. Cell fate
specification and competence by Coco, a maternal BMP, TGFbeta and Wnt
inhibitor. Development. 2003;130(7):1381-9.

Gao H, Chakraborty G, Lee-Lim AP, Mo Q, Decker M, Vonica A, et al. The
BMP inhibitor Coco reactivates breast cancer cells at lung metastatic sites.
Cell. 2012;150(4):764-79.

Swaroop A, Kim D, Forrest D. Transcriptional regulation of photoreceptor
development and homeostasis in the mammalian retina. Nat Rev Neurosci.
2010;11(8):563-76.

Kim JW, Yang HJ, Oel AP, Brooks MJ, Jia L, Plachetzki DC, et al. Recruitment
of rod photoreceptors from short-wavelength-sensitive cones during the
evolution of nocturnal vision in mammals. Dev Cell. 2016;37(6):520-32.
Deng WL, Gao ML, Lei XL, Lv JN, Zhao H, He KW, et al. Gene correction
reverses ciliopathy and photoreceptor loss in iPSC-derived retinal organoids
from retinitis pigmentosa patients. Stem Cell Rep. 2018;10(4):1267-81.

Gao ML, Lei XL, Han F, He KW, Jin SQ, Zhang YY, et al. Patient-specific
retinal organoids recapitulate disease features of late-onset retinitis
pigmentosa. Front Cell Dev Biol. 2020;8:128.

Lancaster MA, Huch M. Disease modelling in human organoids. Dis Model
Mech. 2019;12(7):dmm039347.

Schweiger PJ, Jensen KB. Modeling human disease using organotypic
cultures. Curr Opin Cell Biol. 2016;43:22-9.

McCauley HA, Wells JM. Pluripotent stem cell-derived organoids: using
principles of developmental biology to grow human tissues in a dish.
Development. 2017;144(6):958-62.

Zhao X, Liu J, Ahmad 1. Differentiation of embryonic stem cells into retinal
neurons. Biochem Biophys Res Commun. 2002;297(2):177-84.

Lamba DA, Karl MO, Ware CB, Reh TA. Efficient generation of retinal
progenitor cells from human embryonic stem cells. Proc Natl Acad Sci U S
A. 2006;103(34):12769-74.

Eberle D, Schubert S, Postel K, Corbeil D, Ader M. Increased integration of
transplanted CD73-positive photoreceptor precursors into adult mouse
retina. Invest Ophthalmol Vis Sci. 2011;52(9):6462-71.

Yaron O, Farhy C, Marquardt T, Applebury M, Ashery-Padan R. Notcht
functions to suppress cone-photoreceptor fate specification in the
developing mouse retina. Development. 2006;133(7):1367-78.

Brzezinski JA, Reh TA. Photoreceptor cell fate specification in vertebrates.
Development. 2015;142(19):3263-73.

Borday C, Cabochette P, Parain K, Mazurier N, Janssens S, Hong Thi T, et al.
Antagonistic cross-regulation between Wnt and Hedgehog signalling
pathways controls post-embryonic retinal proliferation. Development. 2012;
139(19):3499-509.

37.

38.

39.

40.

Page 12 of 12

Wong KA, Trembley M, Abd Wahab S, Viczian AS. Efficient retina formation
requires suppression of both Activin and BMP signaling pathways in
pluripotent cells. Biol Open. 2015;4(4):573-83.

Fu X, Sun H, Klein WH, Mu X. Beta-catenin is essential for lamination but not
neurogenesis in mouse retinal development. Dev Biol. 2006;299(2):424-37.
Furukawa T, Morrow EM, Li TS, Davis FC, Cepko CL. Retinopathy and
attenuated circadian entrainment in Crx-deficient mice. Nat Genet. 1999;
23(4):466-70.

Khan AO, Neri P, Al Teneiji AM. A recurrent arcuate retinopathy in familial
cone-rod dystrophy secondary to heterozygous CRX deletion. Ophthalmic
Genet. 2019,40(6):493-9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Methods
	Generation of the knock-in hESC line
	Culture of hESCs
	Differentiation of 3D retinal organoids
	FACS analysis
	Real-time quantitative PCR
	Fluorescence intensity quantification of retinal organoids
	Pearson’s correlation coefficient analysis
	Statistical analysis

	Results
	Correlation between fluorescence intensity and number of fluorescent cells in retinal organoids
	Effective fluorescent labeling of photoreceptor precursor cells during 3D differentiation
	COCO temporally enhances the differentiation efficiency of photoreceptor precursor cells
	Expression of signature genes in retinal organoids supplemented with COCO
	Increased number of cone photoreceptors in retinal organoids

	Discussion
	Conclusion
	Supplementary information
	Abbreviations
	Acknowledgements
	Consent of publication
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Competing interests
	Author details
	References
	Publisher’s Note

