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SUMMARY

Human induced pluripotent stem cell-derived (hiPSC) cardiomyocytes are a promising source for regenerative therapy. To realize this
therapy, however, their engraftment potential after their injection into the host heart should be improved. Here, we established an effi-
cient method to analyze the cell cycle activity of hiPSC cardiomyocytes using a fluorescence ubiquitination-based cell cycle indicator
(FUCCI) system. In vitro high-throughput screening using FUCCI identified a retinoic acid receptor (RAR) agonist, Am80, as an effective
cell cycle activator in hiPSC cardiomyocytes. The transplantation of hiPSC cardiomyocytes treated with Am80 before the injection signif-
icantly enhanced the engraftment in damaged mouse heart for 6 months. Finally, we revealed that the activation of endogenous Wnt
pathways through both RARA and RARB underlies the Am80-mediated cell cycle activation. Collectively, this study highlights an efficient
method to activate cell cycle in hiPSC cardiomyocytes by Am80 as a means to increase the graft size after cell transplantation into a

damaged heart.

INTRODUCTION

Human pluripotent stem cell-derived (hPSC) cardiomyo-
cytes are a promising source of cells for several clinical ap-
plications, including the in vitro modeling of human heart
diseases and related therapies. In the past decade, several
investigators have reported the efficacy of cell transplanta-
tions using hPSC cardiomyocytes to treat infarcted hearts
in animal models (Laflamme et al., 2007; Liu et al., 2018;
Shiba et al., 2016). However, the injected cardiomyocytes
do not survive or engraft well, resulting in limited graft
size and therapeutic effects on the damaged heart (Oikono-
mopoulos et al., 2018). Overall, better engraftment is
required to realize cardiac cell therapies using hPSC cardio-
myocytes in the clinical setting.

After cell injection into a damaged heart, the graft size
grows rapidly during the first month after transplantation,
and the graft continues to grow until 3 months followed by
a plateau (Funakoshi et al., 2016). The graft growth is corre-
lated with cell cycle activation of the engrafted cardiomyo-
cytes, which is normally measured by Ki67 or phospho-his-
tone H3 staining (Funakoshi et al., 2016; Romagnuolo
etal., 2019). Recently, Zhu et al. (2018) reported that trans-
planted human induced PSC (hiPSC)-cardiomyocytes that
overexpress cyclin D2 (CCND2) show larger graft sizes
and cause better improvement of cardiac function than
wild-type hiPSC cardiomyocytes. More recently, Bargehr
et al. (2019) demonstrated that co-transplantation with
hPSC epicardium, which can secrete several proliferative
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factors and extracellular matrix, promotes proliferation of
the engrafted hPSC cardiomyocytes, resulting in a larger
graft size than transplanting hPSC cardiomyocytes only.
Given that the graft size affects the efficacy of the cell trans-
plantation, enhancing the proliferation of the engrafted
cells could be a promising strategy to enlarge the graft
size and improve the therapeutic effect of the cardiac cell
therapy.

Fluorescence ubiquitination-based cell cycle indicator
(FUCCI) is a well-documented and proven technology for
monitoring cell cycle activation (Sakaue-Sawano et al.,
2008). Briefly, the FUCCI system uses two fluorescent
probes, monomeric Kusabira Orange, which is fused to
chromosome licensing factor hCdtl and indicates the
GO/G1 phase by emitting red wavelengths, and mono-
meric Azami Green, which is fused to licensing inhibitor
hGeminin and indicates S/G2/M by emitting green wave-
lengths. This technology can visualize the cell cycle stages
from G1 to the late mitosis stage and has been previously
studied in the cardiac context. Several reports have demon-
strated the utility of cardiac specific FUCCI transgenic or-
ganisms to assess cell cycle activities in the developmental
process and pathological response (Alvarez et al., 2019; Ha-
shimoto et al., 2014; Uribe et al., 2018). Additionally,
FUCCI transgenic zebrafish models, in combination with
in vivo high-throughput screening (HTS) systems, have re-
vealed cardiac proliferative factors, such as vitamin D,
Hedgehog, insulin-like growth factor, and transforming
growth factor B (Choi et al.,, 2013; Han et al., 2019).
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Figure 1. Monitoring the cell cycle in iPSC CMs using the FUCCI system
(A) Schema of the luciferase- and FUCCI-expressing iPSC-derived cardiomyocytes (CMs).
(B) Representative fluorescence microscope images of undifferentiated iPSCs (n = 3 independent experiments). Scale bars, 100 pum.

(legend continued on next page)
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However, its application to hPSC cardiomyocytes is not
well established.

In this study, we generated a FUCCI-expressing hiPSC
line and monitored the cell cycle activities during cardiac
differentiation. Using hiPSC cardiomyocytes, we demon-
strated differences in gene expression patterns in vitro be-
tween cell cycle stages. We also showed that the cell cycle
activity before cell transplantation affected proliferation
in vivo. Our use of the HTS system with the FUCCI cell
line allowed us to identify Am80 as a retinoic acid (RA)-
associated proliferative compound for hiPSC cardiomyo-
cytes. We additionally demonstrated that pre-treatment
with Am80 enhanced cell engraftment after transplanta-
tion into damaged hearts. We further assessed the possible
mechanism of RA signaling in the proliferation of hiPSC
cardiomyocytes.

RESULTS

Cellular characteristics of the FUCCI-expressing iPSC
line
To monitor the cell cycle stages in hPSC cardiomyocytes
in vitro and in vivo, we introduced FUCCI probes into an
hiPSC line (201B7) continuously expressing luciferase
(CAG promoter-driven), in which we can easily monitor
engraftment when injected into the heart by in vivo lumi-
nescence imaging, as previously described (Figure 1A) (Fu-
nakoshi et al., 2016; Miki et al., 2015). Using this FUCCI
cell line, we monitored cell cycle activities during cardiac
differentiation over a long culture (>40 days). In the undif-
ferentiated iPSC stage, approximately 50% of all cells
showed a green fluorescence (§/G2/M) and a smaller per-
centage showed a FUCCI red fluorescence (GO/G1) (Fig-
ure 1B). However, the percentage of green cells gradually
decreased during cardiac differentiation, reaching 3%,
while the red cells exceeded 70% at day 20 of the differen-
tiation (Figures 1C-1E, S14A, and S1B). White cells (no fluo-
rescence; early G1) were approximately 20% at this time.
After the long culture, most cells emitted red fluorescence,
suggesting they had become non-proliferative (Figures 1D
and 1E).

Because we previously reported that day-20 hiPSC cardi-
omyocytes have the greatest engraftment capacity in vivo

when injected into infarcted mouse heart (Funakoshi
et al., 2016), we focused our efforts on investigating the
cellular heterogeneity in cell cycle activity in day-20 differ-
entiated hiPSC cardiomyocytes. We confirmed by live im-
aging that the FUCCI fluorescence of some of these cells
transitioned from red to green, but most remained red,
indicating the cells are a mixture of cells in the GO/G1 stage
and of cells with an active cell cycle (Video S1). We then
sorted the red, white, and green sub-populations (SIRPA
positive/lineage negative) and compared the gene expres-
sion patterns by RNA sequencing (RNA-seq) (Figure S1C).
The differentially expressed genes among the three sub-
populations were clustered into 4 groups (Figure 1F). A
Gene Ontology (GO) enrichment analysis showed the
genes of cluster 2, which consists of cell cycle- and
mitosis-related genes, were expressed highest in green cells
followed by white cells, indicating that the FUCCI system
can monitor accurately the cell cycle stages of hiPSC cardi-
omyocytes (Figures 1F and 1G). In contrast, genes in cluster
1, which consist of muscle- and contraction-related genes,
were expressed most by red cells, suggesting that non-pro-
liferative cardiomyocytes undergo the cellular maturation
process earlier than proliferative cardiomyocytes
(Figures 1F and 1G). Together, we show that the FUCCI sys-
tem can detect the cell cycle status and that there exists het-
erogeneity in the cell maturity and proliferation activity of
day-20 hiPSC cardiomyocytes in vitro.

hiPSC cardiomyocytes with activated cell cycle show
better engraftment in vivo

To confirm if our FUCCI system can monitor the cell cycle
stages in hiPSC cardiomyocytes in vivo, we injected day-20
hiPSC cardiomyocytes into non-obese diabetic/Shi-SCID
IL2Ry™ (NOG) mouse heart with myocardial infarction
and monitored the cell cycle stages of the engrafted cells.
At 3 months after transplantation, we observed large grafts
consisting of human cardiac troponin T (cTNT)-positive
cardiomyocytes expressing red fluorescence (Figure S2A).
At 2 weeks after transplantation, approximately 10% of
the engrafted cells showed green fluorescence and 20%
no fluorescence (Figure S2B). The percentage of green cells
gradually decreased and was rarely observed at 3 months
(Figures 2A and 2B), suggesting that the engrafted cells
proliferated during the first few months and became

(C) Representative fluorescence microscope image of day-20 iPSC CMs (n = 3 independent experiments). Scale bar, 100 um.
(D) Representative flow cytometry analysis of FUCCI-expressing iPSC CMs at the indicated times of differentiation (n = 3 independent

experiments each).

(E) Percentages of the different FUCCI color intensities (n = 3 independent experiments each). All error bars represent SE.

(F) A cluster analysis showing four clusters of differentially expressed genes among the red, white, and green populations in FUCCI-ex-
pressing iPSC CMs. Adjustment p value of <0.01 by likelihood ratio test. Center line, median; box limits, upper and lower quartiles;
whiskers, 1.5 X interquartile range; points, outliers. (n = 3 independent experiments.)

(G) A GO analysis of genes in cluster 1 (red > white > green) and cluster 2 (green > white > red).
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Figure 2. Differences in engraftment po-
tential by the cell cycle status of iPSC CMs
(A) FUCCI expression patterns in grafted cells
at 2 weeks, 1 month, and 3 months after
cardiomyocyte (CM) transplantation (n = 3
independent experiments each). Scale bars,
20 pm.

(B) Percentages of the different FUCCI color
intensities (n = 3 independent experiments
each). All error bars represent SE. **p < 0.01,

" Red (G0-G1)
White (early G1)

" Green (S/G2/M)
Yellow (G1-S)

in vitro

FUCCI green FUCCI green FUCCI green C

Day20 CMs sorting

-

»)
m

2500

- —_ N
o [4)] o
L= = o
S 3

Engraftment ratio (%)
LA 2L

5001

< Group1: Red

=+ Group2: non-Red

cTNT/

non-proliferative at 3 months. Additionally, when we
compared the cell cycle stages at 1 month after transplanta-
tion with time-matched day-50 hiPSC cardiomyocytes
(1 month after day 20) in vitro, the percentage of day-20
cells with green or no fluorescence signal was significantly
higher in vivo than in in vitro day-50 cardiomyocytes (Fig-
ure 2B), indicating that the cell cycle of hiPSC cardiomyo-
cytes was maintained actively in vivo during the first month
after the cell transplantation.

Because day-20 hiPSC cardiomyocytes have heteroge-
neous cell cycle stages, we next tested if the engraftment
potential is different according to the cell cycle stage before
the transplantation. We sorted red from other day-20
hiPSC cardiomyocytes (non-red) and injected 2.5 x 10°
cells of one group into infarcted NOG mouse heart (Fig-
ure 2C). The luminescence signal intensity was signifi-
cantly higher in the non-red group than the red group
over time, which correlated with the graft size at 3 months
(Figures 2D, 2E, and S2C), indicating that other hiPSC car-
diomyocytes (S/G2/M/early G1, non-red) before the trans-

post-transplantation

Group1 : Red

****p < 0.0001 by two-sided unpaired t test.
(C) Schema of the transplantation of red and
non-red (green or white) cells.

(D) Luminescence intensities after trans-

transplantation

i plantation of red or non-red cells (n = 12

— independent experiments each). All error bars

P represent SE. ****p < 0.0001 by two-way
i ANOVA test.

(E) Representative fluorescence microscope
images of the mouse heart with engrafted
group 1 (red) or 2 (non-red) cells (n = 4 in-
dependent experiments each). Scale bars,
300 pm.

/ Hoechst

plantation engraft and proliferate better than red hiPSC
cardiomyocytes (GO0/G1). Immunohistology after the
transplantation of other hiPSC cardiomyocytes revealed
that cTNT-positive cardiomyocytes engrafted and almost
all expressed red fluorescence at 3 months, suggesting their
cell cycle is GO/G1 at 3 months (Figures S2D and S2E). The
sarcomere structure and the expression and distribution of
the gap junction protein CX43 in the engrafted cardiomyo-
cytes were comparable between the two groups (Figures S2F
and S2G), suggesting that the cell cycle activity before the
cell transplantation did not affect the graft quality at
3 months.

Taken together, these results demonstrate that the cell cy-
cle stage in vitro before transplantation impacts prolifera-
tion in vivo, with an activated cell cycle stage (S/G2/M/early
G1) giving better engraftment potential.

Identification of cardiac proliferation drugs by HTS
Given that the cell cycle activity affects the engraftment af-
ter transplantation, we hypothesized that activating the
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Figure 3. Identification of Am80 by HTS

(A) Left, Schema of the HTS system using FUCCI-expressing day-18 iPSC cardiomyocytes. Right, Example array scan images of negative and

positive-hit compounds. Scale bars, 100 um.

(B) Strategy to identify proliferation compounds. FITC, fluorescein isothiocyanate.

(C) Representative flow cytometry analysis of DMSO-treated (control) and Am80-treated cardiomyocytes (n = 3 independent experiments).
(D) Percentage of green and red cells (n = 3 independent experiments).

(E) Percentage of EdU-positive cells (n = 3 independent experiments).

(F) Number of cardiomyocytes (n = 6 independent experiments). The number was measured 6 days after pre-treatment with Am80 for
2 days. *p < 0.05, ***p < 0.001 by two-sided unpaired t test (D, E) and by unpaired t test with Welch's correction (F). All error bars

represent SE.

cell cycle in vitro could enhance the engraftment potential
after injection into the heart. We, therefore, tried to
discover drugs that proliferate cardiomyocytes. We estab-
lished HTS using an array scan system (Figure 3A). We
searched a drug library consisting of >4,000 compounds
and discovered that 33 candidate compounds, including
RA-related drugs, GSK3 inhibitors, PI3K inhibitors, isoci-
trate dehydrogenase inhibitors, and nucleic acid synthesis
inhibitors, increased the ratio of green cells after treatment
for 2 days (Figure 3B). We excluded anti-cancer drugs, such
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as nucleic acid synthesis inhibitors, among the compounds
and identified RA-related drugs and GSK3 inhibitors as
potentially proliferative drugs. We added several RA-related
compounds and GSK3 inhibitors that were not contained
in the first library and then performed a second screening
by flow cytometry among 49 compounds (Figure 3B).
Finally, we identified that an RA receptor (RAR) agonist,
Am80, resulted in the strongest green fluorescence inten-
sity (Figures S3A-S3C). Treatment with Am80 for 2 days
caused a significant increase in the percentage of green cells
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Figure 4. Pre-treatment with Am80 enhances the engraftment of iPSC cardiomyocytes in infarcted mouse heart

(A) Schema of the transplantation of Am80-treated cardiomyocytes.

(B) Luminescence intensity after transplantation of DMSO-treated or Am80-treated cardiomyocytes (n = 6 independent experiments each).
All error bars represent SE. *p < 0.05, two-way ANOVA test.

(C) Representative fluorescence microscope images of the mouse heart with engrafted DMSO-treated or Am80-treated cardiomyocytes (n =

4 independent experiments each). Scale bars, 300 um.
(D) Quantification of graft size in the transplantation of DMSO-treated (n = 10 independent experiments) and Am80-treated car-
diomyocytes (n = 9 independent experiments). Values are mean + SD. *p < 0.05 by two-sided unpaired t test. LV, left ventricle.

(legend continued on next page)
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and a significant decrease in red cells (Figures 3C and 3D).
To confirm the proliferative effect, we assessed the incorpo-
ration of 5-ethynyl-2'-deoxyuridine (EdU), a marker of
DNA synthesis, and observed a significantly higher per-
centage of EdU-positive hiPSC cardiomyocytes in the
Am80-treated cell population than in the non-treated con-
trol population and a significant increase in the number of
cardiomyocytes within the Am80-treated cells (Figures 3E
and 3F). We confirmed a similar proliferative effect in cardi-
omyocytes derived from another iPSC line (409B2) by the
EdU assay (Figures S3D and S3E), suggesting that Am80 is
broadly wuseful as a proliferative drug for hiPSC
cardiomyocytes.

Pre-treatment of Am80 enhances graft size after cell
transplantation

To test our hypothesis that pre-treatment with a prolifera-
tive drug improves the engraftment potential of hiPSC car-
diomyocytes, we injected Am80- or DMSO-treated purified
hiPSC cardiomyocytes (1 x 10° cells/mouse) into infarcted
NOG mouse heart (Figure 4A) and compared the engraft-
ment by in vivo luminescence imaging. The Am80-treated
cardiomyocytes showed significantly greater luminescence
during a 6-month follow-up than the control cells (Fig-
ure 4B). Especially during the first few weeks, the lumines-
cence signal by the Am80-treated cardiomyocytes
increased rapidly, indicating that Am80-treatment strongly
induced proliferation just after the cell injection. Consis-
tent with the difference in luminescence, we observed
larger grafts in the Am80-treated group than in the control
group (Figures 4C and 4D). Regarding graft location, the
Am80-treated group is more likely to engraft in the scar
lesion compared with the DMSO-treated control group,
suggesting that AmS80 treatment positively impacts
engraftment in the ischemic scar lesion (Figure 4E). Almost
all grafted cardiomyocytes in both groups showed FUCCI
red signals at 6 months, indicating they were in a non-pro-
liferative state (Figure 4F). With respect to the graft quality,
cardiomyocytes from both groups showed well-organized
sarcomere structures at 6 months (Figure 4G). Additionally,
both groups showed comparable levels and distributions of

CX43 expression in the grafts: CX43 in both groups re-
mained distributed throughout the graft, but was not
aligned well at the cell-cell junction, indicating that the
grafted cells were not fully matured (Figure 4G). Collec-
tively, pre-treatment with Am80 enhances the graft size,
but retains a graft quality comparable with untreated cells.
Finally, we measured the cardiac function after transplanta-
tion by echocardiography. The cell transplantation using
both DMSO- and Am80-treated cardiomyocytes showed
significantly improved cardiac function including shorter
left ventricular diastolic (Dd)/systolic dimension (Ds) and
higher fractional shortening (FS) compared with untreated
vehicle control, while all the parameters were comparable
between DMSO treatment and Am80 treatment 6 months
after the cell transplantation (Figure 4H).

Am80 enhances cardiomyocyte proliferation through
RARs o and B

To elucidate the mechanism underlying the proliferative
effect of Am80 treatment, we performed an RNA-seq anal-
ysis of Am80-treated day-20 hiPSC cardiomyocytes and
compared their gene expression patterns with DMSO-
treated day-20 hiPSC cardiomyocytes (Figure S4A). A GO
enrichment analysis using differentially expressed genes
between these two groups revealed that cell cycle- and
mitosis-related genes were enriched in the Am80 group.
In contrast, muscle-related genes were enriched in the con-
trol cells, confirming that Am80 induces the broad upregu-
lation of cell cycle-related genes (Figures S4B and S4C).
Because RA signaling regulates the atrial fate in the devel-
oping heart, we confirmed that Am80 treatment did not
upregulate several atrial genes, including NR2F2, KCNAS,
and KCNJ3. In contrast, several ventricular genes, such as
IRX4, MYL2, and GJA1, were highly expressed, consistent
with RA signaling for the atrial cell fate being required
only in the early phase of cardiac differentiation and that
Am80 treatment on day 18 does not affect cell fate specifi-
cation (Figure S4D). It should be noted that the expression
level of some of the ventricular genes gradually decreased,
probably because of the proliferative effect of Am80.

(E) Comparison of graft location in the infarcted mouse heart between the transplantation of DMSO-treated (n = 10 independent ex-
periments) and Am80-treated cardiomyocytes (n = 9 independent experiments). Values are mean + SD. *p < 0.05 by one-way ANOVA test
followed by Tukey’s multiple comparison test. BZ, border zone area; ns, not significant; scar, scar area.

(F) Representative FUCCI fluorescence patterns of engrafted DMSO-treated cardiomyocytes or Am80-treated cardiomyocytes 6 months after
the transplantation (n = 4 independent experiments each). Scale bars, 100 pum.

(G) Representative CX43 and cTNT expression patterns of engrafted DMSO-treated or Am80-treated cardiomyocytes (n = 4 independent

experiments each). Scale bars, 20 um.

(H) Echocardiographic parameters (Dd, Ds, and FS) during 6-month follow-up (n = 6 independent experiments each). Values are mean + SD.
**p<0.01, ****p <0.0001 by two-way ANOVA test followed by Tukey’s multiple comparison test. Dd: Am80 vs. vehicle, p<0.01. DMSO vs.
vehicle, p <0.0001. Am80 vs. DMSO, not significant (ns). Ds: Am80 vs. vehicle, p < 0.0001. DMSO vs. vehicle, p <0.0001. Am80 vs. DMSO,
not significant, FS: Am80 vs. vehicle, p < 0.0001. DMSO vs. vehicle, p < 0.0001. Am80 vs. DMSO, not significant.
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Figure 5. Molecular mechanism underlying the Am80-induced proliferation of iPSC CMs

(A) Enrichment of upstream regulators among genes highly expressed in Am80-treated cardiomyocytes (CMs) by a motif enrichment
analysis. Regulators in which the absolute expression level is >100 normalized counts and the expression level is higher after Am80
treatment than DMSO treatment are included in the graph.

(B) Expression patterns of RARs and RXRs in DMSO-treated and Am80-treated CMs.

(C) Percentage of green cells under the indicated siRNA-mediated KD conditions (N = 5-7 independent experiments).

(D) Principal-component analysis of DMSO- and Am80-treated cardiomyocytes with siNC, siRARA, siRARB, or siA + B (n = 3 independent
experiments each).

(legend continued on next page)
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To identify the regulatory genes in Am80-treated hiPSC
cardiomyocytes, we performed a motif enrichment anal-
ysis. We found that several transcription binding motifs
were enriched in regions upstream of the highly expressed
genes, including RARs alpha, beta, and gamma (RARA,
RARB, and RARG) (Figure 5A). The expression level of all
three RARs was significantly higher in Am80-treated cells
than in control cells. In contrast, the expression level of
other RA-related receptors, such as retinoid X receptors
(RXRs), was comparable between the two groups (Fig-
ure 5B), indicating that RARs play an important role in
the proliferative effect of Am80 on cardiomyocytes. We
thus performed small interfering RNA (siRNA)-mediated
knockdown (KD) of the RARs. We first tested several
different siRNAs specific for each RAR and determined
the most effective combinations, finding a mixture of three
different siRNAs (a1, a2, a3) for RARA (siRARA) and two
different siRNAs (B3, B5) for RARB (siRARB), but no efficient
siRNAs for RARG, which probably accounts for the lower
expression of RARG in cardiomyocytes (Figures 5B and
S4E). The inhibition of RARA by siRARA, RARB by siRARB,
or their combination (siRARA and siRARB [siA + B]) elimi-
nated the proliferative effect of Am80 (Figure 5C), vali-
dating that Am80 shows its proliferative effect through
these two receptors. These observations further suggested
that Am80 functions on RARA and RARB simultaneously
and that there exist common downstream pathways that
are essential for the proliferative effect of Am80. To clarify
the molecular mechanism in more detail, we performed
an RNA-seq analysis of all siRNA-treated cells. Principal-
component analysis showed that Am80-treated samples
with siA + B were close to DMSO-treated samples in princi-
ple component 2 (PC2), but far from Am80-treated samples
transfected with a non-targeting siRNA (siNC) (Figure 5D).
We thus searched for genes responsible for PC2 by perform-
ing a GO analysis. We identified the RAR signaling pathway
as enriched in positive loading genes to PC2. In contrast,
the interferon (IFN) signaling pathway as well as positive
regulation of the non-canonical Wnt signaling pathway
were enriched in negative loading genes to PC2, indicating
that the KD of both RARA and RARB attenuated the effect
of Am80 on the three pathways (Figure 5E, Table S1). We
next extracted 485 differentially expressed genes between
the DMSO- and Am80-treated samples transfected with
siNC. Among those 485 genes, we focused on genes ex-
pressed differently between Am80-treated samples trans-
fected with siNC and those transfected with siRARA and/
or siRARB, thus identifying 34 genes (Figure S4F). These

34 genes included CCND2, other cell cycle-related genes
(MSH6, MCM2), and Wnt/p catenin-related genes
(BTBD11, EYA1, TGIF1) (Freyer and Morrow, 2010; Karner
et al.,, 2011; Wang et al., 2017), whose expression levels
were upregulated by Am80, as well as several inhibitory
genes in the canonical Wnt pathway (DKK1, FZD6, PJA2)
(Dawson et al., 2013; Song et al., 2018) and IFN-related
genes (CELF2, MITF), whose expression levels were down-
regulated by Am80 (Figure SF). All these results suggested
that the proliferative effect of Am80 was at least partly
caused by activation of the endogenous canonical Wnt
pathway through RARA and RARB.

DISCUSSION

In this study, using FUCCl-expressing hiPSC cardiomyo-
cytes, we demonstrated heterogeneity in the cell cycle
stages in vitro and in vivo. Additionally, we identified a
drug, Am80, that promotes the proliferation of cardiomyo-
cytes and demonstrated that pre-treatment with Am80
enhanced the engraftment of the cells in vivo. Furthermore,
an RNA-seq analysis of Am80-treated cells indicated that
Wnt signaling induces the cardiomyocyte proliferation.
Taken together, this study highlights the power of using
the FUCCI system to assess the proliferation activity of
hPSC cardiomyocytes both in vitro and in vivo.

RA signaling is known to play several essential roles in
heart development (Nakajima, 2019; Perl and Waxman,
2019; Xavier-Neto et al., 2015). In the early developing
heart, equivalent to embryonic day 6.5-7.5 (E6.5-7.5) in
mice, ventricular progenitors, especially left ventricular
progenitors, are specified before atrial progenitors (Le-
scroart et al., 2014). RA signaling is essential for atrial pro-
genitors to specify the atrial fate (Protze et al., 2019). By
applying this developmental finding to the cardiac differ-
entiation of hPSCs, it has been reported that atrial and
ventricular progenitor cells are derived from different
mesoderm populations, and only RALDH2-positive popu-
lations (RALDHZ2 is an RA synthesizing enzyme) can differ-
entiate into atrial cells in vitro (Lee et al., 2017). During the
ventricular expansion stage in the embryo, equivalent to
E10.5-14.5 in mice, RA synthesized by the RALDH2-posi-
tive epicardium induces the endogenous secretion of
several proliferative factors, including Wnt, fibroblast
growth factors, and insulin-like growth factors, from the
epicardium, which induce the proliferation of the outer
layer of the ventricle, that is, the compact myocardium

(E) GO analysis of genes highly responsible for PC2. Results are shown for genes positively and negatively loading to PC2. The top 30 GO

terms by adjusted p value are shown.

(F) Heatmap showing the expression level of 34 genes regulated by Am80 through both RARA and RARB. All error bars represent SE.

*p < 0.05 by two-sided unpaired t test.
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(Bradeetal., 2011; Lavine et al., 2005; MerKki et al., 2005; Za-
mora et al.,, 2007). While those indirect effects of RA
signaling are well known, the direct effects of RA on cardi-
omyocytes have not been well documented in this stage of
the developing heart. After this stage, the epicardial cells
become dormant and lose their RALDH2 expression, result-
ing in the loss of the source of RA signaling in the heart
(Masters and Riley, 2014). However, interestingly, the reac-
tivation of RA signaling after heart injury in the postnatal
stage is induced by the re-expression of epicardial
RALDH2, which affects cardiac remodeling by modulating
the activities of cardiac fibroblasts and immune cells (Kiku-
chi et al., 2011; Lepilina et al., 2006; Masters and Riley,
2014). Furthermore, it has been reported that the activa-
tion of RAR/RXR attenuates left ventricular hypertrophy,
fibrosis, apoptosis, and inflammatory responses in the
adult heart (Guleria et al.,, 2013; Pan et al., 2014). It is
known that hiPSC cardiomyocytes have a similar molecu-
lar signature to in vivo cardiomyocytes in the late-devel-
oping heart (Uosaki et al., 2015). Our Am80-treated day-
20 cardiomyocytes maintained the ventricular fate and
did not acquire the atrial fate, consistent with them having
passed the specification stage in the early developing heart.
Regarding the endogenous RAR-related pathways, we
demonstrated that siRAR treatment inhibited the effect of
Am80 treatment. However, it did not decrease the percent-
age of FUCCI green cells in DMSO-treated cardiomyocytes.
These findings suggest that the RAR pathway regulates the
cell cycle differently from the pathway that regulates it un-
der baseline conditions in iPSC cardiomyocytes at this
stage. Further investigation is necessary to elucidate the
mechanisms underlying endogenous cell cycle regulation
in iPSC cardiomyocytes. We thus concluded that the phe-
nomena observed in this study reflect how late fetal and
perinatal cardiomyocytes react to the exposure of exoge-
nous RA. Consistently, another report using a cardiac-spe-
cific beta-major histocompatibility complex (MHC) (fetal
MHC)-driven RAR/RXR-overexpression mouse model
showed that continuous RA-mediated signaling inhibits
the maturation process and maintains the fetal ventricular
phenotype (Colbert et al., 1997).

RA signaling has essential roles in regenerative responses
of the heart. In zebrafish, whose heart has regenerative ca-
pacity, the reactivation of RA signaling through the acti-
vated epicardium and endocardium is critical for the regen-
erative response, and the downregulation of RARA or
overexpression of an RA degrading enzyme, CYP26A1,
blocks heart regeneration (Kikuchi et al., 2011). However,
because the inhibition of RA signaling in that study was
systemic, how RA signaling affects cardiomyocyte regener-
ation directly remains unclear (Cao and Poss, 2018). As for
heart regeneration in neonatal mice, the activation of
RALDH2 in the epicardium is also induced by injury (Bil-

bija et al., 2012; van Wijk et al., 2012), suggesting a poten-
tial role of RA signaling for mammalian heart regeneration.
Because the reactivation of RALDH and other fetal genes in
the epicardium has been reported even in adult heart
injury (Huang et al., 2012), our finding that Am80 treat-
ment upregulated the expression of RARs and induced
the activation of cell cycle genes may be one mechanism
underlying the RA-related cardiac repair process in post-
natal heart injury.

More specifically, we found that Am80 downregulated
the inhibitory genes of canonical Wnt signaling and upre-
gulated Wnt-related genes together with cell cycle genes
through RARA and RARB, indicating the relatively acti-
vated status of the endogenous canonical Wnt signaling
pathway in Am80-treated hiPSC cardiomyocytes. Wnt/
B-catenin signaling is activated in response to cardiac
injury and is related to the repair process including fibrosis,
hypertrophic changes, and regenerative responses (Daska-
lopoulos and Blankesteijn, 2021; Ozhan and Weidinger,
2015). Although the activation of this pathway includes
endothelial cells, fibroblasts, smooth muscle cells, inflam-
matory cells, and the epicardium, the upregulation of the
Wnt pathway in cardiomyocytes has not been established.
Our results showing the activation of the endogenous ca-
nonical Wnt pathway through RARs suggest that RA
secreted from the injured epicardium directly activates an
endogenous Wnt pathway in cardiomyocytes during car-
diac repair. Furthermore, Wnt signaling promotes the pro-
liferation of hPSC cardiomyocytes in vitro (Buikema et al.,
2020). Indeed, our HTS indicated that GSK3 inhibitors,
which can enhance Wnt signaling, are also candidate drugs
for hiPSC cardiomyocyte proliferation. However, Am80
activated the cell cycle more than any GSK3 inhibitors
did, suggesting that there could be other direct or indirect
mechanisms to induce cell cycle activation in addition to
activation of the endogenous canonical Wnt pathway.
We further identified that several genes, including MITF,
CELF2, and PTEN, which have been known to interact
with the immune system (Ballotti et al., 2020; Diaz-Munoz
and Turner, 2018), were downregulated by Am80 through
RARs, suggesting that the inflammation levels might be
associated with better engraftment. Further investigations
are required to confirm this point.

We demonstrated the relationship between cell cycle ac-
tivity in hiPSC cardiomyocytes and their engraftment po-
tential. Cardiomyocytes in S/G2/M/early G1 phase
(FUCCI non-red) had a higher proliferative potential after
cell transplantation. However, in a previous study, we
demonstrated that day 20-cardiomyocytes derived from
hiPSCs had a higher engraftment capacity than day
8-cardiomyocytes (Funakoshi et al.,, 2016), despite the
higher percentage of FUCCI non-red cells in the latter.
This suggests that cell cycle activity is not the only factor

Stem Cell Reports | Vol. 18 | 1672—1685 | August 8,2023 1681

'O‘
©



;0‘
(&

determining the engraftment capacity in iPSC cardiomyo-
cytes. Other factors, including the expression of cell adhe-
sion molecules and cellular maturation level, could also
affect their engraftment potential. Therefore, a specific sub-
population with S/G2/M/early G1 phase in day 20-iPSC
cardiomyocytes could be an ideal population for cell
engraftment. However, this subpopulation only represents
20%-30% of the total population, resulting in a limited cell
numbers. Currently, there are no methods to enrich this
subpopulation without using the FUCCI cell line, which
could be a significant hurdle for the clinical application
of cardiac cell therapy. Thus, we selected a strategy to in-
crease the proportion of FUCCI-green cells in day-20 cardi-
omyocytes. Further study will be necessary to enrich this
subpopulation efficiently. Am80 treatment of this subpop-
ulation might be another effective strategy to increase the
graft size if we can generate or efficiently select only this
subpopulation in a large-scale culture system without cell
sorting.

To conclude, we demonstrated that the pre-treatment of
Am80 enhances the engraftment of hiPSC cardiomyocytes
in the infarcted heart. In vivo luminescence imaging
showed that differences in the signal intensity between
Am80-treated and control cells widened mainly during
the first few weeks after the transplantation and were main-
tained for the following 6 months, suggesting that
pre-treatment with Am80 enhanced the proliferation of
the injected cardiomyocytes during the first few weeks.
The luminescence intensity reached a plateau at 3 months,
and the Am80-treated grafted cells showed red FUCCI sig-
nals at 6 months after transplantation, consistent with
the effect of the pre-treatment being limited to the early
period and not inducing abnormal growth of the grafts.
In this study, we observed the improved cardiac function
after cell transplantation, consistent with our previous
report (Funakoshi et al., 2016). However, we could not
observe any differences in echocardiographic parameters
between the transplantation of DMSO-treated cardiomyo-
cytes and that of Am80-treated cardiomyocytes, while the
latter demonstrated a larger graft size. In small animal
models, the improvement of cardiac function after cell
transplantation is mainly caused by the paracrine effect
of grafted cells, as hiPSC cardiomyocytes are not able to effi-
ciently couple with the host myocardium because of the
rapid heart rate of the host heart (>300 bpm). We assume
that the discrepancy between larger graft size and compara-
ble improvement in cardiac function accounts for this issue
in the small animal models. In contrast, it has been re-
ported that grafted cardiomyocytes couple with the host
heart and the improvement of cardiac function after cell
transplantation is correlated with graft size in the large an-
imal model (Shiba et al., 2016). Further investigation using
large animal models may enable an evaluation of the
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impact of larger graft size in Am80-treated hiPSC cardio-
myocytes on cardiac function. Additionally, gene expres-
sion analysis in Am80-treated cardiomyocytes showed a
relatively immature phenotype compared with untreated
cardiomyocytes, particularly regarding the expression level
of the sarcomere and muscle contraction-related genes.
This suggests that Am80-treated cardiomyocytes have
some differences in functionality before cell transplanta-
tion. However, 3 months after cell transplantation, they ex-
hibited comparable sarcomere structures, CX43 expres-
sion, and FUCCI expression patterns, as well as similar
improvements in cardiac function measured by echocardi-
ography. This indicates that the relatively immature
phenotype of Am80-treated cardiomyocytes before cell
transplantation does not negatively impact the efficacy of
cell transplantation. Finally, several recent studies reported
that graft-related ventricular arrhythmia occurs during the
first month after transplantation in large animal models
with myocardial infarction (Chong et al., 2014; Romag-
nuolo et al., 2019; Shiba et al., 2016). How the accelerated
proliferation of engrafted cells during this period affects
graft-related arrhythmia should be also further investigated
in large animal models to elucidate whether pre-treatment
with proliferative drugs is feasible in terms of safety.

EXPERIMENTAL PROCEDURES

Resource availability

Corresponding author

Further information and requests for resources and reagents
should be directed and will be fulfilled by the corresponding au-
thors, Yoshinori Yoshida (yoshinor@cira.kyoto-u.ac.jp) and Shun-
suke Funakoshi (s.funakoshi@cira.kyoto-u.ac.jp).

Materials availability

All unique reagents generated in this study are available from the
lead contact with a completed Materials Transfer Agreement.
Data and code availability

All data presented in this study are available in the main text, in
Supplemental items file, and from the corresponding author
upon request. The RNA-seq data in this study has been deposited
into the GEO database under the accession code: GSE176303.

HTS assay by array scan

For the HTS assay, day-20 hiPSC cardiomyocytes were purified by
sorting the SIRPA-positive and lineage-negative populations
using the Aria II and replated onto 384 fibronectin-coated well
plates (2,500 cells/well). Two days after the replating, 4,032 com-
pounds (Approved Drug Libraries [ENZO FDA, ENZO ICCB,
MICROSOURCE International Drugs, MICROSOURCE US Drugs]
and Bioactive Compound Libraries [Selleck Kinase Inhibitor Li-
brary, EMD Kinase Inhibitor Library, ENZO Kinase Inhibitor Li-
brary, SIGMA LOPAC, and compounds from Tocris Bioscience
and Selleck Chemicals]) were administered to the cells. Three
days after the treatment, images were captured using an
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mailto:s.funakoshi@cira.kyoto-u.ac.jp

ArrayScan High-Content System (ThermoFisher Scientific). We
defined the wells in which the percentage of cells with a green
signal higher than the mean signal plus two standard deviations
(+2 SD) of all wells as positive wells. Thus, 33 compounds were
picked up as possible proliferation compounds in the first
screening.

Cell transplantation into mouse myocardial

infarction models, in vivo bioluminescence imaging,
and echocardiography

All animal experiments were performed in accordance with the
Guidelines for Animal Experiments of Kyoto University and the
Guide for the Care and Use of Laboratory Animals by the Institute
of Animal Resources. Male non-obese diabetic/severe combined
immunodeficiency NOG mice (8-12 weeks old) were mechanically
ventilated under general anesthesia with inhalation of 2% isoflur-
ane under intubation using a 20G angiocatheter (Terumo Corpora-
tion). Mouse hearts were exposed by left anterolateral thoracot-
omy. Myocardial infarction was generated by the ligation of the
left anterior descending artery with an 8-0 Prolene suture (Ethicon,
Inc., Johnson & Johnson). hiPSC cardiomyocytes were injected to
the ischemic lesion at a single site with a total volume of 20 pL
IMDM (Life Technologies). Transplantation procedures were per-
formed using a Hamilton syringe with a 30G needle. To estimate
the graft size, bioluminescence imaging was performed using an
in vivo bioluminescence imaging system (IVIS, Caplier Life Sci-
ences). D-luciferin (SPI) was administered at a dose of 200 mg/kg
intraperitoneally. The engraftment ratio was defined by the signal
at each time point divided by the signal immediately after injec-
tion on day 0. Both cultured cells and mice were allocated into
experimental groups in random for the transplantation experi-
ments. The measurement of the engraftment ratio by IVIS was
not performed in a blind manner; the outcome was not dependent
on the judgment of the investigators and could not be influenced
by prior knowledge of the groups. Cardiac function, including left
Dd/Ds and FS, was measured using transthoracic echocardiogra-
phy (GE, Vivid S, GE) under mild anesthesia with inhaled isoflur-
ane (Abbott Japan). FS was calculated as 100 x (Dd — Ds)/Dd (%).
Graft size was measured by calculating the ratio of grafted area
divided by the entire left ventricular area by longitudinal analysis
from apex to base in the mouse heart.

Quantification and statistical analysis

Statistical significance was determined using the Student’s un-
paired t test, unpaired t test with Welch's correction, or two-way
ANOVA test by GraphPad Prism 6 software (GraphPad Software).
All statistical parameters are reported in the respective figures
and figure legends.
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Figure S1. Monitoring of the cell cycle status during the cardiac differentiation of iPSCs using

FUCCI, related to Figure 1. (A) Representative fluorescence microscope image of sorted day-20 iPSC-



cardiomyocytes (N=3 independent experiments). * FUCCI-green nucleus, ** FUCCI-white (no color)
nucleus. Scale bar, 100 um. (B) Flow cytometry gating strategy to determine the percentage of FUCCI
color. (C) PCA by RNA-seq in cells expressing red, white, and green FUCCI signals.
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Figure S2. Difference in engraftment potential by the cell cycle status in iPSC-cardiomyocytes,

related to Figure 2. (A) Representative fluorescence microscope image of the grafted cardiomyocytes

following the cell transplantation (N=3 independent experiments). Scale bar, 100 pm. (B) Representative

fluorescence microscope images of the grafted cardiomyocytes 2 weeks after the transplantation (N=3



independent experiments). * FUCCI-green nucleus, ** FUCCI-white (no color) nucleus. Scale bars, 20 pum.
(C) Representative fluorescence microscope images of the mouse heart with engrafted group 1 (red) or 2
(non-red) cells (N=4 independent experiments each). Scale bars, 300 um. (D) Representative
fluorescence microscope images of the grafted cardiomyocytes 3 months after the transplantation of non-
red cells (N=4 independent experiments). Scale bars, 300 um. (E) Representative FUCCI expression
patterns in the engrafted cardiomyocytes 3 months after the cell transplantation of non-red cells (N=4
independent experiments). Scale bars, 20 um. (F) Representative cTNT expression patterns in the
engrafted cardiomyocytes 3 months after the transplantation of group 1 (red) and group 2 (non-red) cells
(N=4 independent experiments each). Images in the white box are higher magnifications. Scale bars, 20
pm. (G) Representative CX43 expression patterns in grafted cardiomyocytes 3 months after the
transplantation of group 1 (red) and group 2 (non-red) cells (N=4 independent experiments each). Scale

bars, 20 um.
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Figure S3. Identification of proliferative compounds using a high-throughput screening system,
related to Figure 3. (A) Results of the 2nd flow cytometry screening of RA-related compounds (N=1). (B)
Results of the 2nd flow cytometry screening of GSK3 inhibitors. The top 15 of 39 GSK3 inhibitors are
shown (N=1). (C) Quantification of the percentage of cells expressing a green signal in the flow cytometry
analysis (N=3 independent experiments for ATRA, CH55, and IM-12; N=5 independent experiments for
Am80 and 3F8). All error bars represent SE. (D) Percentage of EdU positive cells among DMSO-treated
and Am80-treated 409B2 iPSC-cardiomyocytes (N=4 independent experiments). The Y axis in A-C are
normalized to DMSO-treated cardiomyocytes expressing FUCCI green. *p<0.05 by two-sided unpaired t
test. All error bars represent SE. (E) Flow cytometry gating strategy to determine the percentage of EdU-

positive cardiomyocytes.
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Figure S4. Molecular mechanism underlying the proliferation of iPSC-cardiomyocytes treated by
Am8O0, related to Figure 5. (A) PCA of DMSO-treated and Am80-treated cardiomyocytes. (B) MA plot of
the global gene expressions in DMSO-treated and Am80-treated cardiomyocytes. Red dots indicate
differentially expressed genes between the two groups (fold change > 2, adjusted p value < 0.05 by Wald
test). (C) GO analysis of genes highly expressed in the DMSO-treated and Am80-treated cardiomyocytes.
(D) Expression levels of atrial (NR2F2, KCNA5, KCNJ3) and ventricular (IRX4, MYL2, GJA1) genes in
DMSO-treated and Am80-treated cardiomyocytes (N=3 independent experiments). All error bars
represent SE. *p<0.05, ***p<0.001 by two-sided unpaired t test. (E) Knockdown efficiency by the
indicated siRNA. Values are normalized to the non-targeted siRNA (N=2 independent experiments). (F)
Venn diagram of genes regulated by Am80 through both RARA and RARB. Adjusted p value < 0.05 by
Wald test.

Table S1. The list of loading genes to PC2, related to Figure 5. Top 100 genes with the highest and

lowest loadings that express the direction of the PC2. Values are loading coefficients.

Video S1. FUCCI-expressing day-20 iPSC-cardiomyocytes. Day-20 cardiomyocytes purified by sorting
SIRPA-positive / Lineage-negative cells by flow cytometry and replated onto a fibronectin-coated dish.

Video was captured by a live cell imaging analyzer (BioStation CT).

Supplemental experimental procedures
Directed differentiation

The transfected hiPSCs were cultured on SNL feeder with 4 ng/mL bFGF (Wako, Japan) in
primate ES cell medium (ReproCell, Japan). The embryoid body (EB) method was used for the
cardiomyocyte differentiation. Briefly, undifferentiated hiPSCs were detached from feeder cells and
dissociated into single cells by 8-min incubation with Accumax (Innovative Cell Technologies, Inc, San
Diego, CA). The cells were suspended in StemPro34 medium complemented with 2 mM L-glutamine, 50
pg/mL ascorbic acid, 4 x 10* M monothioglycerol, 150 pyg/mL transferrin, 10 uM Y-27632 (WAKO), 2
ng/mL human recombinant BMP4 (R&D Systems Minneapolis, MN), and 0.5% Matrigel (Corning) and
were cultured for 24 hours. On day 1, the media were changed to those supplemented with human
recombinant activin A (R&D Systems), BMP4, and bFGF (R&D Systems). Final concentrations for
ventricular differentiation were as follows: activin A, 6 ng/mL; BMP4, 10 ng/mL; and bFGF, 5 ng/mL. On
day 3, EBs were dissociated into single cells by 8-min incubation with Accumax and then suspended in
media supplemented with 10 ng/mL VEGF (R&D Systems) and 1 yM IWP-3, a Wnt inhibitor (Stemgent,
Cambridge, MA), for re-aggregation for 3 days. On day 6, the media were changed to StemPro 34 media



supplemented with 2 mM L-glutamine, 50 ug/mL ascorbic acid, 4 x 10* M monothioglycerol, 150 ug/mL
transferrin, 10 ng/mL VEGF, and 5 ng/mL bFGF (maintenance media). For maintenance of the hiPSC-

cardiomyocytes, the culture media were changed every 3 days.

Generation of FUCCI / luciferase-expressing iPSCs

We used the hiPSC line 201B7, which was established by activating the four Yamanaka factors.
FUCCI was introduced using the piggyBac transposon system into a 201B7 line that continuously
expresses luciferase, as previously described (Funakoshi et al., 2016; Miki et al., 2015). pFUCCI-G1
Orange (AM-V9003M, MBL Life Science) and pFUCCI-S/G2/M Green (AM-V9016M, MBL Life Science)
cassettes were connected by a 2A sequence, and those combined cassettes were inserted downstream
of the CAG promoter, followed by insertion of the Ires-blasticidin resistant gene. 201B7 expressing
luciferase was prepared for transfection as follows. After dissociating the cells into single cells, 1 pg
FUCCI plasmid and 1 ug PBase plasmid were transfected into the cells with FUGENE HD (Roche,
Indianapolis, IN), and the transfected cells were selected by adding Blasticidin for 48 hours. We
subcloned the transfected cells and confirmed they continuously expressed red and green fluorescence in

the nucleus at undifferentiated stages.

Flowcytometry

EBs were dissociated into single cells using collagenase | for 4-8 hours and Accumax for 8
minutes, and the cells were stained by antibodies for 30 minutes. To purify the cardiomyocytes, the cells
were stained by SIRPA-PE-Cy7 (BioLegend, #323808), CD90-APC (BD Biosciences, #559869), CD31-
APC (BioLegend, #303116), CD140b-APC (BioLegend, #323608), and CD49a-Alexa647 (BioLegend,
#328310), and the following population was sorted: SIRPA-positive and CD90, CD31, CD140b, CD49a-
negative (Lineage-negative). For the FUCCI analysis, purified hiPSC-cardiomyocyte populations were
analyzed by detecting the PE (red) signal and FITC (green) signal. Stained cells were analyzed or sorted

using an Aria I (BD PharMingen), and data were analyzed using FlowJo software (Tree Star).

EdU assay

To further assess the cell cycle activity in addition to evaluating FUCCI by flow cytometry, an EdU
assay (Click-iIT EdU Pacific Blue Flow Cytometry Assay Kit, Thermo Fisher Scientific) was performed.
Day-19 hiPSC-cardiomyocytes in the presence of Am80 or DMSO (applied on day 18) were cultured with
EdU for 18 hours. The cells were dissociated with Collagenase | and Accumax and were fixed with Click-
iT® fixative. They were then resuspended in 1X Click-iT® saponin-based permeabilization and mixed with
the Click-iT reaction cocktail. After incubation for 30 min at room temperature, the cells were washed and
stained by anti-cTNT antibody, followed by staining with a secondary antibody. The cells were finally
analyzed by flow cytometry, and the percentage of EdU-positive cells among cTNT-positive hiPSC-

cardiomyocytes was quantified.



Immunohistochemistry

For immunofluorescence analysis of the mouse heart, all hearts were fixed with 4%
paraformaldehyde for 12 hours at 4 degrees Celsius and replated in 15% sucrose for a few hours and
then in 30% sucrose for 12 hours. The samples were embedded in an optical cutting temperature
compound and frozen with liquid nitrogen. Sections 5 ym thick were stained. For the immunofluorescence
analysis of hiPSC-cardiomyocytes in vitro, EBs were dissociated into single cells as described above and
replated on fibronectin-coated plates. Two days later, the cells were fixed by 4% PFA and stained. The
following antibodies were used for the staining: anti-human cTNT antibody (abcam, ab45932), anti-cTNT
antibody (ThermoScientific, MS295P), anti-human nuclei antibody (Millipore, MAB1281), anti-luciferase
antibody (Promega, G7451), anti-CX43 antibody (Sigma, C6219), and Hoechst33342 (ThermoScintific,
H3570). The following secondary antibodies were used for detection: Alexa Fluor 647 donkey anti-goat
(ThermoScientific, A21447), Alexa Fluor 546 donkey anti-rabbit (ThermoScientific, A10040), Alexa Fluor
488 donkey anti-goat (ThermoScientific, A11055), Alexa Fluor 546 donkey anti-mouse (ThermoScientific,
A10036), and Alexa Fluor 488 donkey anti-rabbit (ThermoScientific, A21206). For the imaging, a BZ-X700
fluorescence microscope (Keyence, Japan) and FV-3000 confocal microscope (Olympus, Japan) were
used.

siRNA-mediated knockdown of RAR

We evaluated the knockdown efficiency using 3 different siRNAs for each RAR (RARA: s11800,
$11801, s11802; RARB: s11803, s11804, s534566; and RARG: s11806, s11807, s11808; Silencer®
Select, Thermo Fisher SCIENTIFIC). After purifying the hiPSC-cardiomyocytes by sorting the SIRPA-
positive and Lineage-negative populations on day 17 of the differentiation, the siRNAs were transfected,
and the cells were then replated onto fibronectin-coated plates. The optimal combination of siRNAs for
each RAR was determined by measuring the expression level of each RAR compared to that treated by a
non-targeting siRNA (siNC) 3 days following the transfection. RNA extraction was performed using the
miRNeasy Micro Kit (Qiagen), and reverse transcription was performed using ReverTra Ace gPCR RT
Master Mix (TOYOBO). Real time quantitative PCR was then conducted using TagMan Methods. The
expression ratio was calculated by AACt. Am80 was administered to the replated hiPSC-cardiomyocytes

on day 18, and the cell cycle status was evaluated on day 20 by flow cytometry.

RNA sequencing and analysis

On day 18 of the differentiation, AM80 was administered to the EBs. After 2 days of incubation,
we sorted the hiPSC-cardiomyocytes with the Aria II. The sorted cells were eluted and homogenized
using Qiazol, and RNA was extracted using the RNeasy Micro Kit (QIAGEN). TruSeq Stranded total RNA
with the Ribo-Zero Gold LT Sample Prep Kit, Set A and B (lllumina), was used for the library construction

following the manufacturer's manual. The NextSeq 500/550 High Output Kit v2 (75 Cycles) (lllumina) was
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used for the sequencing. Adapter sequences were trimmed by cutadapt-1.15

(https://doi.org/10.14806/ej.17.1.200). Reads mapped to the ribosomal RNA sequences were removed

from further analysis using bowtie2 and samtools(Langmead and Salzberg, 2012; Li et al., 2009). Using
STAR (version 2.5.4a), the reads were mapped to the human genome (GRCh38 from the UCSC Genome
Browser)(Dobin et al., 2013), and a quality check was conducted using RSeQC (version 2.6.4)(Wang et
al., 2012). The reads were counted using HTSeq (version 0.9.1)(Anders et al., 2015) with the GENCODE
annotation file (version 27)(Frankish et al., 2019), and the counts were normalized using DESeq2 (version
1.24.0)(Love et al.,, 2014) in R (version 3.6.1). Using the DESeq2 package, a principal component
analysis (PCA), likelihood ratio test, and Wald test were performed. Using the DEGreport (version 1.20.0)
(10.18129/B9.bioc.DEGreport) and clusterProfiler (version 3.12.0)(Yu et al., 2012) packages, the
clustering of genes and gene ontology analysis were performed, respectively. For the upstream analysis,
the “enriched motifs TRANSFAC” function of the geneXplain platform (geneXplain) was executed with
default settings(Kel et al., 2006; Koschmann et al., 2015). Statistical tests and multiple comparison
procedures were performed using these packages with default settings. All the RNA-seq results were

derived from 3 biologically independent experiments.
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