
Stem Cell Reports

Article
SMAD3 mediates the specification of human induced pluripotent stem cell-
derived epicardium into progenitors for the cardiac pericyte lineage

Yutaro Miyoshi,1,3,5 Antonio Lucena-Cacace,1,4,5,* Yu Tian,1,2 Yasuko Matsumura,1 Kanae Tani,1,2

Misato Nishikawa,1 Megumi Narita,1 Takeshi Kimura,3 Koh Ono,3 and Yoshinori Yoshida1,6,*
1Center for iPS Cell Research and Application, Kyoto University, Kyoto 606-8507, Japan
2Graduate School of Medicine, Kyoto University, Kyoto 606-8501, Japan
3Department of Cardiovascular Medicine, Graduate School of Medicine, Kyoto University, Kyoto 606-8507, Japan
4Present address: Premium Research Institute for Human Metaverse Medicine (WPI-PRIMe), Osaka University, Suita 565–0871, Japan.
5These authors contributed equally
6Lead contact

*Correspondence: a.lucena.prime@osaka-u.ac.jp (A.L.-C.), yoshinor@cira.kyoto-u.ac.jp (Y.Y.)

https://doi.org/10.1016/j.stemcr.2024.08.008
SUMMARY
Understanding the molecular mechanisms of epicardial epithelial-to-mesenchymal transition (EMT), particularly in directing cell fate to-

ward epicardial derivatives, is crucial for regenerative medicine using human induced pluripotent stem cell (iPSC)-derived epicardium.

Although transforming growth factor b (TGF-b) plays a pivotal role in epicardial biology, orchestrating EMT during embryonic develop-

ment via downstream signaling through SMAD proteins, the function of SMAD proteins in the epicardium in maintaining vascular ho-

meostasis or mediating the differentiation of various epicardial-derived cells (EPDCs) is not yet well understood. Our study reveals that

TGF-b-independent SMAD3 expression autonomously predicts epicardial cell specification and lineagemaintenance, acting as a keymedi-

ator in promoting the angiogenic-oriented specification of the epicardium into cardiac pericyte progenitors. This finding uncovers a novel

role for SMAD3 in the human epicardium, particularly in generating cardiac pericyte progenitors that enhance cardiac microvasculature

angiogenesis. This insight opensnew avenues for leveraging epicardial biology in developingmore effective cardiac regeneration strategies.
INTRODUCTION

During cardiac development, the epicardium plays an

essential role in the establishment of blood vessels within

the heart, a process referred to as coronary angiogenesis

(Olivey and Svensson, 2010). The epicardium gives rise to

specialized cells known as epicardial-derived cells (EPDCs)

(Smits et al., 2018), which contribute significantly to the

development of the coronary vasculature (Lim, 2021).

These EPDCs possess the remarkable ability to differentiate

into various cell types through distinct cell fate signaling

pathways that determine cell lineage decisions (Gitten-

berger-de Groot et al., 2010). These cell types include

vascular smoothmuscle cells (Iyer et al., 2015), endothelial

cells (Quijada et al., 2021), and fibroblasts (Fang et al.,

2016), some of which will form the cardiac vasculature.

Moreover, some EPDCs can secrete growth factors and

signalingmolecules that act as potent stimulants for angio-

genesis in cardiac repair, fostering the establishment of a

functional vasculature (Volz et al., 2015).

Upon cardiac injury, the epicardium swiftly responds by

initiating a process known as epicardial activation (van

Wijk et al., 2012). In this scenario, activated epicardial cells

proliferate and migrate toward the injured site. These cells

secrete growth factors, most notably vascular endothelial

growth factor (VEGF), which significantly promotes angio-

genesis—an essential part of the cardiac healing process

(Chung et al., 2015).
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Crucial to this process is epicardial epithelial-to-mesen-

chymal transition (EMT), which serves as a fundamental

mechanism for generating EPDCs (Streef and Smits,

2021). This transition is broadly mediated by transforming

growth factor b (TGF-b) signaling via structured responses

in coordination with phosphorylated SMAD protein cas-

cades (Sridurongrit et al., 2008). The mechanisms of EMT

that operate independently of the canonical TGF-b

pathway, however, remain largely unexplored. While the

SMAD-mediated epicardial EMT is well understood in a

global context, with a primary focus on well-represented

EPDCs such as cardiac fibroblasts and smooth muscle cells,

it is essential to gain a comprehensive understanding of the

intricate mechanisms that underlie epicardial EMT-medi-

ated angiogenesis. This knowledge is critical for devising

therapeutic strategies aimed at enhancing cardiac repair

and recovery following injury.

Human induced pluripotent stem cells (hiPSCs) (Takaha-

shi and Yamanaka, 2006; Takahashi et al., 2007) have revo-

lutionized the field of regeneration and development by

providing an accurate model to recreate the biogenesis of

challenging-to-study tissues, such as the human epicar-

dium (Witty et al., 2014). Recently, researchers have suc-

cessfully differentiated hiPSCs into high-quality epicardial

cells, thereby opening avenues for exploring epicardial

functionality (Bao et al., 2016; Junghof et al., 2022).

In this context, we have utilized hiPSC-derived epicar-

dium to recreate epicardiogenesis in vitro and elucidate
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the role of SMAD proteins in conditioning epicardial EMT

during cell fate decisions. Notably, our findings have un-

veiled numerous TGF-b-independent functions of SMAD3

in epicardial biology and the priming of cell fate toward

angiogenic responses. SMAD3 expression emerged as an in-

dependent predictor of successful epicardial differentia-

tion, from the pro-epicardial stage to the full establishment

of the fetal program. More importantly, loss of SMAD3

in the fetal epicardium led to a disruption in the epicardial

program, initiating an EMT decoupled from TGF-b and

SMAD3 phosphorylation. Consequently, this resulted in

apro-angiogenic cell pool enriched inneural/glial antigen2

(NG2), CD105, CD13, and CD248-expressing cells—func-

tioning as cardiac pericyte progenitor cells (Alex et al.,

2022; 2023). These cells exhibited enhanced functionality

in supporting primary endothelial cells and promoting

increased proliferation of hiPSC-derived ventricular

cardiomyocytes.

These findings shed light on novel SMAD3 functions

within the human epicardium, endorsing its regenerative

and TGF-b-independent capabilities. Furthermore, our

research paves the way for the development of engineered

epicardial tissues (EETs) primed for enhanced angiogenesis

and vascular regeneration—an exciting prospect in the

field of cardiac regeneration and tissue engineering.
RESULTS

TGF-b-independent expression of SMAD3

autonomously predicts the development of epicardial

cells from induced pluripotent stem cells

To understand the expression dynamics of SMAD genes

during TGF-b induction, we first retrospectively analyzed
Figure 1. Characterization of SMAD gene expression dynamics i
cellular platforms
(A and B) Retrospective analysis using dataset GSE122200 to examine
(B) in response to TGF-b in MEC1 genetic backgrounds with silenced
(C and D) Retrospective analysis of dataset GSE84085 comparing gene
SKI (D) between human pluripotent stem cell (hPSC)-derived fetal ep
(E) Schematic workflow for the differentiation of epicardial cells from
(F) Phase contrast images displaying the cobblestone-like morpholog
(G) Immunocytochemistry results for WT1, TBX18, and ZO-1 in EPI ce
(H) Flow cytometry-derived histograms for WT1 and TBX18 expression
the unstained control (n = 3; mean ± standard error of the mean [SE
(I) Quantitative reverse-transcription PCR (qRT-PCR) analysis showing
day 12 to day 24 (n = 3; ***p < 0.001).
(J) Protein analysis for WT1 and TBX18 expression at day 12 and day
(K) qRT-PCR analysis indicating the transition of SMAD3, SMAD2, an
significant).
(L) Western blot analysis of total and phosphorylated SMAD3 at day 12
represent SEM; the graph plots are derived from experimental replic
performed using a two-sided unpaired Student’s t test; scale bars equ
publicly available RNA sequencing (RNA-seq) data

(GSE122200) with relevant transcriptomic profiling on

epicardial EMT in a mouse epicardial cell line (MEC1).

Whereas Smad2 and Smad4 showed none to mild tran-

scriptomic upregulation, Smad3 levels showed a consis-

tent downregulation tendency regardless of the genetic

background on the regulatory epicardial EMT axis

involving p53-PRMT1, suggesting that despite phospho-

Smad3 levels are canonically increased during the onset

of the EMT, total gene expression downregulated, indi-

cating an uncoupled TGF-b response with biological im-

plications to be elucidated (Figure 1A). Elevation of

some of the TGF-b/SMAD target genes regulating gene

expression in the canonical response to EMT initiation

was confirmed by the upregulated expression of Skil,

Runx3, and Ski (Figure 1B).

Next, to contextualize the expression dynamics of the

SMAD genes during epicardial development and matura-

tion, we systemically analyzed the GSE84085 dataset in a

differential expression context from pluripotent stem cell

(PSC)-derived epicardium compared to donor samples

from freshly isolated human adult epicardium. Remark-

ably, only SMAD3 mRNA expression showed a significant

upregulation in the adult samples compared to fetal PSC-

derived samples (Figure 1C), indicating that SMAD3

expression is correlative to the degree of maturation of

the tissue in a context of inactive EMTand TGF-b blockage,

as indicated by the unchanged expression of SMAD targets

(Figure 1D).

Next, in order to understand how SMAD3 expression in-

fluences the development and maturation of the human

embryonic epicardium, we conducted a systematic study

on SMAD gene expression dynamics using hiPSCs to create

epicardial-like cells.
n epicardial biology using mouse, human, and hiPSC-derived

changes in Smad3, Smad2, and Smad4 (A) and Skil, Runx3, and Ski
p53 or both Prmt1 and p53.
expression of SMAD3, SMAD2, and SMAD4 (C) and SKIL, RUNX3, and
icardial cells and adult epicardium.
human induced pluripotent stem cells (hiPSCs).

y of hiPSC-derived epicardial cells (EPI cells) at day 12 and day 24.
lls at day 24.
with positive ratio in EPI cells at day 24 (red), with gray indicating
M]).
upregulation of WT1 and TBX18 through epicardial induction from

24.
d and SMAD4 at day 12 and day 24 (n = 3; ***p = 0.0003; ns, not

, day 24, and a positive control (day 24+TGF-b for 1 h). All error bars
ates, obtained from independent batches; statistical analysis was
al 100 mm, unless otherwise indicated; see also Figure S1.
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We initiated the differentiation process by generating

epicardial-like cells from hiPSCs (referred to as EPI cells).

This was achieved by exposing the cells to Activin A

and BMP4, leading to the formation of cardiac mesoderm

over the course of days 1–3.5. Subsequently, we induced

the specification of epicardial fate by activating the

WNT signaling pathway from day 3.5 to day 8. To main-

tain the characteristic features of epicardial cells and

enable the long-term culture of EPI cells without sponta-

neous differentiation, we inhibited TGF-b signaling using

SB431542 starting from days 3.5 (Figure 1E). These cells

exhibited the typical cobblestone-like morphology ex-

pected by day 24 of differentiation (Figure 1F). Notably,

by day 24, EPI cells expressed nuclear WT1 and TBX18,

which was confirmed through immunofluorescence co-

staining with ZO1 (Figure 1G) and flow cytometry (Fig-

ure 1H). We further revealed the upregulation of key

markers of epicardial cells, such as WT1 and TBX18, dur-

ing the differentiation process at both the bulk mRNA

level (Figure 1I) and total protein level (Figures 1J and

S1A). Finally, we confirmed that only SMAD3 showed a

steady progressive expression from the pro-epicardial

stage (day 12) to the fetal stage (day 24) (Figures 1K and

S1B) in the context of inactive EMT, peaking on this

day, and maintaining stable long-term expression with

no activation of phosphorylated SMAD3 over time

(Figures 1L, S1A, S1C, and S1D). hiPSC-derived epicardial

monolayers expressed higher SMAD3 levels than their un-

differentiated, pluripotent counterparts (hiPSCs) (Fig-

ure S1E). The removal of SB431542 led to a time-depen-

dent loss of epicardial identity, which was irreversible;

however, no short-term decrease in SMAD3 was observed.

This indicates that the time-dependent increase in

SMAD3 within the epicardial lineage was specific to line-

age specification and not a compensatory regulation

driven by TGF-b inhibitory conditions (Figures S1F

and S1G).

Altogether, our data indicate that SMAD3 has TGF-b-in-

dependent contributions to epicardial biology and could

represent an independent predictor of epicardial maturity.

Next, we wanted to evaluate the specific responses of

SMAD3 expression in the context of epicardial EMT onset

initiated by TGF-b. To that end, we treated hiPSC-derived

epicardium at day 24 with 5 ng/mL of TGF-b for 72 h (Fig-

ure 2A) and then, we evaluated gene and protein expres-

sion at the endpoint, where epicardial monolayers had

visibly undergone a morphological transition to EPDCs

(Figure 2B). We confirmed the transcriptomic departure

from the epicardial fate by the loss ofWT1 and TBX18 (Fig-

ure 2C). Given the developmental-driven changes in tran-

scriptomics depending on cell types, we evaluated three

different housekeeping controls and confirmed GAPDH

as the preferred one for downstream analyses (Figure S2A).
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This loss of expression in epicardial markers is consistent

with the widely characterized cadherin switch during

EMT initiation (Kang and Massagué, 2004; Loh et al.,

2019) (Figure 2D). We then confirmed the significant

expression of some key EPDC markers ACTA2, CNN1,

PDGFRA, and TAGLN, both at mRNA and protein levels

(Figures 2E, 2F, and S2B). Finally, while we observed un-

changed expression in SMAD genes (Figure 2G), a mild

decrease in total SMAD3 was noted, as expected via TGF-

b-induced ubiquitination mechanisms (Figures 2H and

S2B). Importantly, we confirmed an increase in phospho-

SMAD3, consistent with a TGF-b-dependent response

(Figures 2H and S2B).

SMAD3 overexpressionmaintains a functional state in

fetal epicardial cells without independently

promoting either EMT or epicardial maturation

To investigate the role of SMAD3 in epicardial differentia-

tion and maturation, we conducted a 7-day forced expres-

sion experiment in day 24 hiPSC-derived epicardial mono-

layers using a lentivirus expression system (Figure 3A).

Following successful transcriptional overexpression confir-

mation of total SMAD3 and its phosphorylation capacity

upon TGF-b treatment (Figures 3B, 3D, and S3A–S3C), we

monitored the epicardial morphology throughout the

experiment. Interestingly, we did not observe any signifi-

cant morphological changes either during the initial days

of overexpression or at the endpoint (Figure 3C).

We found unchanged expression levels of epicardial

markers such asWT1, TBX18, ALDH1A2, and BNC1, indi-

cating no perturbation in epicardial identity (Figure 3E).

Although we confirmed consistent protein expression

patterns for WT1 and TBX18 (Figure 3F), several EMT

markers (CDH1, SNAI1, SNAI2) remained unchanged,

while CDH2 and ZEB1 showed mild upregulation with

no observed morphological changes (Figures 3G and

S3D). These changes may reflect the effects of SMAD3

overexpression, but they are incomplete as an EMT

phenotype. This suggests that SMAD3-driven CDH2 and

ZEB1 upregulation could contribute to greater tissue ho-

meostasis in overexpression.

Subsequently, we investigated the markers associated

with epicardial maturation—defined by a quiescent tissue

with lost EMT functions—and found no significant alter-

ations in UPK3B, MSLN, ITLN1, EFEMP1, and C3 (Du

et al., 2023; Knight-Schrijver et al., 2022) (Figure 3H).

Since SMAD3 protein levels are relatively constant from

day 24 onward, we also performed SMAD3 overexpression

on day 12 monolayers to avoid the peak expression time

point. However, we did not find any upregulation in epicar-

dial maturation markers (Figures S3E–S3G) indicative of

epicardial quiescence or loss of EMT functionality, as cells

remained proliferative and responsive to TGF-b. This



Figure 2. SMAD3 expression dynamics during EMT in hiPSC-derived epicardial monolayers
(A) Description of the experimental workflow for epithelial-to-mesenchymal transition (EMT) induction using TGF-b and the control agent
SB431542.
(B) Observations of morphological differences in hiPSC-derived EPI cells treated with TGF-b and SB431542 for 3 days, post day 24.
(C and D) Comparative qRT-PCR analysis of epicardial markers (WT1 and TBX18) (C) and genes CDH1 and CDH2 (D) in cells treated with TGF-b
versus SB431542 treatment (n = 3; *p < 0.05, ***p < 0.001).
(E) qRT-PCR analysis comparing the expression of epicardial-derived cell (EPDC) markers (ACTA2, CNN1, PDGFRA, and TAGLN) between TGF-b
and SB431542 treatments (n = 4; **p = 0.0028, ***p < 0.001).
(F) Western blot (Wes) analysis of EPDC markers (a-SMA, CNN1, and TAGLN) comparing TGF-b and SB431542 treatments.
(G) Comparison of qRT-PCR results for SMAD3, SMAD2, and SMAD4 between cells treated with TGF-b and SB431542 (n = 3; ns, not
significant).
(H) Western blot analysis of total and phosphorylated SMAD3 in cells treated with TGF-b versus SB431542 (TGF-b treatment for 1 h is used
as a positive control). All error bars represent SEM; the graph plots are derived from experimental replicates, obtained from independent
batches; statistical analysis was performed using a two-sided unpaired Student’s t test; scale bars equal 100 mm, unless otherwise
indicated; see also Figure S2.
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Figure 3. Characterization of hiPSC-derived epicardium during ectopic SMAD3 overexpression
(A) Description of the experimental process for inducing SMAD3 overexpression using a lentivirus.
(B) Validation of SMAD3 overexpression through qRT-PCR analysis (n = 4; **p = 0.0023).
(C) Time-lapse phase contrast imaging of hiPSC-derived EPI cells at 3 days and 7 days following SMAD3 overexpression.
(D) Western blot analysis of total and phosphorylated SMAD3 in SMAD3-overexpressing EPI cells.
(E) qRT-PCR analysis of epicardial markers, including WT1, TBX18, ALDH1A2, and BNC1 (n = 4; ns, not significant).
(F) Flow cytometry assessment of epicardial markers WT1 and TBX18, showing no significant difference between SMAD3 overexpression
(red) and control (gray).
(G) qRT-PCR analysis for genes CDH1 and CDH2 (n = 4; ns, not significant, *p = 0.020).

(legend continued on next page)
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suggests that the autonomous expression of SMAD3 alone

did not induce epicardial maturation. Therefore, our find-

ings indicate that while sustained SMAD3 expression may

signify progress in epicardial specification and maturation,

it is insufficient to promotematuration on its own. This im-

plies that epicardial maturation requires a more complex

interplay of factors during its developmental process.

Loss of SMAD3 in epicardial cells triggers a poised EMT

that leads to the derivation of cardiac pericyte

progenitors

To investigate the functional role of SMAD3 inmaintaining

the epicardial program, we employed a strategy to downre-

gulate SMAD3 expression in day 24 hiPSC-derived epicar-

dial monolayers while maintaining TGF-b blockage

(SB431542) to prevent the spontaneous activation of

epicardial EMT (Figure 4A). The downregulation of

SMAD3 resulted in viable cells (Figure S4A) with noticeable

morphological changes with a subset of cells transitioning

to an elongated shape and losing the characteristic cobble-

stone-like morphology, indicative of a shift toward mesen-

chymal cells (Figure 4B). We confirmed a significant reduc-

tion in SMAD3 levels within this cell subset, both at the

mRNA and protein levels, 7 days after siRNA expression

(Figures 4C, 4D, and S4B). Interestingly, the phosphory-

lated levels of SMAD3 remained unchanged during these

morphological dynamics, suggesting that the cell transi-

tion was driven by a direct on-target mechanism of

SMAD3 rather than initiating a canonical TGF-b-SMAD

pathway-dependent epicardial EMT (Figure 4D).

Further confirmation of the departure from epicardial

cells was evident through the loss of epicardial markers

WT1, ZO-1, and TBX18 (Figures 4E–4G and S4B). Notably,

we observed a steady time-dependent transition in cad-

herin expression and the upregulation of endpoint EMT

activation markers such as SNAI1, SNAI2, and ZEB1 at the

transcriptional level throughout SMAD3 downregulation,

indicating the initiation of EMT (Figure S4C).

To delve deeper into the newly acquired identity of

EPDCs, we systematically examined the mRNA expression

levels of major epicardial EPDC subtypes, including cardiac

fibroblasts, smooth muscle cells, and cardiac pericytes.

While markers such as ACTA2, CNN1, TAGLN, and

POSTN, as well as the EMT axis p53-PRMT1, showed either

unchanged or downregulated expression patterns (Fig-

ure S4D), we observed significant overexpression of

endoglin (CD105) and CSPG4 (NG2) at both the gene

expression and protein levels (Figures 4H, 4I, and S4B).
(H) qRT-PCR analysis for mature epicardial markers: UPK3B, MSLN
bars represent SEM; the graph plots are derived from experimen
analysis was performed using a two-sided unpaired Student’s t tes
Figure S3.
Additionally, enhanced protein expression of CD248 and

CD13 (Zhu et al., 2022) was confirmed in SMAD3-downre-

gulating cells (Figures 4I and S4B). These are all known

markers associated with the cardiac pericyte fate. Protein

expression of CD105 (Figure 4J) and NG2 (Figure 4K) in

SMAD3-downregulating bulk monolayers was further veri-

fied. Quantitative analysis using fluorescence-activated cell

sorting revealed that 8.2% of cells expressed CD105, while

12.9% expressed NG2 (Figures 4L, 4M, and S4E), and these

data were plotted in their respective histogram plots

(Figures 4N and 4O). The modest representation of cardiac

pericyte markers at the protein level may indicate a prema-

ture developmental stage of cardiac pericyte progenitor

cells, with the bulk population transitioning toward the

full establishment of this transcriptional lineage landscape.

To expand our understanding, we conducted a compre-

hensive transcriptional analysis of SMAD3-downregulat-

ing cells, focusing on a curated selection of cardiac pericyte

markers to confirm that our condition was significantly en-

riched in DLK1, CD13, CD146, and CD248, further sup-

porting the presence of cardiac pericyte hallmarks (Fig-

ure 4P). Importantly, to dissociate this phenotype from

the TGF-b-driven EPDC differentiation into hiPSC-derived

cardiac fibroblasts (iCFs) and smooth muscle cells (iSMCs),

we verified that the cell pools resulting from TGF-b and

basic fibroblast growth factor (bFGF) treatments do not ex-

press either CD248 or NG2, while EPDCmarkers are highly

expressed in differentiation condition toward iCF and

iSMC cell fates. This confirms that the enrichment of a car-

diac pericyte-like fate is indeed an on-target mechanism

driven by SMAD3 downregulation (Figures S4F and S4G).

Mechanistically, TGF-b can activate both the ALK1 (activin

receptor-like kinase 1) and ALK5 (activin receptor-like ki-

nase 5) pathways. TGF-b signals through a family of

serine/threonine kinase receptors, which include type I re-

ceptors such as ALK1 and ALK5. While the ALK5 pathway

usually activates phospho-SMAD2 and 3, the ALK1

pathway is mainly associated with the activation of phos-

pho-SMAD1, 5, and 9. We confirmed that phospho-

SMAD2 does not compensate for the activation of the

ALK5 pathway in the absence of phospho-SMAD3

(Figures S5A and S5B). Additionally, we confirmed that

the ALK1 pathway is not compensating, neither at the

mRNA nor protein levels (Figures S5A, S5C, and S5D).

Our data support that the nature of this EMT and the

increased expression of CD105 are not caused by the rela-

tive activation of either the ALK1 or ALK5 pathways, which

are key players in TGF-b-mediated signaling.
, ITLN1, EFEMP1, and C3 (n = 4; ns, not significant). All error
tal replicates, obtained from independent batches; statistical
t; scale bars equal 100 mm, unless otherwise indicated; see also
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We also investigated whether the concurrent downre-

gulation of SMAD3 and TGF-b induction could modify

cell fate decisions. While TGF-b led the fate trajectory

to produce a pool of cells expressing markers of iSMC

and iCF as expected, adding siSMAD3 to the experi-

mental condition included CD105, NG2, CD13, and

CD248-expressing cells (progenitors of the cardiac peri-

cyte lineage) in the pool (Figures S5E and S5F). In sum-

mary, our findings suggest that the loss of SMAD3 dis-

rupts the embryonic epicardial program, initiating a

TGF-b-independent EMT.

SMAD3-downregulating cells signal reparative factors

and exhibit pro-angiogenic properties improving

functions of primary endothelial cells

To comprehensively understand the cellular functionality

of SMAD3-downregulating cells, we conducted whole

mRNA sequencing (RNA-seq) to dissect the transcriptomic

landscape of these cells in comparison to other known

EPDC trajectories, including iSMCs and iCFs. Principal

component analysis demonstrated that SMAD3-downre-

gulating cells exhibited distinct transcriptomic profiles

compared to other EPDCs (Figure 5A), further confirming

their emergence as cardiac pericyte progenitor cells with a

unique cellular identity.

Gene Ontology analysis focusing on biological processes

unveiled terms related to angiogenesis, wound repair, and

the regulation of blood vessels (Figure 5B). As an illustrative

example, we generated a heatmap displaying genes associ-

ated with the first two terms: (1) positive regulation of

angiogenesis and (2) regulation of response to wounding.

Notable genes contributing to both processes, such as

CXCL8 and SERPINE1 for angiogenesis regulation (Hoo-

glugt et al., 2020) and IL33 and PLAU for response to
Figure 4. Loss of SMAD3 in hiPSC-derived epicardium causes EMT
(A) Overview of the siRNA transfection experiment and subsequent a
(B) Phase contrast microscopy images captured on day 27 (day 24 + 3
hiPSC-derived EPI cells with silenced SMAD3, as indicated by blue arr
(C) Evidence of SMAD3 downregulation post-siRNA transfection, as sh
(D) Western blot (Wes) analysis revealing a decrease in total SMAD3
(E) Immunocytochemistry results for WT1 and ZO-1 7 days following
(F) Reduction in WT1 expression due to SMAD3 silencing, as determin
(G) Western blot results showing decreased protein expression of WT
(H) qRT-PCR analysis for ENG (CD105) (n = 5; *p < 0.05) and NG2 (n =
(I) Western blot analysis indicating increased levels of CD105, NG2,
(J and K) Immunocytochemistry images for ENG (CD105) (J) and NG
7 days after siRNA transfection.
(L and M) Flow cytometry contour plots analyzing CD105 (L) and NG2
(N and O) Flow cytometry-derived histograms for CD105 expression (N
(P) Heatmap displaying a curated gene set associated with the card
change). All error bars represent SEM; the graph plots are derived f
statistical analysis was performed using a two-sided unpaired Stude
scrambled siRNA was used as a control; see also Figures S4 and S5.
wounding regulation (Yin et al., 2013), were prominently

expressed (Figure 5C).

Subsequently, we highlighted a curated selection of

genes potentially implicated in cardiac angiogenesis, with

a particular emphasis on CD44, VEGFA, and PDGFRA (Fig-

ure 5D). CD44, a marker indicative of mesenchymal stem-

ness and heightened pro-angiogenic potential (Zhang

et al., 2022), exhibited enhanced expression in SMAD3-

downregulating cells (Figures 5E and S6A).

We further examined the temporal expression patterns of

candidate genes encoding secreted proteins that could

contribute to the regenerativemilieu. Notably, we observed

increased expression of SDF-1, VEGFA, angiopoietin-1

(ANGPT1), and IL-6, suggesting their potential involve-

ment in enhanced functionality within a reparative

context (Figure 5F).

To assess the reparative potential of siSMAD3 cells as

cardiac pericyte progenitors, we transduced lentiviruses

carrying EGFP for monitoring and co-cultured them

with a primary cell line of endothelial cells (human

aortic endothelial cell [HAEC]) (Figure 5G). In vitro endo-

thelial tube formation assays were performed to evaluate

endothelial cell functionality. Following optimization of

cell ratios (data not shown), we observed a substantial

enhancement in the tubule formation capacity of

HAEC when co-cultured with siSMAD3 cells after 6 h

(Figure 5H), resulting in a significant increase in the

number of formed junctions (Figure 5I). Importantly,

we observed physical interactions suggestive of cardiac

pericyte-like behavior exhibited by siSMAD3 cells as

they are closely associated with HAECs (Figures 5J and

5K). Collectively, our data endorse the pro-angiogenic

functionality of siSMAD3 cells, potentially attributed to

their physical association with endothelial cells, thereby
toward cardiac pericyte progenitor cells
nalysis steps.
) and day 31 (day 24 + 7) highlighting spindle-like morphology in
owheads.
own by qRT-PCR (n = 3; ****p < 0.0001).
levels with no change in phosphorylated SMAD3.
siRNA transfection.
ed by qRT-PCR (n = 3; ***p = 0.0006).
1 and TBX18 by SMAD3 silencing.
5; **p < 0.01).

CD248, and CD13 in SMAD3-silenced EPI cells.
2 (K) comparing SMAD3-silenced and control (scramble) EPI cells

(M) expression.
) and NG2 expression (O) (gray represents the unstained control).
iac pericyte lineage in cells with downregulated SMAD3 (log fold
rom experimental replicates, obtained from independent batches;
nt’s t test; scale bars equal 100 mm, unless otherwise indicated;
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improving their overall functionality within a reparative

context.

SMAD3-downregulating cells release soluble factors

that enhance paracrine-driven proliferative

reactivation of hiPSC-derived cardiomyocytes

VEGFA and ANGPT1 are well-known factors that promote

angiogenesis and activate proliferative pathways in the

functional myocardium following myocardial infarction.

Cardiomyocyte proliferation relies, in part, on the CDK6/

CCND1 axis. Enhanced expression of CDK6 can induce

proliferation in cardiomyocytes, which are typically quies-

cent and exhibit proliferative arrest, presenting a signifi-

cant hurdle in cardiac repair (Rhee and Wu, 2018).

To investigate cardiac differentiation, we employed a re-

porter induced pluripotent stem cell line (FUCCI [fluores-

cent ubiquitination-based cell cycle indicator]) (Kasamoto

et al., 2023) to differentiate ventricular cardiomyocytes

(hiPSC-CMs) and monitor the proliferative state of hiPSC-

CMs in response to siSMAD3 supernatant (Figure 6A).

Following the epicardial differentiation and ectopic

silencing of SMAD3 to divert EMT toward cardiac pericyte

progenitor cells, we co-cultured ventricular cardiomyo-

cytes in monolayers (cTnT+) (Figure 6B) with siSMAD3

cell supernatant to observe changes in the proliferative

state using the FUCCI system. After 36 h of culture, a

noticeable increase in FUCCI-green cells was observed un-

der similar cardiomyocyte cell density (Figures 6C–6E),

indicating reactivation of proliferation due to secreted fac-

tors present in the supernatant collected from siSMAD3

cells. Notably, gene expression analysis of treated hiPSC-
Figure 5. SMAD3-downregulating epicardial cells show pro-angiog
with endothelial cells
(A) Principal component analysis (PCA) plot comparing control hiPS
from day 1 to day 7, iPSC-derived smooth muscle cells (iSMCs), and iP
n = 7; iSMC, n = 1; iCF, n = 1).
(B) Gene Ontology (GO) analysis focusing on the biological processe
(C) Heatmaps illustrating genes that are upregulated and downregula
the positive regulation of angiogenesis and regulation of response to
(D) Heatmap depicting the upregulation of angiogenic-related genes
(E) Flow cytometry analysis revealing an increase in CD44 expression
stained control).
(F) Time-course upregulation of SDF-1, VEGFA, ANGPT1, and IL-6 in re
(G) Description of the experimental workflow, including siRNA transf
formation assay.
(H) Phase contrast and immunofluorescent imaging of the endothelia
endothelial cells (HAECs) with control and SMAD3-silenced EPI cells.
(I) Quantitative analysis showing an increased number of junctions
****p < 0.0001).
(J and K) Observation of GFP-positive tubules, indicated by blue arro
cells. All error bars represent SEM; the graph plots are derived from exp
analysis was performed using a two-sided unpaired Student’s t test; sc
was used as a control; see also Figure S6.
CMs showed increased mRNA expression of fetal cardiac

troponin I (TNNI1), possibly indicating the emergence of

de novo fetal hiPSC-CMs (Figure 6F). There was a significant

increase in CCND1 levels and an upward trend in CDK4

and CDK6 mRNA levels, suggesting proliferative activity

in hiPSC-CMs (Figure 6F). In addition, protein analysis re-

vealed an increasing tendency of TNNI1, CDK4, and

CDK6 (Figures 6G and S6B). Finally, we performed immu-

nodetection analysis (ELISA) in siSMAD3-derived superna-

tant to identify mechanistically the causative effector of

increased hiPSC-CM proliferation. While we failed to

detect the difference in secreted SDF-1 or ANGPT1 proteins,

we detected a significant upregulation in secretedVEGFA in

the supernatant of siSMAD3 EPI cells compared to control

hiPSC-derived epicardial monolayers (Figures 6H and S6C).

In summary, our findings demonstrate that the siSMAD3

secretome can enhance cardiac proliferation in an extrinsic

manner, partially through the paracrine secretion of

VEGFA that targets the CDK6/CCND1 axis, partially acti-

vating the cell cycle of hiPSC-CMs.
DISCUSSION

Leveraging epicardial EMT mechanisms to guide cell fate

decisions in regeneration holds promise as a therapeutic

strategy for constructing EETs to repair injured hearts and

transplant regenerative cells for myocardial healing (Jack-

man et al., 2018; Tan et al., 2021). The reconstruction of

the human epicardium using induced pluripotent stem

cells (iPSCs) has emerged as a compelling approach,
enic properties in transcriptomic analysis and functional assay

C-derived EPI cells at day 1 and day 7, SMAD3-silenced EPI cells
SC-derived cardiac fibroblasts (iCFs) ( control, n = 2; siSMAD3,

s of genes upregulated in SMAD3-silenced EPI cells.
ted in SMAD3-silenced EPI cells, specifically those associated with
wounding, compared with control EPI cells.
in SMAD3-silenced EPI cells.
in SMAD3-silenced EPI cells (light blue) (gray represents the un-

sponse to SMAD3 silencing, as observed in RNA sequencing data.
ection, EGFP overexpression, and co-culture in an endothelial tube

l tube formation assay at 6 h, comparing co-cultured human aortic

in HAEC when co-cultured with SMAD3-silenced EPI cells (n = 3;

wheads, exclusively in HAEC co-cultured with SMAD3-silenced EPI
erimental replicates, obtained from independent batches; statistical
ale bars equal 100 mm, unless otherwise indicated; scrambled siRNA
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reactivating the adult primary tissue from a quiescent state

to stimulate in situ regeneration involving unknownmech-

anisms (Suffee et al., 2020).

Our hiPSC-derived epicardium serves as a robust source

of cardiac progenitor cells with high plasticity for regener-

ative phenotypes, as previously demonstrated (Junghof

et al., 2022). While the differentiation of human epicar-

dium into EPDCs has been well documented for certain

populations like cardiac fibroblasts and vascular smooth

muscle cells, it typically involves trigger molecules such

as bFGF or TGF-b, a potent inducer of EMT (Whitehead

et al., 2022).

TGF-b is a multifunctional cytokine that plays a crucial

role in various cellular processes, including cell growth, dif-

ferentiation, and tissue homeostasis (Tzavlaki and Mousta-

kas, 2020). TGF-b exerts its biological effects by binding to

specific cell surface receptors (Heldin and Moustakas,

2016). Two important receptors involved in TGF-b

signaling are ALK1 and ALK5 (Goumans et al., 2003).

Although our study indicated a potential pathway connec-

tion involving endoglin (CD105) expression, which is a sig-

nificantmediator in the ALK1 pathway (Roman andHinck,

2017), the loss of SMAD3 had no impact on this pathway.

This finding supports the idea that the observed CD105

expression was more likely associated with a new cellular

identity rather than being a TGF-b-response element (Rossi

et al., 2019). It is increasingly recognized that signaling

pathways like TGF-b have pleiotropic effects, and the

downstream SMAD protein signaling is highly context

dependent (Derynck and Zhang, 2003). It can vary based

on the cellular environment, the presence of other

signalingmolecules, and developmental timing. Our study

has unveiled a novel role for SMAD3 in epicardial biology,

indicating that SMAD3 expression can independently

signify epicardial differentiation and stability over time.

However, SMAD3 overexpression alone appeared insuffi-

cient to autonomously induce a maturation phenotype
Figure 6. Characterization of siSMAD3-derived secretome in hiPS
(A) Schematic illustration of the co-culture experiment, involving th
secretome derived from siSMAD3 treatment, to monitor cardiomyocy
cycle indicator) cells.
(B) Flow cytometry analysis to identify cTnT-positive cells in hiPSC-C
(C) Fluorescence microscopy to observe FUCCI-red (non-proliferative)
(D) Representative flow cytometry contour plots analyzing FUCCI-gre
(E) FUCCI-green percentage in hiPSC-CMs following treatment with t
0.044).
(F) qRT-PCR analysis for TNNI1, CCND1, CDK4, and CDK6 gene expre
supernatant (n = 3; *p = 0.044, ***p = 0.0010, ns = not significant)
(G) Protein analysis in treated hiPSC-CMs for the detection of TNNI1,
(H) ELISA showing that VEGFA concentration in the supernatant from
control (n = 3; **p = 0.010). All error bars represent SEM; the graph
dependent batches; statistical analysis was performed using a two-
otherwise indicated; scrambled siRNA was used as a control; see also
from fetal epicardium. The effects of SMAD3 overexpres-

sion in hiPSC-derived epicardial monolayers may exhibit

non-linear or biphasic behavior, making it challenging to

replicate the physiological expression pattern of SMAD3

during development. Our study suggests that SMAD3 in

the human epicardium fulfills a broader spectrum of func-

tions (Dennler et al., 1998).

Cardiac pericytes are crucial for vessel stabilization,

angiogenesis, and tissue homeostasis (Quijada et al.,

2023). They are known for their transcriptional heteroge-

neity and can express various markers depending on fac-

tors like their location, developmental origin, and specific

organ (Avolio et al., 2024).

Common pericyte markers include PDGFRb (platelet-

derived growth factor receptor-beta) and NG2 (also known

as CSPG4) (Smyth et al., 2022). However, not all pericytes

express both markers simultaneously (Yamazaki and Mu-

kouyama, 2018). Our SMAD3-downregulating cells ex-

hibited no protein expression of PDGFRb, even though

they displayed characteristics of cardiac pericytes in our

experimental setup. This variability can be influenced by

factors such as the developmental stage or the presence

of specific signaling molecules.

Our study suggests that SMAD3-downregulating cells

may represent an immature pericyte state with the poten-

tial to differentiate intomature pericyte-like cells (Bouacida

et al., 2012). During this differentiation process, the expres-

sion of pericyte markers may change. As these cells mature

and integrate into the cardiac microvasculature, their

marker expressionmay becomemore pronounced or diver-

sified (Lerman et al., 2018).

A recent study that differentiated cardiac pericytes from

hiPSCs (Shen et al., 2023) indicated that exogenous supple-

mentation of PDGF-BB (platelet-derived growth factor BB),

primarily secreted by endothelial cells, is necessary to yield

PDGFRb-expressing cells. Since our study primarily focuses

on characterizing the autonomous expression of SMAD3 in
C-CM proliferation
e treatment of hiPSC-derived cardiomyocytes (hiPSC-CMs) with the
te proliferation using FUCCI (fluorescent ubiquitination-based cell

Ms at differentiation day 16 (n = 3; mean ± SEM).
and FUCCI-green (proliferative) hiPSC-CMs.
en percentage.
he siSMAD3-derived supernatant compared to control (n = 3; *p =

ssion in hiPSC-CMs following treatment with the siSMAD3-derived
.
CDK4, and CDK6 proteins.
SMAD3-silenced EPI cells was 49.5 pg/mL, 1.59 times compared to
plots are derived from experimental replicates, obtained from in-
sided unpaired Student’s t test; scale bars equal 100 mm, unless
Figure S6.
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epicardial biology and the specification of cardiac pericyte

progenitor cells, without investigating factors secreted by

other cardiac cell types, it is possible that PDGF-BB could

trigger a pericyte maturation program in SMAD3-downre-

gulating cells.

Angiogenesis is a pivotal process in tissue reconstitution

during cardiac repair (Kobayashi et al., 2017; Li et al., 2022),

and the human epicardium can assess the extent of damage

and the specific cellular response required based on

external cues.

Loss of SMAD3 has been linked to various functions

related to vascular remodeling (Cobb et al., 2022; Zabini

et al., 2018), angiogenesis, and the maintenance of micro-

vascular homeostasis (Feinberg et al., 2004). SMAD tran-

scription factors occupy a central position in a highly

adaptable cytokine signaling pathway that remains

incompletely understood (Massagué et al., 2005). Angio-

tensin II can activate the SMAD pathway in vascular

smooth muscle cells (Carvajal et al., 2008), similar to the

way TGF-b does. It is conceivable that the human epicar-

dium has evolved to preserve a broader spectrum of differ-

entiation capabilities beyond our current knowledge.

SMAD3 specifically regulates a differentiation process

leading to a pro-angiogenic phenotype (Nakagawa et al.,

2004), highlighting its significance in cardiac vascular

processes.

SMAD3-downregulating cells exhibited an inherent

ability to interact with primary endothelial cells, facili-

tating enhanced microvasculature formation in vitro,

mimicking the process of vascular development in vivo

(Bergers and Song, 2005; Geevarghese and Herman,

2014; Yuan et al., 2016). Our study demonstrated that

SMAD3 regulates the secretion of regenerative factors

involved in at least two critical processes during cardiac

repair: (1) vascular repair and (2) stimulation of functional

myocardial regeneration.While our study did not identify

the specific secreted factors promoting hiPSC-CMprolifer-

ation, promising candidates include SDF-1, VEGFA, and

ANGPT1, which are known to stimulate cardiomyocyte

proliferation (Chen et al., 2015; Eschenhagen et al.,

2017; Lin and Pu, 2014; Renko et al., 2018; Tao et al.,

2011). Although a few conceptual studies have shown

that cardiomyocytes can re-enter the cell cycle through

small molecules or genetic approaches (Kasamoto et al.,

2023), our research suggests that EPDCs play a crucial

role in cardiac repair by promoting functional myocardial

regeneration.

Our experiments using SMAD3-downregulating cell secre-

tome showed a mild increase in FUCCI-green, indicating

that cardiomyocyte cell cycle reactivation involves a broader

network of genes beyond CDK6/CCND1 (Li et al., 2021;

Murganti et al., 2022). This reactivation possibility offers

the potential to generate highly engraftable hiPSC-CMs.
1412 Stem Cell Reports j Vol. 19 j 1399–1416 j October 8, 2024
Proliferative cardiomyocytes can integrate more effectively

into host hearts, as demonstrated in a recent study that

induced cardiac proliferation using Am80, a retinoic acid re-

ceptor agonist (Kasamoto et al., 2023).

In summary, our study sheds light on the manipulation

of epicardial EMT, with SMAD3 playing a vital role in the

specification and maintenance of the epicardial program

independently. The mechanism by which the loss of

SMAD3 overrides the effects of SB431542 (Bao et al.,

2016) in blocking TGF-b to initiate an alternative epicar-

dial EMT remains unclear, and further research on

SMAD3 DNA interactions during epicardiogenesis is war-

ranted. In conclusion, our work defines a biological func-

tion of SMAD3 in the epicardial context, opening avenues

for the manipulation and therapeutic modulation of

the active epicardium for cardiac repair and regeneration.

This includes the generation of cardiac pericyte progeni-

tor cells capable of interacting with and promoting

in situ regeneration of primary tissue, potentially aiding

in the recovery of injured myocardium and cardiac

microvasculature.
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Further information and requests for resources and reagents

should be directed to andwill be fulfilled by the lead contact, Yosh-

inori Yoshida (yoshinor@cira.kyoto-u.ac.jp).

Materials availability

All unique and stable reagents generated in this study are available

from the lead contact upon completion of a Materials Transfer

Agreement.

Data and code availability

All data presented in this study are available within the main

text, in the supplemental items file, and can be obtained from

the corresponding authors upon request. The RNA-seq data have

been deposited in the GEO database under the accession code

GSE165450.
EXPERIMENTAL PROCEDURES

Cell lines and culture conditions
Weused two hiPSC lines (409B2 and 201B7-FUCCI), both of which

were reprogrammed using Yamanaka factors via retroviral

methods. Both cell lines were cultured in ReproCell Primate ES

cell media supplemented with 4 ng/mL recombinant human

bFGF on irradiated MEF feeder cells. In the timing of passage or in-

duction, the feeder layerswere eliminated byCTK. Experiments us-

ing human iPSCswere approved by the Ethics Committee of Kyoto

University.

The human aortic endothelial cell line (ScienCell, # SCR-6100-1)

was cultured in endothelial cell medium (ScienCell, # 1001)

following the manufacturer’s manual.
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Regular mycoplasma testing was conducted to avoid contamina-

tion for all cell lines.
Cell transfection
Wediluted the following Silencer Select siRNAs (Thermo Fisher Sci-

entific) to a 10 mmol/L stock solution: siSMAD3 (Cat #: 4392420,

ID: s535081) and negative control (scrambled siRNA) (Cat #:

4390844). For silencing experiments, the cells were seeded to be

60%–70% confluent one day before the transfection. To silence

the cells, 10 mL of the siRNA stock and 10 mL of Lipofectamine

RNAiMAX reagent were separately diluted in 500 mL of Opti-

MEM. These two solutions were mixed and after 15 min incuba-

tion at room temperature, the final solution was added dropwise,

500 mL silencing solution into one well of 6-well plate with 2 mL

maintenance media. At 24 h after transfection, the media was

exchanged and cells were continued to be cultured for 7 days

with changing themedia containing SB431542 (epicardialmainte-

nance media) every 2–3 days.
Overexpression
For SMAD3 overexpression, human SMAD3 ORF (NM_

001407011.1) was amplified by PCR, subcloned into pENTR-D-

TOPO (Invitrogen, #K2400-20), and transferred to pLenti6.3/V5-

DEST (Invitrogen, #V533-06), as the protocol instructed (the vector

map is shown in Figure S6D). For EGFPoverexpression,weused con-

trol vector in the kit.

The cells were seeded to be 60%–70% confluent one day before

the transduction. After optimization of the concentration of lenti-

viruses, 1.03 107 IFU/mL lentiviruses and 4 mg/mL polybrenewere

transduced to the cells. Thereafter, centrifugation (32�C, 12003 g,

90min) was performed to increase transduction efficiency. At 24 h

after transduction, the media was exchanged and cells were

continued to be cultured for 7 days as aforementioned.
Bioinformatics and RNA-seq
A retrospective analysis of SMAD3 gene expression was conducted

using the GSE122200 dataset from GEO for studying EMT dy-

namics in the mouse epicardium, and GSE84085 for analyzing

PSC-derived epicardium and adult primary human epicardium

from donors.

For the in-house RNA-seq data generated for this manuscript,

normalization was performed using the NOISeq package. The pro-

cessed data and raw fastq files from this study were submitted to

the Gene Expression Omnibus (GEO) under the accession code

GSE165450. Further analysis of the raw data was conducted in

RStudio.

Gene expression data were read, explored, and pre-processed us-

ing the Bioconductor package NOISeq was used for differential

expression analysis of RNA-seq. A hierarchical cluster dendrogram

was generated using the hclust function from the stats package and

the agnes function from the cluster package, with distances as-

sessed by the Manhattan city-block distance algorithm. K-means

clustering was performed using the kmeans function. Distance

and correlation matrices were computed and plotted using the

get_dist and fviz_dist functions from the factoextra package, while

the fviz_cluster function was used for cluster scatterplots. Heat-
maps were generated to visualize differentially expressed genes us-

ing R script.

Statistical analysis and visualization of gene functional profiles

and clusters for Gene Ontology terms were carried out using the

DOSE and clusterProfiler packages. Ingenuity Pathway Analysis

was employed for upstream pathway analysis and identifying

pathway activity patterns.
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