Molecular Therapy
Original Article

CRISPR activation of endogenous genes reprograms
filbroblasts into cardiovascular progenitor
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Fibroblasts can be reprogrammed into cardiovascular progen-
itor cells (CPCs) using transgenic approaches, although the un-
derlying mechanism remains unclear. We determined whether
activation of endogenous genes such as Gata4, Nkx2.5, and
Tbx5 can rapidly establish autoregulatory loops and initiate
CPC generation in adult extracardiac fibroblasts using a
CRISPR activation system. The induced fibroblasts (>80%)
showed phenotypic changes as indicated by an Nkx2.5 cardiac
enhancer reporter. The progenitor characteristics were
confirmed by colony formation and expression of cardiovascu-
lar genes. Cardiac sphere induction segregated the early and
late reprogrammed cells that can generate functional cardio-
myocytes and vascular cells in vitro. Therefore, they were
termed CRISPR-induced CPCs (ciCPCs). Transcriptomic anal-
ysis showed that cell cycle and heart development pathways
were important to accelerate CPC formation during the early
reprogramming stage. The CRISPR system opened the silenced
chromatin locus, thereby allowing transcriptional factors to ac-
cess their own promoters and eventually forming a positive
feedback loop. The regenerative potential of ciCPCs was as-
sessed after implantation in mouse myocardial infarction
models. The engrafted ciCPCs differentiated into cardiovascu-
lar cells in vivo but also significantly improved contractile func-
tion and scar formation. In conclusion, multiplex gene activa-
tion was sufficient to drive CPC reprogramming, providing a
new cell source for regenerative therapeutics.

INTRODUCTION

The search for an abundant source of cardiovascular progenitor cells
(CPCs) has taken on great importance within the field of cardiac
regenerative medicine. CPCs derived from pluripotent stem cells
(PSCs) emerge as a promising cell source to treat ischemic heart dis-
ease such as myocardial infarction (MI) through simultaneous neo-
vascularization and cardiomyogenesis."” Recent studies have shown
that various fibroblasts can be directly reprogrammed into induced
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CPCs (iCPCs) by the forced expression of cardiac transcription fac-
tors (TFs).”> However, achieving robust and well-defined reprog-
rammed cell populations remains a critical challenge for heart regen-
eration. Further investigation of the mechanisms underlying heart
development may help to discover new reprogramming targets for
iCPC generation.

Although Gata4, Nkx2.5, and other core TFs have been well studied in
heart development and differentiation,”” the transcriptional mecha-
nism is still unclear during iCPC reprogramming with respect to
chromatin landscape or DNA accessibility. In a conventional trans-
genic reprogramming approach, TF expression from exogenous vec-
tors may rely on stochastic processes to reactivate the corresponding
endogenous genes that are occluded by repressive chromatin marks in
somatic cells.” ' Interestingly, pluripotent factors can bind together
to the promoters of their own genes and form regulatory circuits con-
sisting of autoregulatory and feedforward loops for controlling cell
identity.“’12 Furthermore, TFs such as Gata4 and Nkx2.5 reinforce
their own expression by directly binding their own promoter or
enhancer elements in cardiac cells,”'” thereby creating feedforward
loops. This autostimulatory network likely enables self-perpetuation
and stability of cardiac progenitor states,'*'” although its role in initi-
ating CPC induction is largely unknown. Therefore, identifying the
essential loci targeted by reprogramming factors helps to elucidate
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the epigenetic mechanism and further develop more efficient
approaches.

Among the programmable DNA-binding proteins, CRISPR/Cas9 has
been shown to facilitate gene editing easily and reproducibly in
cells,'"” due to its simplicity and effectiveness of engineering.
Recently, a deactivated Cas9 (dCas9) has been engineered with
various transcriptional activators or repressors to regulate gene
expression by directly binding the DNA sequence near the transcrip-
tion start site (T'SS) or promoter region.'®'® This technology allows
for precise targeting of an individual locus using customized single
guide RNAs (sgRNAs).'*" Therefore, the dCas9-based system pro-
vides a beneficial tool that can precisely remodel endogenous chro-
matin loci for various models of cellular reprogramming.”"** The
CRISPR-derived systems also provide a powerful platform to perform
genome-scale screens in a wide range of cell types, dissect develop-
mental differentiation pathways, and model disease.'®*’ Recently,
the CRISPRa-SAM (synergistic activation mediator) system has
been used to reprogram human fibroblasts into induced cardiac pro-
genitor cells.”* However, the cell phenotype was not clearly character-
ized, and it remains unknown whether the CRISPR-induced cells can
be used for heart regenerative therapeutics.

The reactivation of endogenous genes has been considered an impor-
tant criterion of high-quality fully reprogrammed cells.”>*° In this
study, we tested a hypothesis that direct activation of endogenous
loci using the dCas9-based system can rapidly establish a positive
feedback loop of the cardiac TF network, fulfilling iCPC reprogram-
ming. To this end, the CRISPRa-SAM system was employed to induce
fibroblast reprogramming through targeting promoters of critical
TFs. Multiple benchmarks were utilized in parallel to demonstrate
cell lineage conversion. Moreover, transcriptomic profiling of
induced cells was revealed by next-generation sequencing before
and after cardiac sphere formation. Progenitor cell properties
including self-renewal and differentiation potential were further char-
acterized. Finally, the regenerative abilities of reprogrammed cells
were assessed in mouse MI models.

RESULTS

Reprogramming of extracardiac fibroblasts into CPCs by
CRISPR-based activation of cardiac mesodermal genes
Cardiogenic genes such as Gata4 and Nkx2.5 were moderately ex-
pressed in cardiac fibroblasts and may have interrupted the interpre-
tation of CPC generation, but they were scarcely expressed in extrac-
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ardiac fibroblasts such as tail-tip fibroblasts (TTFs) that were used as
starting cells in the present study (Figure SIA). Transgenic mice
bearing the Nkx2.5 cardiac enhancer-driven eGFP reporter
(Nkx2.5°FP)?” were used to indicate cell conversion toward CPC
lineage, and the isolated TTFs did not express eGFP (Figure S1B).
We began cell reprogramming with CRISPRa using a simplified re-
programming scheme targeting promoters of cardiac mesodermal
genes. An sgRNA pool was designed to target 11 critical genes that
have been demonstrated to regulate mammalian heart development
(listed in Table S1).”** The CRISPRa-SAM system was transduced
in TTFs using lentivirus (TTFCRISPRa, TTF with a scrambled sequence
[TTF*"] as a negative control) to screen essential genes capable of
inducing CPC reprogramming. At least three sgRNAs per gene
were designed and the sgRNA with the highest gene expression was
selected for our experiments, as confirmed by qPCR and immuno-
staining (Figures S1C-S1E). Nkx2.5°"F was activated in TTFRISPRa
early at day 4 of transduction, and the percentage was increased to
~60% for 2 weeks (Figures 1A and 1B). The eGFP" cells lost their
parental fibroblast morphology and formed cell clusters (Figure 1A).
Approximately nine eGFP" cell clusters were generated from 10°
starting cells (Figure S1F).

Additionally, we assessed whether fibroblasts from different tissues of
origin can be reprogrammed into CPCs by activation of endogenous
genes. Fibroblasts were isolated from lung (LuFib) and liver (LiFib)
explants of Nkx2.5°™" mice and then transduced with the CRISPRa
system. Under the same induced conditions as used for TTFs,
Nkx2.5°TP* colonies were formed in LuFib and LiFib, and the cells
were expanded for differentiation after suspension culture and replat-
ing (Figure S2A). When cultured in the differentiation medium for
14 days, Gata4® LuFib- and LiFib-derived reprogrammed cells can
differentiate into cardiomyocyte (CM)-like cells expressing with car-
diac troponin T (¢TnT) (Figure S2B). Pluripotency markers (such as
Oct4) were not expressed during the reprogramming process (Fig-
ure S2C). Therefore, the CRISPRa-modified cells that expressed
CPC genes and could differentiate into the cardiovascular cells were
termed CRISPRa-induced CPCs (ciCPCs).

Activation of Gata4, Nkx2.5, or Thx5 promoter is indispensable
for reprogramming fibroblasts into a cardiac progenitor
phenotype

Identification of essential genes can facilitate simplification of the re-
programming approach. The efficiency of eGFP" cluster formation
was analyzed by testing different sgRNA combinations to identify

Figure 1. Activation of endogenous genes for reprogramming fibroblasts into CPCs

(A) Cell phenotype change of TTFs after transduction of CRISPRa targeting 11 genes. Scale bars, 100 um. (B) FACS analysis of eGFP* cells in TTFs after transduction of
CRISPRatargeting 11 genes. (C) Morphological imaging of TTFs transduced with various CRISPRa targets for 14 days. Scale bars, 500 um. (D) Quantitation of eGFP* cluster
formation. Data measures are presented as mean + standard error. Versus TTFEGMNT: #5 < 0.05; ns, no significance. (E and F) FACS showing the expression of FIk1, Ssea1,
and Cxcr4 in TTFs after transduction of various CRISPRa targets for 14 days. (G) Western blotting of FIk1 expression in TTFs transduced with various CRISPRa targets for
14 days. Uncropped blots refer to Figure S9. (H and ) FACS showing the eGFP* cell percentage in TTFs after transduction of various CRISPRa targets for 14 days. Data are
presented as mean + standard error. Versus scramble control: *p < 0.05. (J) Progenitor cell sphere phenotype of 'I'I'FGNTduring suspension culture. Scale bar, 1.0 mm. (K)
Representative images of eGFP expression in colonies after reattachment on gelatin-coated dishes. Scale bars, 100 um. (L) Immunostaining of cardiovascular markers in
differentiated cells after suspension culture and reattachment. Scale bars, 100 um. See also Figures S1 and S2.
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the essential loci required for Nkx2.5 activation. The removal of
sgRNAs targeting Gata6, Irx4, Handl, Hand2, or Srf had no signifi-
cant impact on eGFP" cluster formation (Figure SIF). Therefore,
the CRISPRa system targeting six genes including Baf60c, Gata4,
Isll, Mespl, Nkx2.5, and Tbx5 (BGIMNT) was employed to induce
eGFP" cell formation in TTFs (TTFPC™MNT) for generating ciCPCs
(Figures 1C and 1D), which was consistent with the previous finding
of iCPC formation by the introduction of exogenous TFs.* Addition-
ally, expressions of putative CPC markers including Flk1,* Sseal,*
and Cxcr4® were assessed. Flkl and Sseal were expressed in 20%
of TTFPCIMNT \while Cxcrd was expressed in more than 70% of
TTEES™MNT (Eigures 1E and 1F). Notably, the removal of individual
sgRNAs targeting Baf60c, Gata4, Isll, Nkx2.5, or Tbx5 led to
decreasing eGFP" cluster numbers and decreasing Flk1* and Sseal®
cell numbers in the TTE®“™NT, but they were not significantly
affected by the removal of Mespl sgRNA (Figures 1C, 1D, and
S1G). Immunoblotting also showed that Flkl expression was
decreased after removal of sgRNAs targeting Isl1, Gata4, Tbx5, or
Nkx2.5 in the TTFPS™NT (Figure 1G), while Cxcr4 expression was
markedly decreased by the removal of Gata4 sgRNA (Figure 1F).
The reduction in CPC markers was more pronounced after the
removal of Gata4, Nkx2.5, or Tbx5 sgRNAs that were further focused
on in the present study. The eGFP reporter was expressed in ~30% of
TTFs transduced with CRISPRa targeting Nkx2.5 but was moderately
activated in less than 5% of TTFs with Gata4 and Tbx5 sgRNAs (Fig-
ures 1H and 11). Remarkably, Nkx2.5°“*" was expressed in over 80%
of TTFs transduced with multiplex CRISPRa targeting Gata4, Nkx2.5,
and Thx5 (TTFNY) (Figures 1H and 1I). Nkx2.5°CFF* cell colonies
were significantly formed in TTF™” but not in TTFs with other
CRISPRa combinations (Figures S1H and S1I). These data suggested
that activation of Nkx2.5 was essential for cell reprogramming and
that other genes including Gata4 and Tbx5 served as important
facilitators.

Because dCas9/sgRNA complexes may directly activate Nkx2.5°%F
transgenic reporter through undefined promoter-enhancer interac-
tions,”” an additional benchmark is needed to demonstrate cell line-
age conversion. Nkx2.5°°"** cell colonies were chosen for further
characterization to define whether the CRISPRa-induced phenotypes
were functional cardiac precursors. These cells were dissociated for
subculture and aggregated into spheroids during suspension culture
(Figure 1J), reminiscent of the phenotype of embryonic CPCs.*
When the cells were replated on gelatin-coated dishes, there was
outgrowth of monolayer cells with minimal expression of Nkx2.5°°*"
(Figure 1K). The change of mechanobiological environment from
suspension culture to reattachment may render cells prone to differ-
entiation,” as indicated by decreasing Nkx2.5°°** activity. Further-
more, cardiovascular differentiation markers including cTnT
(~25%), o-smooth muscle actin («SMA) (~40%), and CD31
(~15%) were expressed in TTFNT after fetal bovine serum (EBS) in-
duction for 14 days (Figure 1L). Although spontaneous contraction
was not found in the ciCPCs during suspension culture or reattach-
ment, a beating cluster was formed in our long-term coculture and
differentiation system for 6 weeks (Video S1).

ciCPCs sustain long-term self-renewal under chemically

defined conditions

Self-renewal and proliferation are a hallmark of CPC phenotype.
Developmental cues such as Wnt/B-catenin signaling, fibroblast
growth factor (FGF) activation, and transforming growth factor
(TGF-B) inhibition are important for self-renewal and expansion of
CPCs.”>**® To develop an in vitro culture system for large-scale pro-
duction, we tested the effect of supplements (Figure S3A) on the pro-
liferative activity of induced cells. A stepwise iteration approach was
designed to identify the most effective cocktail of factors. Proliferation
assays indicated that the cell number of TTF®™" was increased by the
combination of leukemia inhibitory factor (LIF), basic FGF (bFGF),
SB431542, and Chir99021 (Figure S3B). Unexpectedly, insulin-like
growth factor 1 (IGF1, which has been reported to enhance human
CPC proliferation)®® did not affect the proliferative activity of
TTFNT. Furthermore, the number of Ki67* cells and formation of
Nkx2.5°%** colonies were increased with the addition of the chemi-
cal cocktail (CC) containing these molecules (Figures S3C and S3D).
The CC treatment was also favorable for the clonal expansion of sin-
gle ciCPCs (Figure S3E). Therefore, CC supplements were employed
in the expansion medium of reprogrammed cells. TTE™" cells were
able to stably propagate in the medium for more than 20 passages
(~10"*-fold expansion) and yielded a large number of ciCPCs (Fig-
ure S3F). The activation of Nkx2.5°“"" was retained for up to 20
cell passages of ciCPCs (Figure S3G).

The features of proliferative progenitors were analyzed in long-term
expanded ciCPCs in comparison with the early-induced fibroblasts.
Proliferative markers (Ki67 and proliferating cell nuclear antigen
[Pnca]) were stably expressed in the eGFP™ ciCPCs after serial pas-
sages (P10 to P20) as shown by immunostaining (Figures 2A-2D).
The proliferative markers were coexpressed with Nkx2.5°** in
ciCPCs, which was consistent with embryonic stem cell (ESC)-
derived CPCs.” Furthermore, Sseal® or Cxcr4* cell populations
were enriched in the ciCPCs after serial passages (P10 to P20) (Fig-
ures 2E-2H). Our three-dimensional cell expansion approach al-
lowed for the generation of ciCPCs with a percentage of over 90%
as indicated by fluorescence-activated cell sorting (FACS) of Cxcr4
(Figures 2F and 2H). Interestingly, the markers of cell cycle arrest,
p53 and p16 (which are responsible for inhibiting cell proliferation
in the nucleus),”” were not activated in the nuclei of ciCPCs, while
the nuclear localization of p53 and pl6 was significantly increased
in wild-type TTFs under the same culture conditions (Figures 2I-
2L). Therefore, cell cycle arrest can be prevented in ciCPCs after un-
dergoing a limited number of divisions.

In vitro differentiation of ciCPCs into functional cardiovascular
cells

Heterogeneity of endothelial progenitors®®*” motivated us to further
determine the cardiogenic potential of ciCPCs in terms of early and
late phases. A strategy for cell aggregate (spheroid formation) via sus-
pension culture was devised to facilitate ciCPC maturation toward a
stable phenotype. Therefore, ciCPCs that were initially derived from
TTFs and expanded during early passages (<10) were referred to as
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Figure 2. Self-renewal capacity of CRISPR-induced progenitors

(A-D) Imaging and quantitation of eGFP, Ki67, and Pnca expression in ciCPCs after serial passages. Scale bars, 50 um. Versus PO: *p < 0.05. (E-H) FACS and quantitation of
cells expressing Sseal and Cxcr4 after serial passages. Versus PO: *p < 0.05, **p < 0.01. (I-L) Immunostaining of p16 and p53 in long-term expanded ciCPCs and TTFs as a
phenotype control. Scale bars, 50 um. Quantitation of p16 and p53 expression enriched in nuclei. Versus TTF: **p < 0.01. PO, TTFs transduced with the CRISPRa system for
4 days before cell dissociation for expansion; P10, cell passage 10; P20, cell passage 20. Data measures are presented as mean + standard error. See also Figure S3.

early ciCPCs, while ciCPCs that grew out from the suspended spher-
oids replated on a dish for 3 days before inducing differentiation were
referred to as late ciCPCs (Figures 3A and S4A). Beating clusters were
formed in the late ciCPCs after inducing cardiac differentiation for
14-20 days (Video S2). Action potentials were detected by intracel-
lular electrical recordings from the single beating ciCPCs (Figure S4B).
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Compared with TTFs, CPC genes (such as Gata4, Nkx2.5, and Tbx5)
and embryonic genes encoding cardiac contractile proteins (such as
c¢InT and aMHC) were upregulated in both early and late ciCPCs
(Figure 3B). Vascular markers (such as aSMA, CD31, and Cdh5)
were not significantly activated in early ciCPCs but were robustly up-
regulated in the late ciCPCs and the differentiated cells (DCs).
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(A) Schematic of cell expansion and differentiation procedures. (B) Heatmap of cardiovascular genes detected by gqPCR in TTFs, early ciCPCs, late ciCPCs, and differentiated
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cells (DCs). (C) Immunostaining of sarcomeric a-Actinin and Cx43 in ciCPCs treated by CM differentiation medium. Scale bars, 50 um. (D) Representative Ca®* waves

detected by Fluo-4 dye in ciCPC-CMs at Ca®* maximum and minimum using live-cell imaging. Fluorescent images correspond to the Video S3. Scale bar, 20 um. (E)
Representative traces of action potentials in ciCPC-CMs (18 cell beating clusters) analyzed by the intracellular electrical recording. (F) Immunostaining of «SMA and SM-MHC
in ciCPCs treated by differentiation medium. Scale bars, 100 um. (G) Corresponding /-V plot of ciCPC-SMCs in response to the vehicle (n = 5), nifedipine (n = 5), or
FPL641176 (n = 7) as detected by the whole-cell patch-clamp. Current is given in pA/pF and membrane potential in mV. Data measures are presented as mean + standard
error. (H) Immunostaining of CD31 and vWF in ciCPCs treated by differentiation medium. Scale bars, 100 um. () /n vitro tube formation potential of ciCPC-ECs analyzed on

Matrigel. Scale bar, 500 um. See also Figure S4.

Therefore, both cardiac and vascular cells were formed in the DCs af- were converted into CM-like cells in CM differentiation medium af-

ter spontaneous differentiation. ter 21 days, as evidenced by immunostaining of sarcomeric a-acti-

nin and the gap-junction protein Cx43 (Figure 3C). Furthermore,
The tri-lineage potential of ciCPCs was further assessed by using the  intracellular calcium flux was detected in a subset of ciCPC-derived
molecular cues that drive cardiovascular differentiation. ciCPCs  CMs (ciCPC-CMs), showing spontaneous calcium oscillations
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(Figure 3D and Video S3). Ventricular-like action potentials were
mainly observed in the beating clusters of ciCPC-CMs (Figure 3E),
suggesting that ciCPCs were composed of ventricular precursors.
With the smooth muscle cell (SMC) differentiation medium, ciCPCs
were converted into SMC-like cells as evidenced by immunostaining
of aSMA and SM-MHC (Figure 3F). Contraction of SMCs can be
elicited through the L-type calcium channels.*” The ciCPC-SMCs
exhibited voltage-dependent increases of inward current that were
enhanced by FPL64176 (L-type channel agonist) but were not
affected by nifedipine (L-type channel antagonist) (Figure 3G).
With endothelial cell (EC) differentiation medium, ciCPCs were
converted into EC-like cells as evidenced by immunostaining of
CD31 and von Willebrand factor (vWF) (Figure 3H). The newly
formed ciCPC-ECs were verified using an in vitro tube formation
assay (Figure 3I). To determine the differentiation efficiency
in vitro, cTnT", CD31", or aSMA™ cells were analyzed by FACS
in ciCPCs under CM, EC, SMC, or tri-lineage (mixed) differentia-
tion conditions (Figure S4C). More than 90% of ciCPCs can
directly differentiate into the cardiovascular tri-lineage cells
(Figure S4D).

ciCPCs possess transcriptional profiles similar to those of
cardiac precursors

RNA sequencing (RNA-seq) was performed to characterize the
transcriptome of reprogrammed cells (early ciCPCs and late
ciCPCs) and the uninfected TTFs (Figure S5A). To determine the
biological reproducibility of the sample replicates in a heatmap,
the 500 most variable genes were analyzed by hierarchical clus-
tering, yielding distinct gene clusters (Figure 4A): 361 variable genes
(samples listed in clusters 1-3) upregulated in late ciCPCs were
related to the gene ontology (GO) terms of heart development,
while 139 genes (samples listed in cluster 4) downregulated in early
ciCPCs were involved in cell adhesion or other processes. Clusters 1
and 2 represented a transcriptomic difference between early and late
ciCPCs. Differential expression analysis was performed to elucidate
the biological processes that occurred in ciCPC generation. There
were 1,931 genes (such as Gata4, Nkx2.5, and IslI) upregulated in
early ciCPCs compared with TTFs (Figure S5B), and the GO term
analysis showed that the gene subsets were associated with cell cycle,
cell division, and other cellular responses involved in the early in-
duction stage (Figure 4B). Furthermore, there were 3,318 genes
including CPC markers and cardiac muscle markers upregulated
in late ciCPCs compared with TTFs, while fibroblast genes such
as Fspl, Thyl, and Collal were downregulated (Figure S5C). The
upregulated gene-related GO terms in late ciCPCs included cate-
gories such as sarcomere organization, cardiac muscle contraction,
and heart development (Figure 4C), suggesting a conversion toward
cardiac lineage. GO terms of downregulated genes belong to cate-
gories such as cell adhesion, collagen catabolic process, and immune
system process (Figure S5D). Non-cardiac cell fate conversions did
not occur at both early and late ciCPCs, while robust expression of
cardiac lineage genes was restricted in late ciCPCs (Figure S5E), sug-
gesting that late ciCPCs were distinct from early ciCPCs in terms of
cardiac differentiation stage.
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Additionally, bioinformatics analysis was used to assess the differen-
tiation stages of ciCPCs by comparing the RNA-seq dataset of mouse
ESC-CPCs and previously reported iCPCs.**"*> RUVSeq was em-
ployed to remove unwanted variations from the RNA-seq data of
different studies and methods,*® and the systematic shifts in normal-
ized datasets were improved among the samples as shown in Fig-
ure S5F. Principal component analysis of the normalized datasets re-
vealed that early ciCPCs had a transcription profile similar to that of
cardiac progenitors, while late ciCPCs were more similar to differen-
tiated CMs (Figure 4D). Pearson’s correlation analysis also revealed
that transcription profiles of early ciCPCs had a higher correlation
with the reported ESC-CPCs and iCPCs compared with late ciCPCs
(Figure S5G). We further evaluated a panel of well-studied genes
involved in the cell cycle, heart development, and cardiac muscle
contraction as identified by the GO term analysis in ciCPCs (Fig-
ure 4E). Cell cycle genes (such as Cdknl1b) were upregulated in early
ciCPCs and other CPC samples but downregulated in late ciCPCs and
differentiated CM samples. Heart development genes (such as IslI)
were moderately upregulated in various CPC samples or differenti-
ated CM samples, but were highly expressed in early ciCPCs. More-
over, the genes of cardiac muscle contraction (such as Tnnt2) were
specifically expressed in late ciCPCs and differentiated CM samples.
Although heterogeneity was found in different datasets of gene
expression, these results demonstrate that TTFs were reprogrammed
to an intermediate proliferative progenitor stage (early ciCPCs) and
further initiated cardiac lineage commitment (late ciCPCs), recapitu-
lating heart development processes.

CRISPRa develops an autoregulatory loop targeting Gata4,
Nkx2.5, and Tbx5

Next, we determined how GNT genes were regulated by CRISPRa
during cell reprogramming. To assess whether activation of CPC
genes was dependent upon the transgenic approach, a doxycycline
(Dox)-inducible system was employed to produce on-demand gene
expression. Activation of endogenous GNT was manipulated by the
Dox-inducible CRISPRa system through targeting the gene pro-
moters in TTFs (TTFN) (Figure S6A). The potential off-target ef-
fect of GNT sgRNA sequences on gene expression was excluded (Fig-
ures S6B and S6C). The transgenic expression controlled by Dox was
indicated by mCherry (Figure S6D). TTE'“N" were treated with Dox
for 21 days and the Nkx2.5°°*® was gradually activated (Figure 5A).
The percentage of Nkx2.5°“"* cells induced in TTF“N" was retained
for up to 35 days even after Dox withdrawal (Figures 5A and 5B).
Furthermore, endogenous CPC genes were analyzed by qPCR.
Nkx2.5, Gata4, and Tbx5 were upregulated in the TTF“NT activated
by Dox treatments compared with day 0, while other CPC genes
such as Mespl, Irx4, and MyoCD were upregulated after 14 days of
induction (Figures 5C and S6E). These genes were activated at
different levels.

The dCas9¥"** protein was reported to open chromatin at inacces-
sible genomic loci;** therefore, we assessed whether this epigenetic
mechanism was involved in iCPC generation. The opening of the tar-
geted locus (0.1-1 kbp distant from the sgRNA site) was analyzed by
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Figure 4. Transcriptional signatures of ciCPCs

(A) Heatmap of 500 most variable genes expressed in TTFs, early ciCPCs, and late ciCPCs. The gene examples are shown with their functional annotations. (B and C) GO
analyses of upregulated genes in early or late ciCPCs compared with TTFs. (D) Principal component (PC) analysis of the global gene profiling in our tested cell types and the
previously reported CPCs. Directions of cell lineage conversion are depicted by the colored, dotted arrows in different studies. (E) Heatmap of gene expression related to the
GO terms of interest across different studies. CF, cardiac fibroblast; iCPC, induced cardiovascular progenitor cell; MEF, mouse embryonic fibroblast; CD, cardiac derivative;
ESC, embryonic stem cell. See also Figure S5.
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Figure 5. Formation of an autoregulatory feedback loop in ciCPCs

(A and B) Schematic of the period of Dox treatment. FACS and quantitation of eGFP* cells in TTFs transduced with a Dox-inducible CRISPRa targeting GNT genes. (C)
Expressions of endogenous GNT genes detected by gPCR after Dox treatment. (D) Schematic of DNA sites of GNT targeted by CRISPRa and other DNA binding assays. (E)
Chromatin accessibility in the promoter region of GNT as analyzed by gPCR. (F) H3K4me3 modification near the promoters of GNT as analyzed by ChIP-gPCR. (G) ChiP-
gPCR analysis of Nkx2.5 binding Nkx2.5 promoter. (H) ChIP-gPCR analysis of Gata4 binding Gata4 promoter. () ChIP-gPCR analysis of Tbx5 binding Thx5 promoter. Data

measures are presented as mean + standard error. Versus day-0 control: *p < 0.05

chromatin accessibility assay (Figure 5D). The accessibility of the
GNT promoters in the TTFNT was transiently increased after 3-
day Dox induction compared with the starting cells at day 0 (Fig-
ure 5E). Although there was a decreasing trend in DNA accessibility
after Dox withdrawal, it was significantly higher in the day-35 cells
than in the day-0 cells. There was likely a time window for dCas9""**
influencing the accessibility of targeted chromatin, thereby allowing
for settling and binding of epigenetic modifiers to effectively facilitate
gene transcription. To test this possibility, an active chromatin mark
(such as H3K4me3) related to cardiac reprogramming*” was analyzed
by chromatin immunoprecipitation (ChIP)-qPCR (Figure 5F).
H3K4me3 on the promoter regions of GNT was not changed within
early induction, while it was significantly increased in TTFN after
Dox withdrawal compared with the starting cells (day 0). Stable,
active epigenetic modifications are important for the accessibility of
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, *p < 0.01. See also Figure S6.

TFs to the promoter or enhancer regions.*® Although there was no

difference within early induction, Gata4, Nkx2.5, and Tbx2.5 could
bind to their own promoter regions in TTF'“NT after Dox withdrawal
(Figures 5G-5I). These data indicated that an autoregulatory loop was
established during the late reprogramming stage after depletion of
initial induction factors.

Engrafted ciCPCs give rise to cardiovascular cells in the
infarcted heart

Late ciCPCs undergoing tri-lineage commitment were injected into the
infarcted heart of syngeneic mice to evaluate the regenerative efficacy,
and TTFs were used as a control treatment of cell therapy. The lineage
of ciCPCs was traced to determine whether engrafted cells contributed
to heart regeneration after MI. Nkx2.5"/Rosa™*4Tmat) transgenic
mice were used to permanently label ciCPCs that were expressed with
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Nkx2.5 (Figure 6A); therefore RFP* ciCPC colonies were generated
from TTFs for cell transplantation. Additionally, the collected cells
were expanded with the maintenance medium and characterized with
cardiogenic gene expression before transplantation to minimize the
potential batch effect of ciCPCs. Mice that constitutively expressed
GFP were used as transplant recipients to assess the extent to which
cell fusion occurred between the ciCPCs and the host cells. Heart sec-
tions from 2 to 28 days post MI showed that cell fusion events were
rare and that there were no RFP* ciCPCs that significantly coexpressed
GFP (Figures 6B and 6C).

Furthermore, the differentiation potential of ciCPCs was assessed by
immunostaining of individual cardiac markers in wild-type mice.
Cells coexpressing the striated CM marker (cTnT) and RFP were
identified in the border zone of infarcted myocardium that possessed
viable CMs (Figure 6D). Quantification of immunostaining indicated
that ~36% of engrafted RFP* ciCPCs differentiated into cTnT" CMs,
while TTFs failed to initiate transdifferentiation (Figures S7A and
S7B). The vasculogenic potential of ciCPCs was also assessed by the
regeneration of vascular ECs and SMCs. Most of ciCPC-derived
aSMA™* SMCs and CD31" ECs were integrated with microvessels in
the infarcted area of MI mice (Figures 6E and 6F). The quantification
of immunostaining indicated that ~24% and ~39% of engrafted
RFP" ciCPCs differentiated into SMCs and ECs, respectively (Fig-
ure 6G). Although control TTFs can convert into aSMA™ myofibro-
blasts after implantation, they were scattered in the infarcted area and
did not incorporate into the host’s vascular vessels (Figures S7A and
B). We attempted to perform in vivo imaging to analyze the survival
of the implanted cells labeled with RFP, but the fluorescence intensity
was low or did not pass the detection threshold (<10* RFP™ cells) (Fig-
ures S7C and S7D). Therefore, it was estimated that few cells (<1%)
were retained in hearts after injection for 1 week. These findings indi-
cated that ciCPCs can give rise to new cardiovascular cells under
in vivo environmental conditions despite low cell retention.

Delivery of ciCPCs enhances the functional restoration of the
infarcted heart

To determine the therapeutic efficacy of ciCPCs, the heart function of
MI mice was assessed by echocardiography after surgery. Adverse re-
modeling such as left ventricular dilation was reduced in mice that
received ciCPCs compared with phosphate-buffered saline (PBS) or
TTF treatment at 4 weeks post MI (Figure 7A). Progressive deteriora-
tion of heart function in MI mice was prevented by injection of
ciCPCs after 2 weeks (Figure S8A). Heart functional improvement
by ciCPC treatment was indicated by decreasing left ventricular
end-diastolic or end-systolic diameters and increasing ejection frac-
tion (EF) and fractional shortening (FS) in comparison with PBS or
TTF treatment at 4 weeks post MI (Figure 7B). Furthermore, intersti-
tial collagen staining showed that scar formation in MI mice was
improved by ciCPC treatment compared with PBS or TTF treatment
(Figures 7C and 7D). Microscopic analysis by Masson’s trichrome
staining showed that the infarct size of MI mice injected with ciCPCs
was smaller than that of the PBS or TTF group (Figures 7E and 7F).
There was no tumor growth in the athymic nude mouse hearts in-

jected with ciCPCs during a 12-week observation (Figure 7G). Unlike
ESCs, injection of ciCPCs did not induce teratoma formation in the
skin of nude mice (Figure 7H). Moreover, no arrhythmia was found
in the mice transplanted with ciCPCs that were electrically coupled
with native myocardium, similar to the sham group (Figure S8B).

DISCUSSION

Reprogramming of non-myocytes or fibroblasts into developmental
CPCs with self-renewal and cardiac tri-potency offers a promising
paradigm for heart regeneration. In this study, we identified promoter
regions for initiating cell conversion toward cardiogenic lineage using
CRISPRa approaches. The multiplex targeting promoters of GNT
genes enabled reprogramming of fibroblasts into a precursor stage
that underwent active cell cycle and heart development pathways.
The induced cells in the late stage of reprogramming can be expanded
to a large scale and differentiate into functional cardiovascular cells.
Importantly, ciCPCs integrated and generated new cardiovascular
cells after transplantation into an infarcted heart, leading to cardiac
functional improvement.

The CRISPRa system can serve as an alternative approach for cellular
reprogramming. Most fibroblasts were robustly expressed with the
Nkx2.5°"F by targeting the promoter regions of cardiac TFs, suggesting
that multiplex gene activation was sufficient to initiate CPC formation.
Our simplified scheme of sgRNA screening indicated that the promoter
region close to TSS of the Nkx2.5 gene was a pivotal locus for inducing
CPC formation of fibroblasts. Approximately 4-10 cell spheres were
formed per 1 x 10° starting cells in TTFs induced by the CRISPRa sys-
tem, which was comparable with the reprogramming efficiency (4-6
colonies per 50,000 starting cells) of adult cardiac fibroblasts that
were reported using a transgenic approach.* Our study and others indi-
cated that a single gene activation cannot sufficiently induce cell reprog-
ramming or CPC colony formation. Therefore, the cooperation of mul-
tiple genes plays a critical role in the cell reprogramming process, and
further investigation is needed. The progenitor phenotype also was
determined by the formation of various cell populations such as FlkI-
, Sseal -, and Cxcr4-positive subtypes. This finding indicated heteroge-
neity in the reprogrammed cells, and further characterization at single-
cell resolution is necessary to determine whether they resemble native
CPC populations such as the first and second heart fields.

A hallmark of progenitor cells is their proliferative capacity for self-
renewal before differentiation. Similar to the reported PSC-derived
CPC populations,”” progenitor markers such as Nkx2.5°%** of ciCPCs
waned during subculture, concomitant with increasing differentia-
tion. The two key properties including self-renewal and differentia-
tion of CPCs were coordinated by developmental signaling such as
BMP/JNK.*® Therefore, the in vitro culture system of CPCs for
long-term expansion requires further refinement by mimicking the
developmental environments, such as using feeder cells, high-level
serum, growth factors, small molecules, and genetic manipula-
tion.*****>* Chemically defined conditions are ultimately more
attractive for the establishment of a GMP-grade cell culture system
for further clinical applications. We found that the addition of CC
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Figure 6. Tracking the ciCPCs implanted in infarcted
hearts

(A) Schematic representation of using Nkx2.5°%/
Rosa"PtdTemato) TTE_derived ciCPCs to determine cell
fusion in GFP reporter mice or identify cell differentiation in
wild-type mice. IRES, internal ribosome entry site. Scale
bars, 200 um. (B and C): Representative imaging of RFP*
cell retention in GFP myocardium after injection. Scale
bars, 100 pum. (D-F) Representative imaging of cTnT*
CMs, aSMA* SMCs, or CD31" ECs derived from RFP*
ciCPCs at 4 weeks post MI. White arrows indicate the
integration of ciCPCs with the host’s microvessels. Scale
bars, 100 um. (G) Overall differentiation efficiency of
CiCPCs in infarcted hearts. See also Figure S7.
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Figure 7. Functional assays of infarcted heart in
response to cell therapy

(A) Representative imaging of M-mode echocardiography
at 4 weeks after surgery. (B) Quantification of left ven-
tricular end-systolic dimension (LVDs), left ventricular
end-diastolic dimension (LVDd), EF, and fractional
shortening (FS) at 4 weeks post Ml (n = 8 per group). (C
and D) Collagen staining of heart tissues at 4 weeks post
MI and quantification of fibrotic size (n = 5 per group).
Scale bars, 1 mm. (E and F) Masson’s trichrome staining
of heart tissues and quantification of infarct size at
4 weeks post Ml (n = 5 per group). Scale bars, 1 mm. (G)
Exposure of a nude mouse heart injected with ciCPCs for
12 weeks. (H) Teratoma-forming ability of ESCs or iCPCs
for 12 weeks after subcutaneous injection in nude mice.
Data measures are presented as mean + standard error.
ns, no significance; *p < 0.05, **p < 0.01. See also
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programming efficiency of fibroblasts, which
can be influenced by age-associated inflamma-
tion through inflammatory cytokines.”' Inter-
estingly, antioxidant supplements that are
extensively used to prevent cellular oxidative
stress may maintain an undifferentiated state
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an onset of cardiogenic potential during the
early reprogramming stage. However, it re-
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containing LIF, bFGF, SB431542, and Chir99021 allowed the expan-
sion of cycling ciCPCs with stable characteristics to a large scale.
However, the self-renewal proliferation of ciCPCs was not pro-
nounced by the IGF1 supplement. As shown by the transcriptomic
analysis, the CRISPRa system (targeting GNT) upregulated IslI,
which is known to activate insulin gene promoter and likely formed
negative feedback in response to an excessive IGF1 stimulus,”
although this possibility remains to be determined. Importantly, the
issue of low production efficiency can be addressed by the expansion
of reprogrammed iCPCs with a robust proliferative capability. Avoid-
ing activation of cell senescence signals also may contribute to the re-

mains inconclusive whether this potential was

a leak from poorly maintained progenitor cells
because promoter regions of these cardiac genes can be transiently
targeted by the activation of TFs such as Gata4 and Tbx5 that were
used in direct cardiac reprogramming.” Although the route for
iCPC reprogramming is distinct from that of direct cardiac reprog-
ramming that does not pass through a progenitor fate,” the conver-
sion processes may share a common development pathway that needs
further investigation. Notably, vascular genes were not expressed in
early ciCPCs, which may have contributed to their lack of regulatory
elements directly targeted by cardiac TFs. However, they were further
activated in late ciCPCs, which may result from the procedure of car-
diac sphere induction that mimics the developmental heart’s
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vasculature and microenvironment.”® Indeed, sphere formation has
been reported to enhance the differentiation potentials of cardiac pro-
genitors through an autoparacrine loop.”

Regeneration of functional cardiac cells is a hallmark of CPCs. The
ciCPC-derived CMs displayed the characteristic striations and ex-
hibited contractions in a long-term coculture system. In contrast,
iCPCs generated by transiently expressing pluripotency factors were
shown to rapidly generate spontaneously contracting cells at day 3
of differentiation.”’ In the present study, coupling with pre-existing
CMs was required to trigger the contractility of ciCPC-CMs, consis-
tent with the reported iCPC-CMs.* Functional discrepancies among
reprogrammed cells may result from the use of different reprogram-
ming factors. For instance, over 90% of ciCPCs were Cxcr4 positive
with a dim expression of FIk1 (which was consistent with the iCPCs
generated by overexpression of cardiac TFs),"*® while >80% of iCPCs
generated by transiently expressing pluripotency factors were Flk1
positive.*' Therefore, a genome-wide screen such as using CRISPR
tools is necessary to identify essential genes that control the cell fate
of fibroblasts during the reprogramming process.””*’ Other experi-
mental variations such as starting cell sources and culture conditions
could contribute to the functional variability of CPCs induced by
different reprogramming approaches. Embryonic or neonatal cardiac
fibroblasts are considered to be more easily reprogrammed into car-
diac lineage as compared with adult or aging cells.”’ We found that
extracardiac fibroblasts such as TTFs, LiFib, and LuFib can be reprog-
rammed into ciCPCs with similar efficiencies. Cardiogenic genes are
expressed in a population of cardiac fibroblasts and may prime them
to transdifferentiate with higher efficiency.” Thus, reprogramming
approaches remain to be refined using various cell models or sources
before translational studies can be attempted.

The biological processes involved in the route for iCPC reprogram-
ming were characterized by transcriptional profiling. Genes related
to heart development were upregulated in both early and late ciCPCs,
while cardiac differentiation genes were activated in the late ciCPCs.
The early ciCPCs possessed high similarity with the reported iCPCs
and ESC-CPCs, but the late ciCPCs were more similar to differenti-
ated cardiac cells. These results suggested that ciCPCs were progres-
sively derived via cardiac transdifferentiation of fibroblasts reactivat-
ing the gene pattern of heart development. The cycling genes such as
Cdkn1b were highly expressed at the early ciCPCs but downregulated
at the late ciCPCs when differentiation began. It is known that cardiac
differentiation is controlled by the cell cycle pathways that maintain
CPC self-renewal.”>** Also, cell cycle acceleration promoted somatic
cell fate transition into pluripotency through epigenetic remodeling.®”
A study indicated that cell cycle exit was a prerequisite for successful
fate conversion of fibroblasts toward CM lineage.®® Therefore, the cell
cycle dynamics likely control the cell fate specification in iCPC re-
programming, although further investigation is needed to elucidate
the underlying mechanism.

The establishment of positive feedback networks activating endoge-
nous genes is essential to generate a new cellular identity after reprog-
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ramming. We found that activation of endogenous loci (such as
Gata4, Nkx2.5, and Tbx5) by CRISPRa targeting of the promoter re-
gions was sufficient to drive iCPC reprogramming in fibroblasts.
Results of epigenetic studies suggested that the CRISPRa system
can serve as a locus-specific activator to open the silenced chromatin
locus that tightly represses cardiac gene expression in fibroblasts. Sub-
sequently, the subsequent increasing level of transcripts and proteins
can bind their own promoters and eventually create a positive feed-
back loop. Moreover, the interactions between various TFs, pro-
moters, and enhancer elements can form larger regulatory circuits
that would result in an explosive increase in gene activity.”” Therefore,
CRISPRa can be harnessed to reveal the TF networks and provide sig-
nificant insights to interpret the mechanism of cell lineage conver-
sion. The importance of activating endogenous genes is also high-
lighted by other studies of CRISPRa. For instance, CRISPRa
induced the precise epigenetic remodeling of endogenous loci
including Sox2 and Oct4 for induced PSC (iPSC) generation, which
was followed by the induction of other pluripotent genes and the for-
mation of the pluripotency network.”® The CRISPRa system has also
been shown to rapidly remodel the epigenetic state of the target loci,
and induced sustained endogenous gene expression during neuronal
cell reprogramming.”” In future studies, genome-wide assays (e.g.,
ChIP-seq, ATAC-seq, and chromosome conformation capture tech-
nologies)”’ will be helpful to investigate epigenomics in the context
of reprogramming cardiac genes.

Delivery of the late ciCPCs provides a cell reservoir to regenerate the
damaged CMs and vascular cells while simultaneously creating an
environment more conducive to proper healing of the infarcted heart.
Speculation based on the in vitro differentiation studies would be that
ciCPCs gradually differentiated into functional CMs after exposure to
a heart microenvironment. The results of cardiac regeneration may be
mixed by cell fusion.”" Although the engrafted ciCPCs integrated with
host tissue, rare cell fusion was found between them after implanta-
tion. Indeed, new CMs were derived from ciCPCs in the infarct
border zone as demonstrated by the Nkx2.5 tracing and identified
by the formation of sarcomeric striations that are known to be a
fundamental unit of CM contractility.”” The engrafted ciCPCs
became vascular cells composed of SMCs and ECs that contribute
to neovascularization and increasing blood supply and play an essen-
tial role in CM regeneration and cardiac repair.”’ Interestingly,
ciCPCs generated three cardiovascular lineages with roughly similar
efficiencies, while the vascular SMCs and ECs accounted for a large
proportion of ciCPC derivatives in vivo. It is known that stem cell
fate is controlled by a combination of intrinsic mechanisms (such
as cell-autonomous gene expression) and extrinsic environmental
cues (non-cell-autonomous).”* Our transcriptomic analysis showed
that ciCPCs expressed various genes related to cardiac muscle
contraction or angiogenesis, demonstrating the involved intrinsic
mechanisms. However, the hypoxic microenvironment enables the
heart to produce numerous growth factors (such as vascular endothe-
lial growth factor A [VEGFA] and angiopoietin 1)’> that make pro-
genitors more prone to differentiate toward ECs or SMCs. Moreover,
cell fate determination of embryonic progenitors into CMs, SMCs, or
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ECs is dependent on a relative proportion of Nkx2.5 and Isl1 expres-
sion,”® recapitulating a potential mechanism of how ciCPCs undergo
a fate decision after implantation in a damaged heart. The complex
interplay between donor cells and the host’s microenvironment re-
mains to be investigated.

Various intercellular interactions between the donor cells and host
tissues also contribute to the mechanism of cell patterning in vivo.””
In addition, other cell therapy effects such as stimulating cardiac cell
proliferation, endogenous angiogenesis, and antiapoptosis through
paracrine mechanisms may be involved in the cellular mechanisms
of action.”® Therefore, the incorporation of ciCPC-derived cardiovas-
cular cells can salvage ischemic myocardium at the early stage of MI
and minimize the adverse scar growth, ultimately improving heart
function. Notably, the heart function deficits of MI mice were not
completely resolved by cell injection, which was related to low cell
retention and engraftment. Low cell survival remains a major chal-
lenge hindering the application of cell-based therapies for MI. Cur-
rent advances in tissue engineering technologies potentially provide
a more effective delivery approach that addresses this limitation

with a new regeneration strategy employing CPCs.”*"

In summary, our results have demonstrated that endogenous gene
activation by the CRISPRa complexes can induce reprogramming
of mouse fibroblasts into CPCs. This approach bypasses pluripotency
induction, thereby avoiding the risk of teratoma formation from
immature iPSC/ESC derivatives. A positive feedback loop of autore-
gulatory cardiac TFs can be created by targeting the promoter acces-
sibility in ciCPCs. Furthermore, ciCPCs are self-renewing and
expandable, have cardiac tri-lineage potential, and show transcrip-
tional profiling similar to that of embryonic CPCs. Therefore, the
use of CRISPR tools serves to reveal the mechanism of cardiac TF
loop formation and bring a new reprogramming strategy for cardiac
regenerative therapy through precise targeting of endogenous genes.

MATERIALS AND METHODS

All research protocols conformed to the Guidelines for the Care and
Use of Laboratory Animals published by the National Institutes of
Health (National Academies Press, eighth edition, 2011). All animal
use protocols and experiments conducted in this study were approved
and oversighted by the University of Cincinnati Animal Care and Use
Committee.

Mouse lines

Nkx2.5°°"F reporter mice were purchased from The Jackson Labora-
tory (stock no. 029489). Nkx2.5™/RosaRFPdTomato) ice were ob-
tained by crossing Nkx2.5°" mice (from The Jackson Laboratory
[stock no. 024637]) and td-Tomato mice (from The Jackson Labora-
tory [stock no. 007914]). GFP mice for whole-body imaging were pur-
chased from The Jackson Laboratory (stock no. 003291). Inbred
C57BL/6 mice were used as the wild type. Athymic nude mice were
purchased from The Jackson Laboratory (stock no. 002019). The
transgenic mice were identified by standard PCR according to the

manufacturer’s protocols. Their health status was routinely checked
to maintain consistency.

Isolation of mouse fibroblasts

Six-week old postnatal mice (Nkx2.5°*" or Nkx2.5™/ RosaRtP(tdTomato)y
were euthanized and the heart, liver, lung, and tail-tip tissues were har-
vested for fibroblast isolation. The tissues were washed using PBS and
minced into pieces nearly 1 mm?>. Subsequently, the tissues were digested
with 0.05% trypsin- EDTA (Thermo Fisher, cat. #25300062) for 1 hina
rotated incubator (12 rpm) at 37°C. Digestion medium was removed af-
ter brief centrifugation (200 rpm, 3 min), after which settled-down tissues
were plated on 0.2% gelatin (Sigma-Aldrich, cat. #1.04078)-coated dishes
with fibroblast growth medium consisting of high-glucose Dulbecco’s
modified Eagle’s medium (DMEM; Thermo Fisher, cat. #10566016) sup-
plemented with 15% FBS (Thermo Fisher, cat. #10082147), 1x non-
essential acids (NEAA; Thermo Fisher, cat. #11140050), 1 x GlutaMAX
(Thermo Fisher; cat. #35050061), 1x B-mercaptoethanol (Thermo
Fisher, cat. #21985023), 25 ng/mL bFGF (Sigma-Aldrich, cat. #F0291-
25UG), 2 ng/mL EGF (Sigma-Aldrich, cat. #£9644-.5MG), and 1x peni-
cillin (pen)/streptomycin (strep) (Thermo Fisher, cat. #15140122). The
medium was changed every 2 days, and the tissues were cultured for
7-12 days until fibroblasts robustly migrated from the explants. Finally,
fibroblasts were digested by 0.25% trypsin and harvested for cell passages
by filtering with a 40-pm cell strainer (Corning Falcon, cat. #352098) to
avoid tissue fragment contamination.

Vector construction

The sgRNA sequences were designed by using the GPP sgRNA
Designer available at Broad Institute and Zhang Lab. Three sgRNAs
were designed and synthesized for each gene, and the optimal sgRNA
was selected after being confirmed by qPCR analysis. The sgRNA se-
quences used in the present study are listed in Table S2. Off-target was
assessed by Cas-OFFinder®' and CCtop®” algorithms. Plasmids en-
coding sgRNAs, dCas9¥"*!, and MS2-P65-HSF1 were a gift from
Feng Zhang (Addgene, cat. #73797, 61425, and 61426). To establish
the Dox-inducible CRISPRa system, the dCas9"V?** was subcloned
into the downstream of tetracycline (Tet) response element in a len-
tiviral vector (Takara, cat. #631844). Multiplexed sgRNAs were subcl-
oned into one single vector (Addgene, cat. #85745) through the
Golden Gate Assembly as previously described.”

Lentiviral transduction

HEK293T cells were obtained from the American Tissue Collection
Center (ATCC; cat. #CRL-3216) and were maintained in high-
glucose DMEM supplemented with 10% FBS and 1% pen/strep at
37°C with 5% CO,. One day before transfection, HEK293T cells
were seeded on a 10-cm culture dish (Corning Falcon, cat.
#353003) at 50% confluency. For each dish, 8 ng of psPAX2 plasmid
(Addgene, cat. #12260), 3.5 pg of pMD2.G plasmid (Addgene, cat.
#12259), and 8 pg of the plasmid containing the vector of interest
were cotransfected into HEK293T cells using 30 pL of Lipofectamine
2000 (Thermo Fisher, cat. #11668019), according to manufacturer’s
instructions. Cells were cultured with the transfection medium over-
night and replaced with 10 mL of fibroblast growth medium on the
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following day. After 48 h of transfection, the lentiviral supernatant
was collected, filtered using 0.2-um polyvinylidene fluoride syringe
filters (Fisher Scientific, cat. #13-100-104), and concentrated using a
polyethylene glycol virus precipitation kit (BioVision, cat. #K904),
kept frozen at —80°C. Fibroblasts (2-5 passages) were resuspended
at the density of 1 x 10° cells per well with 400 pL of fibroblast growth
medium on a 24-well plate (Corning Falcon, cat. #353047) and sup-
plemented with 100 pL of concentrated lentiviral supernatant (plus
8 pg/mL Polybrene [Sigma-Aldrich, cat. #TR-1003]). Cells were
transduced with lentivirus via spinfection (centrifugation at 800 x
g/min at 37°C for 2 h) and then incubated at 37°C with 5% CO,
for 48-72 h. Subsequently, the transduced cells were maintained
with the relevant antibiotics based on the antibiotic resistance genes.
The cells transduced with CRISPRa were stably subcultured with
10 pg/mL blasticidin (InvivoGen), 200 pg/mL hygromycin (Thermo
Fisher, cat. #10687010), and 5 ng/mL puromycin (Thermo Fisher, cat.
#A1113803) for 4 days.

Reprogramming of fibroblasts into CPCs

After gene transduction for 4 days, the fibroblasts (1 x 10° cells per
well) were split and seeded on fibronectin (Sigma-Aldrich, cat.
#11051407001)-coated 6-well plates with reprogramming medium
(high-glucose DMEM supplemented with 10% FBS, 1% NEAA, 1%
L-glutamine, 1% pen/strep, 10 ng/mL bFGF, and 10 units/mL LIF
[Millipore, cat. #£SG1107]) at 37°C with 5% CO,. The culture me-
dium was refreshed every 2 days until eGFP™ cell colonies were
formed.

CPC expansion

On day 7 (after gene transduction), the cells were incubated with CPC
expansion medium (high-glucose DMEM supplemented with 10%
FBS, 1% NEAA, 1% L-glutamine, 1% pen/strep, 10 ng/mL bFGF,
3 uM CHIR99021 [Hello-bio, cat. #HB1261], 3 uM SB431542
[Sigma-Aldrich, cat. #616461], and 10” units/mL LIF). The culture
medium was refreshed every 2 days. Cell colonies were split when
~90% confluency occurred. The cells could be maintained for at least
20 passages.

In vitro differentiation of CRISPR-induced CPCs

A strategy for cell aggregate (spheroid formation) via suspension cul-
ture was devised to eliminate unreprogrammed fibroblasts and mimic
the developmental heart’s microenvironment. iCPC colonies were
picked, dissociated, and suspended in low-attachment plates (Corn-
ing Costar, cat. #CLS3471) with the CPC expansion medium, allow-
ing formation and growth of cell spheroids for 2-3 days. To enhance
the differentiation, the cell spheroids were collected and seeded on
0.2% gelatin-coated dishes with various differentiation media. For
CM differentiation, the attached cell spheroids were incubated with
CM differentiation medium (high-glucose DMEM containing 1%
NEAA, 1% L-glutamine, 1x pB-mercaptoethanol, 1x N2 supplement
[ThermoFisher, cat. #17502048], 1 x B27 supplement [ThermoFisher,
cat. #17504044], 0.1% BSA [Sigma-Aldrich, cat. #A9418], 12.5 ng/mL
bFGF, 40 ng/mL BMP4 [R&D Systems, cat. #314-BP-010/CF], 10 ng/
mL Activin A [R&D Systems, cat. #338-AC-010/CF], 15 ng/mL Wnt-
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3a [R&D Systems, cat. #5036-WN-010/CF], 5 uM IWP4 [REPROC-
ELL Stemolecule, cat. #04-0036], 5 ng/mL VEGFA [R&D Systems,
cat. #293-VE-010/CF], and 1% pen/strep). For SMC differentiation,
the attached cell spheroids were incubated with SMC differentiation
medium containing StemPro-34 medium, 20 ng/mL TGF-B1 (R&D
Systems, cat. #240-B-002/CF), and 10 ng/mL PDGF-BB (R&D Sys-
tems, cat. #220-BB-010). For EC differentiation, the attached cell
spheroids were incubated with EC differentiation medium containing
StemPro-34 medium (Thermo Fisher, cat. #10639011) and 30 ng/mL
VEGFA. For tri-lineage commitment, the attached cell spheroids
were incubated with Tri-differentiation medium (StemPro-34 me-
dium, 12.5 ng/mL bFGF, 5 ng/mL VEGFA, 20 ng/mL BMP4, 5 uM
IWP4, and 10 ng/mL TGF-B1).

To generate more CMs with mature functions, ciCPCs were further
induced with electrical coupling (IonOptix, C-Pace EP) through a
coculture system with beating human induced PSC (hiPSC)-CMs
as we previously described.** The CytoSelect cell coculture system
(Cell Biolabs, cat. #CBA-160) was devised by a 24-well plate con-
taining a proprietary treated plastic insert in each well. CiCPCs
were cultured with CM differentiation medium until they formed
a monolayer around the insert, creating a defined 8-mm-diameter
cell-free zone. Once the insert was removed, hiPSC-derived CMs
(as previously reported)®* were seeded into the exposed zone. After
coculture for 7 days, 200 pg/mL hygromycin to which ciCPCs were
insensitive due to gene transduction was added into the medium for
7 days to eliminate the hiPSC-CMs. Finally, the beating cell clusters
were analyzed by live-cell imaging and intracellular electrical
recording.

Quantitative PCR

After CRISPRa transduction at different time points, total RNA was
isolated using the Pure-link RNeasy Mini kit (Thermo Fisher, cat.
#12183020), and reverse transcription was prepared using the Omni-
script-RT kit (Qiagen, cat. #205113). Real-time PCR was performed
on the Bio-Rad CFX96 system using the QuantiTect SYBR Green
PCR kit (Qiagen, cat. #204145). Expression levels of the transcript
were normalized to the averaged expression of the housekeeping
gene (GAPDH) and expressed as fold changes. All PCR primer se-
quences are shown in Table S3.

Flow cytometry and FACS

Cells were harvested with 0.25% trypsin-EDTA digestion. The single-cell
suspension was then fixed on ice with 4% paraformaldehyde (PFA;
Thermo Fisher, cat. #AAJ19943K2) for 15 min, permeabilized, and
blocked in block buffer consisting of 0.1% Triton X-100 and 5% BSA
for 15 min on ice. Staining was done in PBS containing 1 mM EDTA
(Thermo Fisher, cat. #AM9912) and 0.2% BSA; the antibodies and dilu-
tions used are shown in Table S4 and followed the manufacturer’s
recommendation. GFP reporter activation was measured with the fluo-
rescein isothiocyanate (FITC) channel in a blue laser (488 nm). Data
collection was performed using a flow cytometer (Canto and LSRII,
BD Bioscience) and analyzed via FlowJo v10 software. Living cell sorting
was performed on a FACSAria III instrument (BD Bioscience).
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Immunocytochemistry

Immunofluorescence staining was performed on cells seeded onto
0.2% gelatin-coated slices in an 8-well chamber (Thermo Fisher) or
35-mm tissue culture dish (Falcon). Cells were fixed with 4% PFA
for 10 min and permeabilized in 0.2% Triton X-100 for 10 min. After
treatment with 2% BSA blocking buffer for 30 min, samples were
incubated with specific primary antibodies followed by their related
secondary antibody. All antibodies used are listed in Table S4 and
were diluted in PBS with 0.1% BSA. Following staining, samples
were covered with VECTASHIELD Antifade Mounting Medium
with DAPI (Vector Labs, cat. #H-1200-10), observed under a fluores-
cent microscope (Olympus).

Chromatin accessibility assay

TTFs were transduced with the Dox-inducible CRISPRa system tar-
geting the GNT genes. Mouse-specific chromatin accessibility was
analyzed by nuclease-dependent chromatin degradation via qPCR us-
ing EpiQuik chromatin accessibility assay kit (Epigentek, cat. #P-
1047-48). Chromatin DNA was isolated from 1 x 10° cells and
treated with or without a nuclease mix (Nse) following the manufac-
turer’s instructions. DNA was purified with RNase I (Thermo Fisher
Scientific, cat. #EN0601) and amplified using real-time PCR targeting
specific promoter regions. The fold enrichment (FE) was calculated
using a ratio of amplification efficiency of Nse-treated DNA sample
over that of no-Nse control sample: FE = 2(CtNse) — Ct(no-Nse)) x
109% The primers used for chromatin accessibility sequences are listed
in Table S3.

Chromatin immunoprecipitation-qPCR

TTFs were transduced with the Dox-inducible CRISPRa system tar-
geting GNT genes. For each experimental condition, cells were
expanded to 80% of confluency in a 15-cm culture dish. ChIP was per-
formed using the CHIP-IT Express Enzymatic Kit (Active Motif, cat.
#53009) precisely according to the manufacturer’s instructions. After
Dox (Sigma-Aldrich, cat. #1225984) treatment at different time
points, the cells were fixed with 1% formaldehyde for 10 min and
then treated with glycine stop-fix solution. Chromatin was subjected
to enzymatic digestion for 10 min at 37°C and then stopped with
EDTA. A total of 1 ug of anti-H3K4me3, Gata4, Nkx2.5, or Tbx5 an-
tibodies were incubated with 3 pg of chromatin per reaction at 4°C
overnight. The pull-down chromatin was isolated by using magnetic
beads. One percent of starting chromatin is used as input. Further-
more, DNA fragments were recovered by using the ChIP DNA
Purification Kit (Active Motif, cat. #58002). The column-purified
DNA was subjected to qPCR using the protocol recommended for
the SYBR Green from Bio-Rad (CFX96 system). The primers de-
signed for ChIP-qPCR are listed in Table S3. The ChIP signals were

measured by using the percent input method: %input = 1% x p(Clin-
put) — Ct(sample))

RNA sequencing

To analyze the gene expression profile changes across the reprogram-
ming process, we focused on the early-stage ciCPCs (day 7 after
CRISPRa transduction), late-stage ciCPCs (day 22 after CRISPRa

transduction and cell spheroid formation), and the original TTFs
without CRISPRa. Using two biological replicate samples for each
cell type, total RNA was extracted by using a Pure-link RNeasy Mini
kit. Only the RNA samples that passed the quality control step with
an RNA integrity number score >7.0 were used. Approximately
200 ng of total RNA for each sample was prepared for conventional
sequencing libraries using the TruSeq RNA Library Prep Kit (Illumina,
cat. #RS-122-2001) as per manufacturer’s instructions, with mRNA en-
riched via poly-A-selection using oligoDT beads. RNA was then ther-
mally fragmented with random priming, converted to cDNA, end
repair, dA-tailing, adenylated for adapter ligation, and PCR amplified.
The libraries were sequenced using the Illumina HiSeq 2500 platform
with 100 nucleotide paired-end reads as per the manufacturer’s instruc-
tions. The raw sequencing data can be accessible from the Gene Expres-
sion Omnibus (Database: GSE158084).

Bioinformatics analysis

Sequence reads were trimmed to remove possible adapter sequences
and nucleotides with poor quality using Trimmomatic v.0.36. The
trimmed reads were mapped to the Mus musculus GRCm38 reference
genome available on ENSEMBL using the STAR aligner v.2.5.2b. The
STAR aligner is a spliced aligner that detects splice junctions and incor-
porates them to help align the entire read sequences. Unique gene hit
counts were calculated by using featureCounts from the Subread pack-
agev.1.5.2. The hit counts were summarized and reported using the gen-
e_id feature in the annotation file. Unique reads that fell within exon re-
gions were counted. After extraction of gene hit counts, the gene hit
counts table was used for downstream differential expression analysis.
Using DESeq2,** a comparison of gene expression between the defined
groups of samples was performed. The Wald test was used to generate p
values and log, fold changes. Genes with a p value of <0.05 and absolute
log, fold change of >1 were called differentially expressed genes for each
comparison. The DAVID Functional Annotation Tool®® was used for
GO analyses of gene set enrichment among different samples.

To compare our ciCPCs with the reported CPCs, gene expression data
from Wamstad et al.,** Zhang et al.,*" and Lalit et al.* were obtained
from the GEO dataset. All FASTQ files were input, and mapping of
reads to reference transcripts was performed by using the Salmon
package.®” Next, the tximport package was used to assemble estimated
count and offset matrices for use with Bioconductor differential gene
expression packages such as DESeq2.*® Furthermore, all samples were
normalized using the RUVseq"® Bioconductor package in R. Genes
that had no counts or only a single count across all samples were
removed. From the remaining set of genes, coefficients of variation
were computed for each gene across all samples. Genes that had an
adjusted p value of >0.1 between samples were then chosen as control
genes. As justified by the relative gene expression plots, five factors (k =
5) were supplied to the RUVg function to remove the unwanted vari-
ation associated with the lab of origin for each sample. The gene
expression was shown using pheatmap package in R. The principal
component analysis of all samples was performed using the plotPCA
function in R, and the Pearson’s correlation analysis was performed by
using the corrr package in R.
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Immunoblotting

Samples from various treatment groups were lysed with ice-cold lysis
buffer with 1:100 protease inhibitor cocktail (Sigma-Aldrich, cat.
#P8340) for 20 min on ice. The protein samples were centrifuged at
12,000 rpm at 4°C for 10 min, then resolved in 6 x SDS-PAGE sample
buffer and boiled for 10 min before loading on 10% polyacrylamide
gels (Bio-Rad, cat. #4561033EDU) via electroblotting. Proteins were
transferred to nitrocellulose membranes (Bio-Rad, cat. #1620112)
that were blocked with 5% milk in Tris-buffered saline for 60 min.
Membranes were probed with antibodies as described in Table S4.
Membranes were visualized using an enhanced chemiluminescence
system (Thermo Fisher Scientific, cat. #32106), exposed to X-ray
film, and quantified by a laser scanner.

Ca?* fluorescence imaging

ciCPC-CMs were seeded on 35-mm Petri dishes with a No. 1.5 cm
coverglass window (MatTek) with CM growth medium for 14-
28 days. Intracellular Ca* was measured by loading with 1x Ca** sen-
sitive probe Fluo-4 Direct reagent (Thermo Fisher Scientific, cat.
#F10471) for 45 min at 37°C in a 5% CO, incubator. The cell medium
was then changed with a prewarmed CM differentiation medium plus
10% FBS. Finally, a Zeiss 780 confocal microscope was used for
recording living cell imaging of the FITC-labeled calcium flux.

Intracellular electrical recording

Intracellular recording techniques were used to measure the sponta-
neous action potential of ciCPC-CMs at room temperature, as we pre-
viously described.* The electrodes were pulled from borosilicate glass
with filament (Sutter Instrument) using a P-97 Flaming/Brown
Micropipette Puller (Sutter Instrument) and filled with prefiltered
2 M KCl. Pipette resistance ranged from 30 to 100 MQ for impaling
into the cell successfully. CM differentiation medium plus 10% FBS
was used as the bath solution for action potential (AP) measurements.
Ten percent FBS was added at least 30 min before measurement and
the cells were incubated at 5% CO, and 37°C until just before mea-
surement. Signals were acquired at 10 kHz and filtered at 2 kHz
with the Axopatch 200B amplifier via Axon Digidata 1550B digitizer
hardware and pClampl1 software (Molecular Devices).

L-type Ca?* current recording

The L-type Ca®* current was recorded at room temperature using the
whole-cell patch-clamp technique with the Axopatch 200B (Axon In-
struments), as we previously described.”® Extracellular solution con-
tained 140 mM NaCl, 2.7 mM KCl, 10 mM HEPES, and 10 mM
EGTA (pH7.4). Glass pipettes were filled with solution containing
100 mM CsCl, 30 mM CsF, 4 mM ATP-Mg, 2 mM MgCl,, 10 mM
HEPES, and 10 mM EGTA (pH 7.2 adjusted with CsOH). After the
membrane was ruptured, cells were voltage-clamped at a holding po-
tential of —70 mV, and inward currents were evoked by a 240-ms test
pulse to +40 mV in 10-mV increments. After a further 30-min inter-
val, the effects of 300 nM FPL64176 and 3 puM nifedipine (all from
Sigma-Aldrich) were tested. Data collection and analysis were per-
formed using pClamp 9.0 software (Axon Instruments).
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Cell proliferation assay

The CellTiter 96 AQueous One Solution Cell Proliferation Assay
(Promega, cat. #G3582) was used to determine the number of prolif-
erative ciCPCs as per the manufacturer’s instructions. Fifty microli-
ters of the cell suspension (5,000 cells) was dispensed into all wells
of a 96-well plate with the CPC expansion medium. After 3 days, as-
says were performed by adding a small amount of the CellTiter 96
AQueous One Solution Reagent (MTS) directly to culture wells, incu-
bating for 4 h, and recording the absorbance at 490 nm with a 96-well
plate reader. The quantity of formazan product as measured by the
amount of 490-nm absorbance is directly proportional to the number
of living cells in culture.

Tube formation assay

The In Vitro Angiogenesis Matrigel assay kit (Millipore, cat.
#ECM625) was used to evaluate in vitro angiogenesis activity by
observing tube formation of iCPC-EC following the manufacturer’s
protocol. Cells (1 x 10°) suspended in 100 uL of endothelial basal me-
dium (Lonza, cat. #CC-3121) were seeded on the solidified Matrigel at
37°C with 5% CO,. After further incubation for 10 h the tube-like
structure could be observed, and bright-field images were captured
under the microscope (Olympus) at 200x magnification.

Mouse MI model and cell transplantation

ciCPCs were generated by reprogramming the TTFs from Nkx2.5
RosaRFP(tdTomato) mice To generate RFP* TTFs as control cells, TTFs
were isolated from the td-Tomato mice and transduced with a Cre re-
combinase vector to activate RFP expression (Addgene #30205). MI
models were induced by permanent ligation of the left anterior de-
scending coronary (LAD) in 10-week-old female C57BL/6] mice or
GFP mice, and the cell injection was performed according to our pre-
vious publication.”’ In brief, mice were anesthetized by intraperito-
neal administration of 0.1% ketamine and 0.02% xylene. The heart
was exposed by left-sided minimal thoracotomy and the LAD ligated
using 6.0 silk. After LAD ligation for 10 min, 30 uL of ciCPCs (1.5 x
10° cells), control TTFs (1.5 x 10° cells), or PBS were injected at three
different areas along the boundary between the infarct and border

Cre /

Zones.

In vivo fluorescence imaging

Fluorescence imaging was acquired by an IVIS Spectrum
(PerkinElmer Health Sciences, USA). To determine the correlation
between cell number and RFP signal, approximately 10, 10°, 10%,
or 0 (blank) ciCPCs (derived from the TTFs of Nkx2.5°%/
RosaRFP(thomato)
for 12 h of culture. The ex vivo fluorescence signal was captured
by epi-illumination. The fluorescence intensity was measured
within a region of interest by the built-in Living Image 4.5.4 soft-
ware according to the manufacturer’s manual. Linear regression
between cell number and RFP signal was analyzed. To monitor
the in vivo survival of TTFs and ciCPCs, 1.5 x 10° cells were in-
jected into the infarcted hearts of C57BL/6 mice for 1 week.
Because the RNA signal was undetectable from a living animal’s
heart, the hearts (kidneys as negative control) were from various

mice) per well were seeded on a 6-well plate
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groups for ex vivo imaging after euthanasia. Images were captured
by epi-illumination of the IVIS Spectrum.

Echocardiography

Cardiac function was analyzed with transthoracic echocardiography
(VisualSonics Vevo 2100 Imaging System, with 15-MHz probe) after
MI according to our previous publication.”” Mice were placed supine
on an electrical heating pad at 37°C under a low dose of isoflurane
anesthesia (usual maintenance level: 1.5% of isoflurane/98.5% of
oxygen) for echo examination. Two-dimensional targeted M-mode
traces were obtained in the position of perpendicular left ventricular
(LV) anterior and posterior walls. LV internal diameter during dias-
tole (LVDd) and LV internal diameter during systole (LVDs) were
measured from M-mode recording. EF and FS values were calculated
with the formula EF = (LVDd*> — LVDs’)/LVDd® x 100% and FS =
(LVDd — LVDs)/LVDd x 100%. The electrical signal was monitored
by an electrocardiogram. All measurements were performed accord-
ing to the American Society for Echocardiography leading-edge tech-
nique standards and measured in at least three consecutive cardiac
cycles.

Immunohistochemistry

For cryosection, heart tissues were harvested, fixed in 4% PFA over-
night at 4°C, and perfused with 30% sucrose for 1 day at 4°C. The
fixed tissue was embedded in an OCT compound and then frozen
by liquid nitrogen. The frozen tissue was sectioned at 8-um thickness
using a cryostat (—20°C) and collected by Polysine slides. The tissue
sections were treated with 0.1% protein kinase A solution for 5 min
and then with 0.1% Triton X-100 with serum blocking buffer for
10 min. After washing with PBS, the antibody solutions (such as
cTnT, aSMA, and CD31) were added to the slides and incubated
for 2 h at room temperature. After removing the primary antibody,
the fluorescein-labeled secondary antibody was added and incubated
for 1 h at room temperature. The autofluorescence of RFP and GFP in
the frozen section was displayed under the microscope. Nuclei were
stained with DAPI. For paraffin sections, heart tissues were harvested,
fixed in 10% formalin, embedded in paraffin, and sectioned at 8-um
thickness according to our previous publication.” After deparaffini-
zation and rehydration, the sections were treated with citric acid/mi-
crowave antigen retrieval for 10 min. The tissue sections were treated
with the serum blocking buffer for 10-30 min, after which the slides
were incubated with antibodies (such as collagen I) for 2 h at room
temperature. After removing the primary antibody, the fluorescein-
labeled secondary antibody was added and incubated for 1 h at
room temperature. Nuclei were stained with DAPI. The immuno-
staining was observed under the microscope and the positive vessel
numbers per high-power field counted. All of the antibody informa-
tion in this study is presented in Table S4. Additionally, Masson’s tri-
chrome staining was performed following the manufacturer’s instruc-
tions before observation under the light microscope.

Teratoma formation
Mouse ESCs (ATCC, cat. #SCRC-1039) and ciCPCs were harvested at
lower passage numbers (<10) for injection and transplanted into 12-

week-old female nude mice at the gastrocnemius muscles and heart
tissue, both of which are well suited for teratoma growth and surgical
access. In brief, mice were anesthetized, and a total of 1 x 10 cells
were prepared in a 50-pL serum-free DMEM medium and slowly in-
jected into gastrocnemius intramuscularly. Likewise, mice were sup-
ported on a ventilator and their chests were opened aseptically to
expose the heart, then 1.5 x 10° cells were suspended in 30 uL of
serum-free DMEM medium and injected into the anterior wall of
the left ventricle. The mice were then monitored for 12 weeks to eval-
uate whether teratoma was growing at the injection site (n = 5).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 10 (Graph-
Pad Software). Differences between two mean values were evaluated
by an unpaired Student’s t test, while the data of multiple groups
were tested for statistical significance using one-way ANOVA fol-
lowed by Bonferroni’s post hoc analysis. All graphic data were pre-
sented as mean + standard error. p values of <0.05 were considered
statistically significant.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
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