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Abstract

Mammals exhibit limited heart regeneration ability, which can lead to heart failure after myocardial infarction. In contrast, zebraf-
ish exhibit remarkable cardiac regeneration capacity. Several cell types and signaling pathways have been reported to participate
in this process. However, a comprehensive analysis of how different cells and signals interact and coordinate to regulate cardiac
regeneration is unavailable. We collected major cardiac cell types from zebrafish and performed high-precision single-cell tran-
scriptome analyses during both development and post-injury regeneration. We revealed the cellular heterogeneity as well as
the molecular progress of cardiomyocytes during these processes, and identified a subtype of atrial cardiomyocyte exhibiting a
stem-like state which may transdifferentiate into ventricular cardiomyocytes during regeneration. Furthermore, we identified
a regeneration-induced cell (RIC) population in the epicardium-derived cells (EPDC), and demonstrated Angiopoietin 4 (Angpt4)
as a specific regulator of heart regeneration. angpt4 expression is specifically and transiently activated in RIC, which initiates a
signaling cascade from EPDC to endocardium through the Tie2-MAPK pathway, and further induces activation of cathepsin K in
cardiomyocytes through RA signaling. Loss of angpt4 leads to defects in scar tissue resolution and cardiomyocyte proliferation,
while overexpression of angpt4 accelerates regeneration. Furthermore, we found that ANGPT4 could enhance proliferation of neo-
natal rat cardiomyocytes, and promote cardiac repair in mice after myocardial infarction, indicating that the function of Angpt4 is
conserved in mammals. Our study provides a mechanistic understanding of heart regeneration at single-cell precision, identifies
Angpt4 as a key regulator of cardiomyocyte proliferation and regeneration, and offers a novel therapeutic target for improved
recovery after human heart injuries.
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Introduction the embryonic stage and throughout adulthood (Poss et al., 2002;
Chablais et al., 2011; Gonzalez-Rosa et al., 2011; Schnabel et al,,
2011; Wang et al., 2011). Past studies have revealed many cellu-
lar processes and molecular mechanisms of heart regeneration.
Cardiomyocytes (CM) have been found to undergo dedifferentia-
tion and proliferation after cardiac injury, and pre-existing cardio-
myocytes were identified as the major cellular source to replenish
lost cardiomyocytes (Jopling et al. 2010). Furthermore, atrial car-
diomyocytes (CM-A) could transdifferentiate into ventricular car-
diomyocytes (CM-V) during heart regeneration in zebrafish larvae

Myocardial infarction (MI) leads to heart failure and constitutes
an important cause of morbidity and mortality in humans, largely
due to the limited capacity for myocardial regeneration (Jessup
and Brozena, 2003). Although mammalian hearts are capable
of regeneration during the neonatal stage, this ability is quickly
lost within 7 days after birth in mice (Porrello et al,, 2011). In
contrast, lower vertebrates such as zebrafish (Danio rerio) can
recover completely from various heart injuries through efficient
cardiac regeneration, leaving little or no scar tissue, during both
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(Zhang et al., 2013). Recently, non-cardiomyocytes have also been
found to participate in the heart regeneration process (Cao and
Poss, 2018; Fernandez et al., 2018). Epicardial cells (EP) comprise
the outmost layer of the heart, while endocardial cells (EC) make
up the inner lining of the heart, both protecting cardiomyocytes
lying between these two layers of cells. In addition, EP and EC also
provide important paracrine signals to promote cardiomyocyte
proliferation upon cardiac injury (Tahara et al., 2016). Epicardium-
derived cells (EPDC) are believed to derive from epicardial cells
during development, and are also reported to be involved in the
heart regeneration process (Lepilina et al., 2006; Bollini et al., 2014;
Vieira et al., 2017). Therefore, comprehensive characterization
of the fundamental mechanisms involved in the intrinsic heart
regeneration capability in zebrafish, and particularly how different
cardiac cell types cooperate together to achieve complete regen-
eration, could shed light on novel therapeutic strategies to restore
human heart function after injury. However, previous research has
primarily focused on cardiomyocytes, with few reports involving
interactions between cardiomyocytes and non-cardiomyocytes,
rarely covering interactions among multiple cell types, especially
at the single-cell level (Itou et al., 2012; Zhao et al., 2014; Liu and
Zhong, 2017; Honkoop et al., 2019).

A common observation of the regeneration process is the reac-
tivation of developmental programs. Studies in different species
have shown that many mechanisms directing heart development
are also involved in heart regeneration (Uygur and Lee, 2016). For
example, cardiomyocytes reduced sarcomeric structures and ded-
ifferentiated into a more embryonic-like state after cardiac injury
(Jopling et al., 2010; Sallin et al., 2015; Honkoop et al., 2019). Non-
cardiomyocyte cells also activated embryonic programs upon
cardiac injury (Lepilina et al., 2006; Vieira et al., 2017; Fernandez
et al., 2018). However, genome-wide transcriptome comparison of
major cardiac cell types between cardiac development and regen-
eration is rarely reported. Thus, a comprehensive comparison
between heart development and regeneration at the single-cell
level would provide valuable clues to explore not only conserved
genetic programs and signaling pathways shared by these two
processes, but also regeneration-specific cell populations and
factors, especially regeneration-specific secreted proteins/ligands
mediating cell-cell interactions, which might provide better ther-
apeutic targets for treatment of human cardiovascular disease
with improved positive effects.

Here, to define transcriptomic dynamics as well as signaling
cascades and cellular interaction networks during zebrafish car-
diac regeneration at the single-cell level, we performed high-pre-
cision single-cell RNA sequencing (scRNA-seq) on all major
cardiac cell types—CM-A, CM-V, EC, EP, and EPDC—from four dif-
ferent stages after ventricular cardiomyocyte ablation, and com-
pared the results with those from untreated control zebrafish at
the same time points. We constructed a continuous molecular
trajectory for ventricular cardiomyocytes following ablation and
identified a specific group of atrial cardiomyocytes with poten-
tial for transdifferentiation into ventricular cardiomyocytes, as
well as a specific regeneration-induced EPDC population desig-
nated as RIC. By functional screening of genes specifically up-reg-
ulated in the RIC, we showed that Angpt4 plays an important
role in ensuring efficient cardiomyocyte recovery by initiating a
signaling cascade through activation of the Tie2-MAPK signal-
ing pathway and retinoic acid (RA) synthesis in EC followed by
up-regulation of RA receptors and collagenase gene ctsk in cardi-
omyocytes and increased cardiomyocyte proliferation. The ability
of Angpt4 to promote cardiomyocyte proliferation and cardiac
repair are conserved in mammals, as demonstrated in neonatal

rat cardiomyocytes and mice. Remarkably, Angpt4 is specifically
involved in heart regeneration, and dispensable for zebrafish
development. Our work provides a comprehensive molecular
profile of zebrafish heart development and regeneration at the
single-cell level, identified a regeneration specific factor, and
also revealed a coordination network among different cell types
essential for the cardiac regeneration process, thus providing
novel molecular and cellular insights to promote heart repair in
humans.

Discussion

Single-cell transcriptome analysis of zebrafish
heart during development and regeneration

Zebrafish has remarkable ability to regenerate after cardiac
injury both in the larval stage and adulthood. Understanding
the mechanisms underlying zebrafish heart regeneration would
provide novel insights into treatment of human cardiovascular
disease. After cardiac injury, cardiomyocytes acquire a state of
partial dedifferentiation and re-activate embryonic programs
(Jopling et al., 2010; Sallin et al., 2015; Honkoop et al., 2019). Non-
cardiomyocytes, such as EP, EC, and EPDC, are also activated after
cardiac injury and induced to express certain embryonic markers
(Lepilina et al., 2006; Vieira et al.,, 2017; Fernandez et al., 2018).
These observations raised an interesting question about the sim-
ilarity of the process and mechanisms between regeneration and
development. Not surprisingly, many genes required for develop-
ment have also been reported to be involved in heart regenera-
tion, e.g., hand2 and tbx5a (Schindler et al., 2014; Grajevskaja et al.,
2018). However, a comprehensive comparison between regenera-
tion and development is still lacking, and little is known about the
existence and function of regeneration-specific cell populations
and factors. Furthermore, interactions between different cardiac
cell types during heart regeneration are also poorly investigated.

In this paper, we have profiled all the major cell types of
zebrafish embryonic hearts through high-precision single-cell
transcriptome analyses before and after MTZ-induced cardiac
regeneration. To best of our knowledge, this is the first compre-
hensive and extensive analysis of all major cardiac cell types
throughout the whole regeneration process, and with a detailed
comparison with normal development. Our data provide a unique
resource and opportunity to understand molecular and cellular
mechanisms underlying heart development and regeneration,
especially for characterizing regeneration-specific cell popula-
tions and factors. Indeed, based on these data, we have identified
and explored cell populations (such as RIC) and key factors (such
as Angpt4) specific for heart regeneration, crosstalk between
signaling pathways (such as MAPK and RA) during heart regen-
eration processes, as well as an important EPDC-EC-CM inter-
action cascade ensuring successful heart regeneration (Fig. 6T).
Furthermore, we provide evidence showing that the importance
of Angpt4 in promoting heart regeneration is well conserved in
mammals, providing valuable clues for improving mammalian
heart repair and potential novel treatments for MI.

Injury models to study heart regeneration

Apart from applying genetic ablation in larvae zebrafish to induce
heart regeneration, we also adopted cryoinjury to adult zebraf-
ish to introduce cardiac injury for evaluation and comparison of
heart regeneration mechanisms. Three cardiac injury models are
currently used in zebrafish: ventricular apex amputation, cryoin-
jury, and genetic ablation (Gonzalez-Rosa et al., 2017). Compared
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to apex amputation, cryoinjury is considered to be more similar
to mammalian myocardial infarction, as the injured tissue is not
directly removed from the heart, but rather gradually eliminated
through apoptosis. However, neither amputation nor cryoinjury
can be applied to larvae or juvenile zebrafish. Therefore, genetic
ablation induced by the NTR-MTZ system was established to
study heart regeneration in developing zebrafish, and so far is
the only method available for this purpose (Zhang et al., 2013).
Thus, the genetic ablation system is ideal for performing genetic
screens in larval and juvenile zebrafish.

Therefore, we chose the well-established ventricular cardi-
omyocyte ablation method induced by NTR-MTZ for our scR-
NA-seq experiments and subsequent genetic screenings for
important regulators of heart regeneration in zebrafish larvae,
then validated our results as well as investigated the molecular
and cellular mechanisms in adult zebrafish heart regeneration
using the cryoinjury model, and further extended our study to
rodent models. For the heart regeneration study in rodents, we
adopted myocardial infarction in adult mice (Cahill et al., 2017).
Although no comprehensive evaluation and comparison of differ-
ent cardiac injury models within zebrafish or between zebrafish
and rodents are available in the literature, our consistent findings
that Angpt4 is required for heart regeneration either after ven-
tricular cardiomyocyte ablation in larval zebrafish or cryoinjury
in adult zebrafish, and that overexpression of Angpt4 could pro-
mote heart regeneration in both zebrafish and rodents, together
well indicate that heart regeneration shares common essential
mechanisms across different cardiac injury models and regen-
eration processes between embryonic and adult zebrafish, and is
also conserved among different organisms.

EPDC-derived Angpt4 signaling is essential for
heart regeneration

Non-cardiomyocytes, including EC, EP, and EPDC, play impor-
tant roles during heart regeneration. Compared with EP and EC,
EPDC are relatively less investigated. EPDC are believed to derive
from epicardial cells during development. Unfortunately, no
ideal marker genes have been identified with expression exclu-
sively restricted to the EPDC (Cao and Poss, 2018). Besides, little
is known about the differentiation and localization of EPDC in
zebrafish larvae. By analyzing our scRNA-seq data, we found that
fnla, an ECM encoding gene, expressed highly specifically in the
EPDC cluster of zebrafish embryos, and therefore could be used
as a marker to represent the EPDC. Our in situ hybridization result
indicates that fnlais strongly expressed at the OFT area, suggest-
ing that EPDC mainly locate at the OFT region in larval zebrafish.
Recently, EPDC were reported to respond to cardiac injury and
promote cardiomyogenesis in adult zebrafish (Lepilina et al,
2006; Bollini et al., 2014; Vieira et al., 2017; de Bakker et al., 2021).
However, whether EPDC are also involved in larval zebrafish heart
regeneration is unclear.

Here, we explored the molecular features of EPDC at the sin-
gle-cell level during zebrafish embryonic heart development and
regeneration, and identified a regeneration-induced EPDC pop-
ulation termed RIC, characterized by specifically up-regulated
genes, including angpt4. Our results revealed an important role
of EPDC during heart regeneration, by promoting cardiomyo-
cyte recovery through activating a signaling cascade initiated by
Angpt4 secreted from EPDC and mediated by EC, thus comprising
a cellular coordination pathway from EPDC to EC and then to CM.
Further studies are needed to investigate the upstream signals
and mechanisms for the activation of EPDC after cardiac injury.

Single-cell multi-omics sequencing and spatial transcriptom-
ics could also provide valuable clues to further understand the
characteristics and mechanisms underlying the zebrafish heart
regeneration process, especially in revealing the dynamics and
functions of EPDC.

Angiopoietins are a class of secreted factors mainly recog-
nized to be involved in tumor angiogenesis (Davis et al., 1996;
Huang et al., 2010; Parmar and Apte, 2021). ANGPT4 has also been
reported to be involved in retina angiogenesis in mice (Elamaa et
al., 2018). However, the expression and function of angiopoietin
family genes are poorly investigated either in zebrafish or during
regeneration in any organism. By functional screening of genes
in zebrafish specifically induced in EPDC by cardiac injury, we
identified angpt4 as an essential gene for heart regeneration. Our
further analysis showed that Angpt4 is not required for zebraf-
ish development, but could be rapidly activated to promote heart
regeneration through activation of endocardial MAPK signaling,
which then induced the synthesis of RA in EC, and further acti-
vated RA receptors and downstream collagenase gene ctsk in the
regenerating cardiomyocytes.

MAPK signaling pathway has been shown to be activated in
EC after cardiac injury, and is required for zebrafish heart regen-
eration (Liu and Zhong, 2017), though its upstream activators
and downstream effectors/signals linked to cardiomyocytes are
unclear. In this study, we provide evidence showing that Angpt4
promotes heart regeneration by acting as the upstream inducer
of MAPK signaling in response to cardiac injury both in zebrafish
and mammals. We further revealed that RA production could be
one of the downstream events after MAPK signaling activation
in EC. RA synthesis was previously reported to be induced both
in EC and EP after zebrafish cardiac injury and activation of RA
signaling is necessary for zebrafish heart regeneration, though
its upstream signals remain elusive (Kikuchi et al., 2011b). Our
work established a link between MAPK and RA signaling path-
ways in EC, and placed MAPK signaling as the upstream activator
of RA synthesis. Though RA and MAPK signal pathways were both
reported to be involved in zebrafish heart regeneration, our data
first proposes an interaction between these two pathways during
this process. Furthermore, our results also revealed ctsk was regu-
lated by MAPK and RA signals, thus providing a potential mecha-
nism of how endocardial MAPK pathway and RA signals together
regulate cardiomyocyte behavior during regeneration.

Overall, we provide an Angpt4-initiated cellular coordina-
tion network illustrating the synergistic interactions involving
MAPK and RA pathways along the EPDC-EC-CM axis during car-
diac regeneration. Nevertheless, the upstream events activating
angpt4 expression as well as detailed molecular mechanisms
coordinating the activity and interaction of these three cell types
need further study.

Potential application of Angpt4 in treatment of
human cardiovascular disease

Intriguingly, Angpt4 is not expressed in normal heart and is dis-
pensable for zebrafish development and survival, but is necessary
for cardiac regeneration, indicating that it is a key regulator spe-
cific to regeneration. We also found that cardiac overexpression
of angpt4 could facilitate heart regeneration in both zebrafish
and mammals, while not interfering with survival and develop-
ment. Remarkably, we found ANGPT4 protein could promote the
cell proliferation ability of NRCM in a dose dependent manner,
and overexpression of ANGPT4 could promote mouse cardiomy-
ocyte proliferation and cardiac repair in vivo. These data indicate
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Angpt4 is an ideal candidate to be used for the treatment of
human cardiovascular disease.

Importantly, neither deficiency nor cardiac overexpression of
angpt4 caused deleterious effects on the viability of embryonic
or adult zebrafish, indicating minimal safety concerns in using
Angpt4 as a potential therapeutic target to facilitate cardiac
repair in humans. Furthermore, Angpt4 is a secreted factor, there-
fore it is simple and easy to deliver, and could offer better control
in dosage and time windows compared to intracellular proteins
such as transcription factors, which are key concerns for medical
applications. Nevertheless, we noticed that overexpressing angpt4
could enhance pERK signal and up-regulate genes in the MAPK
signaling pathway during zebrafish heart regeneration, including
oncogenic genes kras and nras. This raises certain concerns about
potential safety issues of therapeutic applications of Angpt4.
However, as human cardiomyocytes are rarely proliferative in
both homeostasis and after injury such as myocardial infarction,
up-regulation of these oncogenic genes are more likely to pro-
mote the proliferation ability of the cardiomyocytes and benefit
recovery of lost cardiomyocytes, rather than cause continuous
proliferation leading to tumor formation. Besides, as a secreted
protein, Angpt4 induction of the expression of oncogenic genes
could be strictly modulated, thus avoiding unwanted deleterious
effects. Nevertheless, the application of Angpt4 in the therapy
of human cardiac disease needs further validation and careful
safety assessment. In fact, Angptl has been applied to facilitate
skeletal muscle regeneration, angiogenesis and bone repair (Cho
et al., 2006; Lee et al., 2008; Youn et al., 2018).

Overall, our study provides a comprehensive analysis of in vivo
zebrafish heart development and regeneration at single-cell res-
olution, and provides valuable clues to understand mammalian
heart diseases as well as potential mechanisms to activate heart
regeneration as a treatment for MI in humans.

Methods

Animal husbandry

Zebrafish (Tibingen, TU) were raised at 28.5°C under a 14 h/10 h
light/dark cycle in a circulating system and handled according to
the regulation of Institutional Animal Care and Use Committee
(IACUC) of Peking University. The Peking University IACUC refer-
ence number was LSC-ZhangB-2. The following transgenic zebraf-
ish lines were used: Tg (umhc:mCherry-NTR; amhc:EGFP) (Zhang
et al,, 2013), Tg (flila:EGFP) (Wang et al., 2013b), Tg (tcf21:CreER)
(Kikuchi et al., 2011a), Tg (ubi:loxP-dsRed-STOP-loxP-EGFP)**72 and
Tg (cmlc2:EGFP-angpt4). The Tg (ubi:loxP-dsRed-STOP-loxP-EGFP)r<72
transgenic line was generated by using Tol2-based transgenesis
(Kawakami et al., 2004), after engineering of the pCM206 (pEN-
TR5’_ubi) and Tg (B-actin:loxP-dsRed-STOP-loxP-EGFP) plasmids
(Mosimann et al., 2011; Paffett-Lugassy et al., 2017). The two plas-
mids were kindly provided by C. Geoffrey Burns (Massachusetts
General Hospital, Boston, MA, USA). Considering Angpt4 is a
secreted factor, we used cmlc2 promoter to drive expression of
angpt4 in cardiomyocytes, similar to a previous published study
(Gemberling et al., 2015). The construct to create Tg (cmlc2:
EGFP-angpt4) was generated by cloning the full length of angpt4
coding sequence and EGFP, separated by T2A peptide, under the
control of cmlc2 promoter. Tol2 system was used to generate the
transgenic line under TU background. The following four target
sites were used to generate angpt4 mosaic mutant embryos for
the fast functional screening of heart regeneration phenotype
using the CRISPR/Cas9 system: GGGAACGGTCAAGGGAGACG;

CTTACTCTCCAGATGACTGG; CATTTGGCGTAATGCCTGTC; GTTC
CACTCGAAGGGAGTAC. Cas9 protein (Novoprotein, E365) was
used, and gRNAs were prepared as previously reported (Chang et
al., 2013). Among them, the first target site was further used to
generate the stable angpt4 mutant allele bearing the 2-bp deletion.

Mice were maintained in the Laboratory Animal Center (an
animal facility accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care) at Peking University,
Beijing, China. Adult male mice were randomly divided into exper-
imental groups. All procedures involving experimental animals
were performed following protocols approved by the Committee
for Animal Research of Peking University and conformed to the
Guide for the Care and Use of Laboratory Animals.

MTZ treatment

The Tg (umhc:mcherry-NTR; amhc:EGFP) larvae were treated with
5 mmol/L MTZ (Sigma) at 3 dpf for 4 h, as previously described
(Zhang et al., 2013). Siblings were treated with 0.2% DMSO as a
control. The embryos were washed with water from the circu-
lating system of the fish facility several times after treatment.
All the transgenic embryos used were in the heterozygous state.
Treated embryos were imaged at 4 dpt, and we calculated the per-
centage of embryos which successfully recovered mCherry sig-
nals as the regeneration ratio of each clutch. Eight clutches each
of WT embryos and angpt4 mutants were quantified.

Tissue isolation and single-cell preparation

For isolating ventricular and atrial cardiomyocytes, the Tg
(umhc:mCherry-NTR; amhc:EGFP) transgenic embryos were digested
with 0.13% trypsin (Sigma), 0.1% collagenase II (GIBCO), and 0.1%
collagenase IV (GIBCO) in L15 medium (Sigma) at 37°C for 20 min
with pipetting. An equal volume of L15 medium with 0.1% BSA
(Sigma) was added to stop digestion. Then the cell suspension
was centrifuged at 500 xg for 5 min at 4°C, and the pellet was
resuspended in 400 pL of L15 medium with 0.1% BSA. Through
BD FACS Aria SORP (Special Order Research Product) sorting,
we collected individual mCherry-positive cells (ventricular car-
diomyocytes) or EGFP-positive cells (atrial cardiomyocytes) into
96-well plates (Axygen) containing 2 pL lysis buffer with unique
cell barcode primers.

To obtain non-muscle cardiac cells, the hearts were isolated
by manual dissection of embryos under a dissecting microscope
(Leica, M165FC), and then digested as described above. Single
cells were randomly picked and transferred into prepared lysis
buffer with a mouth pipette.

Single-cell RNA-seq library construction and
sequencing

Single-cell RNA-seq library construction was performed as pre-
viously described (Cui et al., 2019; Lu et al., 2019). This modified
method was based on the STRT-seq and Smart-seq?2 methods.
Briefly, the amplified cDNA bearing different cell barcode prim-
ers were pooled and purified with 0.8x XP DNA beads (Beckman)
twice and then amplified for four cycles with primers with the
Nlumina index sequence and a biotin modification. After purifica-
tion with 0.8x XP DNA beads once (Beckman), the DNA was sheared
to approximately 300 bp by ultrasonicator (Covaris S2), followed
by Dynabeads MyOne Streptavidin C1 beads (Invitrogen) to cap-
ture the 3’ cDNAs. Thereafter, the library was constructed using a
Kapa Hyper Prep Kit (Kapa Biosystems) and the cleaned library was
sequenced on an Illumina HiSeq 4000 platform with 150-bp paired-
end read length.
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Single-cell RNA-seq data processing

Initially, for single-cell RNA-seq raw data, the cell barcode and
unique molecular identifiers (UMI) sequence were extracted
from read? and added to the corresponding read1 with UMI_Tool
(Smith et al., 2017). Then the readl sequences were processed
to filter the low-quality bases (N > 10%) and trimmed polyA tail
sequence and TSO sequence, and the reads of <37 bp in length
were discarded. After that, the clean reads were aligned to the
zebrafish GRCz10 genome (Ensembl) with STAR (Dobin et al.,
2013). Gene and transcript annotations used were also obtained
from the Ensembl Zv10 Release 90 reference. Uniquely mapped
reads were counted by feature counts and then grouped by
cell barcodes for each cell. Then based on UMI information,
we removed duplicate transcripts which had the same UMI
sequence, and finally with UMI_Tools, distinct UMIs of each gene
were counted as the transcript copy number of that gene in each
individual cell.

Identification of cell types and subtypes

For all the 2,336 sequenced single cells, we log-transformed
expression data and retained cells that expressed more than
1000 genes, and only genes expressed in at least three single cells
with >1 expression level were considered. We further removed
blood cells, leaving 1,581 cells and 24,783 genes for the down-
stream analysis. We used the Seurat package (v3.2.2) and identi-
fied 2,000 highly variable genes, which were used for subsequent
principal component analysis (PCA) (Butler et al., 2018). We per-
formed JackStraw analysis to identify significant PCs. Fifteen PCs
(PCs 1-15) were used for subsequent t-SNE analysis. We then used
“FindClusters” function to cluster cells, with a parameter resolu-
tion = 0.2.

To further identify subpopulations of each cell type, we per-
formed second-level clustering using Seurat as above.

Differentially expressed genes (DEGs) for different clusters
were identified by a standard area under curve (AUC) analysis
implemented in Seurat. Only DEGs with a power > 0.4 and fold
change > 1 were retained. Gene Ontology (GO) analysis was per-
formed using Metascape (Zhou et al., 2019).

Pseudotime analysis

To specifically reveal the CM-V regeneration process and avoid
the influence from other cells, we used Monocle2 to perform
pseudotime analysis only in the 298 MTZ-treated CM-V based
on the above clustering results (Trapnell et al., 2014). We identi-
fied variable genes with Monocle2 and used “reduceDimension”
function to reduce dimensionalities, with parameters “max_com-
ponents = 2” and “reduction_method = ‘DDRTree”. Then we used
“orderCells” to place the cells in pseudotime order. “plot_cell_tra-
jectory” was used to display the pseudotime trajectory. We used
“plot_pseudotime_heatmap” to display genes which are differen-
tially expressed in different clusters identified by Seurat. We per-
formed GO analysis using Metascape (Zhou et al., 2019). Genes
under a certain GO term were downloaded from Gene Ontology
resource (Gene Ontology, 2021) and was used for expression scor-
ing analysis. The expression score was the sum of expression val-
ues for gene of each given GO term for each single cell.

StemID analysis

We used the previously published algorithm StemID to calculate
“stemness” of a given cell population (Grun et al., 2016). In short,
StemID calculates the number of links between clusters, and
multiplies this with entropy change, to generate StemID score.

Cell cycle analysis

Cell cycle analysis was performed as previously reported (Zhong
etal., 2018; Cui et al,, 2019), where cells in either the G,/S or G,/M
phases are defined as proliferative. Briefly, we used previously
defined sets of cell cycle genes, including 43 G,/S and 54 G,/M
genes (Tirosh et al., 2016), to evaluate the cell cycle state of each
cell. The average expression level of each gene set in a single cell
was defined as the corresponding “cell cycle score” of each cell. A
cell is considered proliferative when the score of either of these
two gene sets was > 2. Then the percentage of proliferative cells
in a cluster is calculated to represent the proliferation potential
of this cluster.

Cryoinjury and histology staining

The ventricular cryoinjury to induce heart regeneration in adult
zebrafish was performed as previously described (Gonzalez-Rosa
et al,, 2011). For histology staining, adult zebrafish hearts were
dissected and fixed in 4% PFA for 2 h at room temperature, then
transferred into 30% sucrose in PBS for 4 h at 4°C. The hearts were
embedded using O.C.T. compound (Coolaber) and rapidly frozen
in liquid nitrogen. Tissue samples were stored at —80°C. Masson's
trichrome staining was performed on 10 pm sections as previ-
ously reported (Zhang et al., 2013). Myocardium and collagen
were stained by acid fuchsin and aniline blue, respectively. Scar
size was analyzed using ImageJ (Fiji) software (National Institutes
of Health, Bethesda).

In situ hybridization

In situ hybridization was performed on zebrafish embryos and
cryosections of adult zebrafish hearts, using digoxigenin-labeled
RNA probes, as previously described (Chi et al., 2008; Tong et al.,
2014). The primers used for in situ hybridization are listed in Table
S3.

Immunofluorescence staining

Immunofluorescence staining was performed on cryosections
as previously described (Han et al., 2014). The primary antibod-
ies used in this study were: anti-EGFP (Abcam), anti-pERK (Cell
Signaling Technology), anti-pTie2 (Tyr992) (Millipore), anti-Mef2c
(Abcam), anti-MF20 (DSHB), anti-BrdU (Sigma), anti-a-actinin
(Sigma), anti-CD31(Abcam), anti-Angpt4 (Invitrogen), anti ¢cTnT
(Abcam), anti-Ki67 (Abcam), and anti-Aurora B (Abcam). The
secondary antibodies used in this study were: Alexa Fluor 488
goat anti-mouse IgG (Invitrogen), Alexa Fluor 594 goat anti-rab-
bit IgG (Invitrogen), Alexa Fluor 647 goat anti-chicken IgY H&L
(Abcam). Nikon Al confocal microscope and Zeiss Axio Scan
were used to observe and record the immunostaining images. To
quantify the pERK and pTie2 signals, heart area and pERK/pTie2
positive area were analyzed using Surface function in Imaris,
then we calculated the ratio of pERK/pTie2 positive area/heart
section area.

gRT-PCR analysis

gRT-PCR were performed as previously reported (Li et al., 2019).
Briefly, RNA was isolated using TRIzol reagent (Invitrogen) fol-
lowing the standard protocol, and then used for reverse tran-
scription with 5x All-In-One RT MasterMix (Applied Biological
Materials). gRT-PCR were then performed in a Roche LightCycler
96 instrument using EvaGreen 2x gRT-PCR Mastermix (Applied
Biological Materials). The primers used for gRT-PCR are listed in
Table S3.
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Chemical treatment

Thirty microliters of 2.5 mg/mL BrdU (Sigma) were intratho-
racically injected into adult zebrafish daily from 3 to 14 dpi.
30 pL of 50 pmol/L bpV (Selleck), 50 pmol/L Tie2 kinase inhib-
itor (Selleck), 20 pmol/L AZD6244 (Selleck) or 20 pmol/L DEAB
(Sigma) was intrathoracically injected daily from 3 to 7 dpi for
immunostaining or qRT-PCR analysis, or from 3 to 14 dpi for cell
proliferation analysis, or from 3 to 30 dpi for Masson'’s trichrome
staining.

Heterozygous Tg (vmhc:mcherry-NTR; amhc:EGFP) transgenic
zebrafish larvae were treated with 5 mmol/L MTZ (Sigma) at 3 dpf
for 4 h, as previously described (Zhang et al., 2013). Siblings were
treated with 0.2% DMSO as control. The embryos were washed
with fish water from the circulating system of our fish facility
several times after treatment.

Adult Tg (tcf21:CreER; ubi:loxP-dsRed-STOP-loxP-EGFP) transgenic
fish were treated with 1 pmol/L 4-OHT (Sigma) every 2 days for a
week, as previously reported (Jopling et al., 2010).

Cardiac functional analysis

Zebrafish embryos were embedded in 1.5% low-melting agarose.
Ventricular volume and fractional area change were calculated
as previously described (Fink et al., 2009). Fractional area change
= (Diastolic area — Systolic area)/Diastolic area. Tg (vmhc:mCher-
ry-NTR; amhc:EGFP) hearts were visualized under confocal micros-
copy (Nikon A1), ventricular volume, and total fluorescence
intensity were measured using Imaris.

Neonatal rat cardiac cell culture and
recombinant ANGPT4 protein treatment

Neonatal (PO) rat heart cells were isolated by enzymatic disassoci-
ation. Briefly, ventricles of PO rat hearts were separated from atria
and cut into pieces in cold Hanks (Sigma) buffer, then dissoci-
ated in Hanks buffer containing 1 mg/mL trypsin (Gibco), 0.8 mg/
mL collagenase II (worthington) and 3.57 mmol/L NaHCO3, via
physical stirring. The collected heart cells were filtered by a cell
strainer (100 pm, BD Falcon), and centrifuged and resuspended in
DMEM (Sigma) containing 10% fetal bovine serum (Gibco) and 1%
penicillin and streptomycin (Macgene). The collected cells were
then plated onto 100-mm plastic dishes for 2 h to remove fibro-
blasts. The supernatant composing mostly of cardiomyocytes
and some endothelial cells was collected and plated on 24-well
plates at approximately 10* cells per well. Recombinant human
Angiopoietin-4 (ANGPT4, R&D system) was added to the cell cul-
ture medium at the final concentrations of 0.25 pg/mL, 0.50 pg/
mL, and 0.75 pg/mL. After 3 days of Angpt4 treatment, heart cells
were fixed with 4% PFA for 15 min for further immunostaining.
FACS analysis was performed at the same time point to analyze
the percentage of endothelial cells in the in vitro culture system,
using FITC anti-CD31 (Abcam).

Western blot analysis

Western blot analysis was performed as previously reported
(Song et al., 2021). Briefly, protein samples were prepared from
neonatal rat cardiac cells and mice hearts, and were denatured
and separated on 10% polyacrylamide gels by SDS-PAGE, and
then transferred to polyvinylidene difluoride (PVDF) membranes.
Target proteins were detected using standard procedures. Band
intensities were normalized to housekeeping gene Histone H3 or
B-actin. The following primary antibodies were used in this study:
anti-Angpt4 (Invitrogen), anti-p-actin (Abclonal), anti-pERK (Cell
Signaling Technology), and anti-Histone H3 (Beyotime).

Adeno-associated virus in vivo delivery

Adeno-associated virus 9 (AAV9) vectors expressing ANGPT4
and GFP under the control of CMV promoter were constructed
by Vigene Biosciences. Mice in different groups were injected into
tail vein with 10 Vg of AAV9-ANGPT4 or AAV9-GFP, respectively.
Three weeks after AAV9 injection, we performed myocardial
infarction as previously reported (Tarnavski et al., 2004).

Echocardiography

Echocardiographic analysis was performed at 2 weeks and 6 weeks
after MI with a Vevo2100 digital imaging system (Visual Sonics).
Mice were anaesthetized under 1% isoflurane, with mid-ventricu-
lar M and B mode measurements acquired in the parasternal
short-axis view at the level of the papillary muscles. Once the
mice were accommodated to the procedures, images were stored
for further analysis. LVIDd were recorded at the time of apparent
maximal left ventricular diastolic dimension, while LVIDs were
recorded at the time of the most anterior systolic excursion of the
posterior wall. Left ventricular EF was calculated by LVEF (%) =
(LVIDd)® - (LVIDs)*)/(LVIDd)* x 100%, and left ventricular FS was
calculated by LVFS (%)=(LVIDd - LVIDs)/LVIDd x 100%. The data
were averaged from five cardiac cycles. We then calculated the
difference between 6 weeks and 2 weeks of LVEF and LVFS to rep-
resent the recovery of heart function.

Results

Single-cell transcriptome analyses of zebrafish
heart development and regeneration

We took advantage of a Tg(umhc:mCherry-NTR; amhc:EGFP) double
transgenic zebrafish to specifically ablate CM-V through metroni-
dazole (MTZ) treatment and tracked both ventricular and atrial
cardiomyocytes during heart development and regeneration
using the double fluorescence reporters (Zhang et al., 2013). MTZ
treatment for 4 h at 3 days post-fertilization (dpf) caused a dra-
matic loss of mCherry-positive fluorescent signals and significant
reduction of ventricular size within 1 day post-treatment (dpt),
leading to pericardial edema (Fig. S1A and S1B), consistent with
a previous report (Zhang et al., 2013). Subsequently, new mCher-
ry-positive cardiomyocytes arose and fully restored the lost CM-V
by 4 dpt, as expected.

To characterize the molecular mechanisms underlying heart
regeneration at the single-cell level, we obtained 2,336 cardiac
cells from four regeneration stages (1 dpt, 2 dpt, 3 dpt, and 4
dpt) after MTZ-induced CM-V ablation, as well as from the same
time points for untreated control fish, and performed high-pre-
cision scRNA-seq using a modified single-cell tagged reverse
transcription (STRT) protocol (Fig. 1A and Table S1) (Picelli et
al.,, 2014; Li et al, 2017, 2019). After stringent filtration, we
retained 1581 single-cell transcriptomes for subsequent anal-
yses, with about 2500 genes detected in each cell, on average
(Fig. S1C and Fig. S1D). These transcriptomes showed similar
levels of housekeeping gene actb2, indicating a high consist-
ency of our sequencing processes (Fig. S1E). We first performed
t-distributed stochastic neighbor embedding (t-SNE) analysis,
revealing five major cell clusters (Figs. 1B, S1A, S1B, and S1F).
Based on the expression of well-known marker genes, we iden-
tified these clusters as CM-A, CM-V, EC, EP, and EPDC (Fig. 1C),
encompassing all the major cardiac cell types in zebrafish lar-
vae. These results demonstrate the high quality and reliability
of our scRNA-seq data, which provide an important resource
for transcriptome-wide dissection of genetic and molecular
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mechanisms as well as cellular coordination underlying heart
development and regeneration.

To reveal differences between normal heart development and
the regeneration process, we first explored the transcriptional
characteristics of cells from untreated control fish by GO anal-
ysis of DEGs (Fig. 1D and Table S2). As expected, both CM-A and
CM-V showed enrichment of GO terms related to cardiomyo-
cyte development and function. EC were enriched in GO terms
related to vasculature development, and EP were primarily char-
acterized by extracellular matrix (ECM) organization, which has
been reported to provide signals for cardiac cell proliferation
and maturation (leda et al., 2009). EPDC were associated with
genes involved in focal adhesion and ECM organization, reflect-
ing their molecular characteristics during development. Next we
performed GO analysis on DEGs from MTZ-treated embryos (Fig.
1E and Table S2). Apart from GO terms related to development,
we found that MTZ-treated CM-A specifically activated ATP met-
abolic processes, suggesting an increase in energy metabolism
after cardiac injury. Regenerating CM-V specifically induced the
response to biotic stimuli after cardiac injury, and genes involved
in cell chemotaxis were also up-regulated in these cells, con-
sistent with a previous report that cell migration is necessary
for regeneration (Itou et al., 2012). Interestingly, the non-muscle
cells (EC, EP, and EPDC) also showed evident responses to car-
diomyocyte ablation, as indicated by the specific enrichment
of the GO terms “Response to wounding” and “Notch signaling
pathway”. These results indicate a coordination and orchestra-
tion involving cellular cooperation and signaling cascades during
the heart regeneration process.

Transcription factors (TFs) are key and fundamental play-
ers in transcription regulation. We next explored differentially
expressed TFs in each cell type and revealed novel TFs as well
as previously reported TFs involved in the heart regeneration
process (Fig. S2). We found that after MTZ treatment, CM-A
activated expression of transcription factor genes related to cell
mobility, such as hmga2 and hmgb3b (Fig. S2) (Cai et al., 2020;
Ren et al., 2020). This is consistent with the requirement for
migration of certain CM-A cells towards the ventricular area
during heart regeneration for transdifferentiation into CM-V
(Zhang et al., 2013). MTZ-treated CM-A also up-regulated phb,
which is involved in metabolic mitochondrial function and oxi-
dative phosphorylation (Lourenco and Artal-Sanz, 2021). This
is consistent with the enrichment of GO terms of ATP meta-
bolic process, and indicates an increase of energy requirement
in MTZ-treated CM-A (Fig. 1E). MTZ-treated CM-V activated
expression of pitx2 and nfe2l2a (Fig. S2), which have been
reported to activate antioxidant response and promote heart
repair after cardiac injury in mice (Tao et al., 2016). EC up-regu-
lated ybx1 after MTZ treatment (Fig. S2), which has been shown
to be beneficial for cardiac repair after myocardial infarction
in mice (Huang et al., 2019). After MTZ treatment, EP up-regu-
lated tfa (Fig. S2), which encodes Transferrin-a, a protein impor-
tant for heart development and commonly used for diagnosis
of human heart failure (Xu et al., 2015; Sierpinski et al., 2021).
We also found EP down-regulated expression of atf3 and jdp2b
(Fig. S2), whose overexpression leads to cardiac dysfunction,
while deficiency preserves cardiac function after cardiac injury
in mice (Kalfon et al,, 2019). EPDC activated twistlb (Fig. S2),
encoding a key TF involved in epithelial-to-mesenchymal tran-
sition (EMT) (Thiery et al., 2009), after MTZ treatment, suggest-
ing an enhancement of the EMT process after cardiac injury,
which is also observed in adult zebrafish and mice after cardiac
injury (Lepilina et al., 2006; Duan et al., 2012). Taken together,

we provided an informative and valuable resource for interro-
gation of transcription dynamics of different cell types during
zebrafish heart development and regeneration.

Cardiomyocytes and heart regeneration:
trajectory construction of CM

CM-V are the primary target cells destroyed upon MTZ treat-
ment, and thus are the major cell type in need of restoration,
so we first characterized the dynamics and heterogeneity
of ventricular cardiomyocytes during the regeneration pro-
cess. We re-clustered the CM-V cells identified in Fig. 1B, and
increased resolution, which resulted in five subtypes (Figs. 2A
and S3). Clusters V-C1, V-C2, and V-C3 consisted of ventricular
cardiomyocytes from both control and MTZ-treated embryos,
of which V-C1 showed specific expression of myl4 and tnnt2b,
which are associated with physiological functions of cardiomy-
ocytes such as cardiac muscle contraction, while V-C3 specifi-
cally expressed early cardiomyocyte transcription factors such
as hand2 and nkx2.5 (Fig. 2B). These results indicate that V-C1
represents the population of cardiomyocyte in a well-differenti-
ated and functional state, while V-C3 represents the population
of cardiomyocyte precursors. Interestingly, we noticed that V-C2
consisted of cells expressing both early (hand2 and nkx2.5) and
mature (myl4 and tnnt2b) cardiomyocyte markers, indicating
that this cluster was in an intermediate stage of cardiomyo-
cyte development. These conclusions are further supported by
cell cycle analysis results showing that V-C3 has the highest
proliferative potential, while V-C1 cells are essentially quies-
cent (Fig. 2C). Remarkably, clusters V-C4 and V-C5 were almost
exclusively composed of MTZ-treated CM-V (Figs. 2A and S3),
and both were active in proliferation (Fig. 2C), indicating that
they may represent specific intermediate stages during the
post-injury regeneration process. Particularly, cells from V-C4
showed specific expression of twistla (Fig. 2B), consistent with
previous reports that ECM reorganization is involved in heart
regeneration, whereas cells from V-C5 exhibited high expres-
sion of cxcr4b (Fig. 2B), a cell chemotaxis factor which has been
reported to be required for heart regeneration (Itou et al., 2012;
Wang et al., 2013a).

We further performed pseudotime analysis using MTZ
treated CM-V to reveal the molecular cascades in these cells
during regeneration. The result indicates a clear path of
sequential stages during the regeneration process, starting
from V-C1, then passing through V-C2, V-C3, and V-C4, and
eventually reaching V-C5 (Fig. 2D). We subsequently scored the
expression signature of genes in specific GO terms to explore
their transcriptional changes along the pseudotime trajec-
tory. We found that genes involved in cell migration (e.g., fzd2,
racla), mesoderm development (e.g., dact2, lparl) and tissue
regeneration (e.g., has2, msx1b) were transiently up-regulated
at mid-stages of regeneration (Fig. 2E and 2F), consistent with
the previous notion that these biological processes may play
important roles in heart regeneration (Wang et al., 2013a;
Zhang et al., 2013). We also noticed a transient up-regula-
tion of key early cardiac development transcription factors
during the regeneration process, such as hand2, nkx2.5, and
tbx5a, indicating that regeneration involves de-differentiation
of cardiomyocytes. Furthermore, genes necessary for reactive
oxygen species (ROS) metabolism (e.g., cyba, gpx1a) and prote-
olysis (e.g., ctsz, ctsk) were up-regulated mostly at later stages
of regeneration, illustrating the involvement of these biological
events at the end of regeneration. Genes involved in ROS signa-
ling have been reported to be specifically induced upon cardiac
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Figure 1. Single-cell RNA sequencing revealed molecular diversity of cells during zebrafish cardiac development and regeneration. (A) Schematic
illustration of the workflow for the isolation of single cardiac cells followed by single-cell transcriptome analysis used in this study. CT, untreated control
embryos; MTZ, MTZ-treated embryos; dpt, days post-treatment; dpf, days post-fertilization. (B) t-SNE analysis results of all captured cardiac populations
colored by cluster identity. Single cardiac cells were collected at four stages after ventricular cardiomyocyte ablation induced by MTZ treatment and
also from untreated control embryos (CT) of the corresponding developmental stages. CT cell number, 604; MTZ cell number, 977; total cell number, n =
1,581. CM-A, atrial cardiomyocyte; CM-V, ventricular cardiomyocyte; EC, endocardial cell; EP, epicardial cell; EPDC, epicardial-derived cell. (C) Bar plots
showing the expression of marker genes in each cluster from (B). The expression levels are presented as mean = s.e.m. (D and E) Heatmap showing the
expression levels of DEGs for CT cells (D) and MTZ cells (E) of each cluster. Representative GO terms for each cluster were analyzed by Metascape and
shown in the right column.

injury and are required for heart regeneration (Han et al., 2014). (Gamba et al,, 2017). These data revealed the molecular cas-
Proteolysis may be responsible for collagen degradation, which cades orchestrating the highly dynamic transitions of CM-V
is an essential prerequisite for complete cardiac regeneration during the process of cardiac regeneration.
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Figure 2. Molecular signatures of ventricular cardiomyocytes during development and regeneration. (A) t-SNE analysis results of CM-V from both
untreated (CT) and MTZ-treated embryos, showing classification of five populations. Each dot represents a cell, and are colored according to the clusters
and shaped by sample conditions. n = 510 cells. (B) t-SNE maps showing the expression patterns of myl4, tannt2b, hand2, nkx2.5, cxcr4b, and twistla in CM-V.
(C) Cell cycle score analysis of CM-V subpopulations. (D) Pseudotime trajectory of the MTZ-treated CM-V colored by clusters identified in (A). Arrow
indicates the order of pseudotime. (E) Heatmap visualization of changes in expression of representative genes following pseudotime of MTZ-treated
CM-V. (F) Pseudotemporal expression patterns of different gene ontologies. Average expression levels smoothed using LOESS are shown.

After cardiac injury, CM-A can also contribute to the regen-
eration process by migration and transdifferentiation into CM-V
(Zhang et al., 2013). To reveal the properties of CM-A during
heart regeneration, we performed t-SNE analysis using both con-
trol and MTZ-treated CM-A and identified five clusters (Fig. S4A
and S4B). Cells from cluster A-C1 were MTZ-specific, and highly
expressed bmp4, bmp5, and tgfb3 (Fig. S4A—C), suggesting BMP and
TGEFp signaling may be involved in the process of migration and
transdifferentiation of CM-A during ventricular cardiomyocyte
regeneration. To investigate the cellular events during the trans-
differentiation of CM-A to CM-V, we used the RacelD algorithm
(StemlID) to characterize the degree of cell differentiation (Grun et
al., 2016). The results showed that the MTZ-specific A-C1 cluster
presented the highest StemlID score, suggesting that these cells
were in the least differentiated state (Fig. S4D). Not surprisingly,
cell cycle analysis revealed that these A-C1 cells were also highly
proliferative, indicating that they are likely to be the population
contributing to CM-V regeneration by proliferation and transdif-
ferentiation (Fig. S4E).

EPDC and heart regeneration: a RIC population
in the EPDC

Non-muscle cells have also been reported to play essential roles in
zebrafish heart regeneration, though precise mechanisms are still
largely unknown. In response to cardiac injury, certain epicardial

cells undergo EMT, by activating expression of several key regula-
tory genes, such as twistla and snai2, and differentiate into new
cell types referred to as EPDC (Cao and Poss, 2018). Depletion of
EP could block cardiomyocyte proliferation after ventricular apex
resection and reduce the efficiency of heart regeneration (Wang
et al., 2015). EC also responds immediately upon cardiac injury
and activates the MAPK signaling pathway (Liu and Zhong, 2017).
However, interactions between different types of non-muscle
cells during heart regeneration and the upstream regulators of
MAPK signaling have not been investigated.

We explored the molecular characteristics of non-muscle car-
diac cells from both normal and post-injury hearts, and identi-
fied five cell clusters by t-SNE analysis. Based on the expression
of known marker genes, we assigned these clusters as EC, EP,
EPDC-C1, EPDC-C2, and proliferating cell (PC) (Fig. SSA-C). The
PC cluster highly expressed genes associated with cell prolifera-
tion, such as mki67 (Fig. S5C). Both EPDC-C1 and EPDC-C2 highly
expressed genes involved in the EMT process, such as twistla (Fig.
S5C), consistent with previous reports showing epicardial cells
undergo EMT and give rise to EPDC (Lie-Venema et al., 2007).
Interestingly, EPDC-C1 is composed of cells from both MTZ-
treated and untreated control embryos (including 77 untreated
cells and 22 MTZ-treated cells), while EPDC-C2 is mainly com-
posed of MTZ-treated cells (including nine untreated cells and
124 MTZ-treated cells). EPDC-C2 showed enriched expression of
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cxcll2a (Fig. S5C), which was previously reported to be specifically
induced after cardiac injury and essential for heart regeneration
(Itou et al., 2012). We termed this regeneration-specific EPDC clus-
ter as the RIC population, and sought to further explore its poten-
tial functions in heart regeneration.

Functional screening identified Angpt4 as a
specific and key regulator of heart regeneration
that mediates interaction between EPDC and EC
cells through activation of MAPK signaling.

To explore potential roles of the RIC population, we performed a
functional screen of genes specifically expressed in this popula-
tion using a fast functional screening strategy based on the clus-
tered regularly interspaced short palindromic repeats (CRISPR)/
CRISPR-associated protein (Cas) 9 (CRISPR/Cas9) genome editing
system, in which mosaic knockout mutant founder (F,) embryos
could phenocopy homogenous homozygous mutants (Wu et al.,
2018) (Fig. S6A). Among ten genes investigated, angpt4 mosaic
mutant embryos displayed the most striking heart regeneration
phenotype after injection of Cas9 protein together with four spe-
cific gRNAs into one-cell stage fertilized eggs. Above 40% of the
Fo embryos failed to regenerate their heart after MTZ-induced
ablation of cardiomyocytes (Fig. S6B). As angpt4 encoded angio-
poietin 4 is a secreted factor, this suggests Angpt4 may mediate
interactions between EPDC and other cardiac cell types. Thus, we
focused on angpt4 to explore the role of EPDC and potential cellu-
lar interactions during heart regeneration.

We examined the expression patterns of angpt4 during larvae
and adult zebrafish heart regeneration by in situ hybridization. We
first examined and compared the expression patterns of angpt4
in Tg (uvmhc:mCherry-NTR; amhc:EGFP) zebrafish embryos with
and without MTZ-induced ventricular cardiomyocyte ablation.
Temporally, angpt4 was significantly up-regulated in the regen-
erating heart at 1 dpt, after which the mRNA signals gradually
decreased, and eventually vanished at 4 dpt, coincident with
the timing for the complete recovery of ventricles (Fig. S7A). In
contrast, angpt4 expression was undetectable in the hearts of
untreated control embryos (without MTZ treatment) at all the
stages investigated in our experiments (Fig. S7A). Spatially, we
noticed that after MTZ-treatment, angpt4 was widely induced to
express in the cardiac tissues, including atrium, ventricle, and out
flow tract (OFT, also known as bulbus arteriosus), with a clear
enrichment at the OFT region (Fig. S7A). To reveal the location
and distribution of EPDC cells in zebrafish embryos, we analyzed
our scRNA-seq data and found fnla (fibronectin 1a), encoding ECM
component fibronectin, was highly enriched in the EPDC pop-
ulation during normal development (Fig. S7B). Interestingly, in
situ hybridization result showed that fnla transcripts were also
enriched at the OFT region in zebrafish embryos, comparable to
the distribution of angpt4 transcripts (Fig. S7C). These data sug-
gest EPDC mainly locate at the OFT region in larvae zebrafish, and
support our scRNA-seq data that angpt4 was mainly expressed in
EPDC after cardiac injury in zebrafish larvae. Specific activation
of angpt4 was also observed during adult zebrafish heart regener-
ation, where angpt4 was quickly up-regulated at the injury area at
as early as 1 day post-cryoinjury (dpi) in the regenerating heart,
reached the highest level at 3 dpi, and gradually declined until its
transcripts were undetectable at 30 dpi (Fig. 3A). gRT-PCR results
revealed a similar expression pattern of angpt4 during the regen-
eration process (Fig. 3B). Next, we investigated the localization of
Angpt4 protein during zebrafish heart regeneration by co-immu-
nostaining with specific cardiac cell type markers on cryosections.

The results showed that the Angpt4 signals appeared specifically
at the margin areas of injured hearts, and most of the signals
were located in EGFP positive cells from Tg (tcf21:CreER; ubi:loxP-
dsRed-STOP-loxP-EGFP) zebrafish heart sections of 7 dpi fish (Fig.
3C-E). No co-localization was observed in either MF20-labeled
cardiomyocytes or endocardial/endothelial cells labeled by
Tg(flila:EGFP) (Fig. 3C-E). These immunostaining results further
confirmed our scRNA-seq data showing that angpt4 was induced
in EPDC during zebrafish heart regeneration.

To confirm the essential role of angpt4 in heart regeneration,
we generated a stable mutant line bearing a 2-bp deletion in exon
1 of zebrafish angpt4 locus (Fig. S8A and S8B). angpt4 homozygous
mutant embryos showed no apparent defects in development
(Fig. S8C), adult mutants are both viable and fertile, and showed
normal heart morphology (Fig. S8D and S8E), indicating that
angpt4 is dispensable for cardiac development and maturation in
zebrafish. In contrast to the dispensable role of angpt4 in devel-
opment, regeneration following MTZ-induced ventricular injury
was largely abolished in angpt4 mutant embryos, although the
atrium remained morphologically normal (Figs. 3F, 3G and S1B).
Accordingly, ventricular functions were also severely impaired in
the MTZ-treated angpt4 mutants, as measured by ventricular vol-
ume, mCherry fluorescence intensity, and fractional area change
at 4 dpt, while atrial function remained normal (Fig. 3H-K).
Furthermore, we examined whether angpt4 is necessary for adult
zebrafish regeneration. Masson’s trichrome staining showed that
adult heart regeneration was also impaired in angpt4 mutants,
with significantly larger scars compared to WT fish (Fig. 3L and
3M). MF20 immunostaining results also showed angpt4 mutants
failed to recover injured cardiomyocytes (Fig. 3N). These results
demonstrated that Angpt4 is specifically required for heart regen-
eration processes in both embryonic and adult zebrafish.

Angiopoietins, including ANGPT1, ANGPT2, and ANGPT4, have
been reported to act as ligands of the tyrosine kinase receptors
TIE1 and TIE2 to activate MAPK signaling pathways during tumor
angiogenesis in mammals (Huang et al., 2010). However, the role
of Angpt4 has not been reported in zebrafish, and whether Angpt4
could activate MAPK signaling pathway during heart regenera-
tion remains unclear. Interestingly, we found that tie2 was specifi-
cally expressed in EC in zebrafish (Fig. S5D). In order to determine
whether Angpt4 regulates zebrafish heart regeneration through
Tie2 kinase signaling, we first analyzed the level of phosphoryl-
ated Tie2, the activated form of Tie2, by immunostaining in an
endocardial/endothelial reporter fish line Tg (flila:EGFP). The
transgenic zebrafish wildtype for angpt4 exhibited strong endo-
cardial pTie2 signals near the injury area at 7 dpi. In contrast,
pTie2 staining was clearly weaker in the angpt4 mutants at the
same stage (Fig. 4A and 4B). Furthermore, Tie2 kinase inhibitor
was injected intraperitoneally daily from 3 dpi to 30 dpi. We found
that fibrotic scar tissues in adult fish after Tie2 kinase inhibitor
treatment were significantly larger than that in control fish at 90
dpi, which phenocopied the regeneration defects of the angpt4
mutants (Fig. 4C and 4D). These data suggested that Angpt4 regu-
lates heart regeneration through endocardial Tie2 activation.

Angpt4/Tie2 signals were reported to be able to activate down-
stream MAPK signaling pathway during lymphatic vessel devel-
opment (Kesler et al., 2015), and the MAPK signaling pathway
has been shown to be activated specifically in endothelial cells
during heart regeneration (Liu and Zhong, 2017; Missinato et
al., 2018). To further explore whether Angpt4 functions through
downstream MAPK signals during zebrafish heart regeneration,
we first evaluated the expression of genes in the MAPK signaling
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Figure 3. Angpt4 is a key regulator for embryonic and adult heart regeneration. (A) In situ hybridization results on tissue cryosections of adult wildtype
zebrafish heart at different stages after cryoinjury. The results showed that angpt4 is transiently up-regulated during heart regeneration. Representative
images of three independent replicates are shown. dpi, days post-cryoinjury. Scale bar, 100 um. (B) gRT-PCR results showing the expression levels of
angpt4 during heart regeneration. Two-tailed Student’s t-test, ns, not significant, **P < 0.01, **P < 0.001. n = 5 for each group. Error bar represents standard
deviation. (C) Immunostaining results of Angpt4 (green) and MF20 (red; labeling cardiomyocytes) in 7 dpi zebrafish heart cryosections. Right panel shows
the enlarged view of the rectangle region. (D) Immunostaining results of Angpt4 (green) and EGFP (red) in Tg (flila:EGFP) heart cryosections at 7 dpi. Right
panel shows the enlarged view of the rectangle region. (E) Immunostaining results of Angpt4 (green) and EGFP (red) in Tg (tcf21:CreER; ubi:loxP-dsRed-STOP-
loxP-EGFP) heart sections at 7 dpi. ubi:loxP-dsRed-STOP-loxP-EGFP was abbreviated as ubi:RSG. Scale bar, 100 um. Right panel shows the enlarged view of the
rectangle region. Scale bar, 25 pm. (F) Maximum intensity projections of angpt4 mutant embryos with or without MTZ-treatment under Tg (vmhc:mCherry-
NTR; amhc:EGFP) transgenic background, showing the failure to regenerate ventricular cardiomyocytes (marked by red fluorescent signal). dpf, days post
fertilization. dpt, days post-treatment. Scale bar, 50 pm. (G) Statistical analysis results of successful regeneration ratio in MTZ-treated WT and angpt4
mutant embryos. Two-tailed Student’s t-test, P < 0.001. n = 8 for each group. Error bar represents standard deviation. (H-K) Statistical analysis results
of ventricular volume (H), mCherry fluorescence intensity (I), ventricle fractional area (J) and atrium fractional area (K) in MTZ-treated WT and angpt4
mutant embryos. Fractional area change = (Diastolic area — Systolic area)/Diastolic area. Two-tailed Student’s t-test, P < 0.05, **P < 0.001. n = 4-10 for
each group. Error bar represents standard deviation. (L) Representative Masson'’s trichrome staining results of adult WT and angpt4~~ zebrafish heart
cryosections prepared at 90 dpi. angpt4~- hearts showed larger scar area than WT hearts. Red, muscle cells stained with acid fuchsin; blue, collagen
stained with aniline blue. Dotted line indicates scar area. Scale bar, 100 um. (M) Statistical analysis results of scar size in 90 dpi of WT and angpt4~- hearts.
Two-tailed Student’s t-test, P < 0.001. n = 9-10 for each group. Error bar represents standard deviation. (N) Immunofluorescence staining results of
cardiomyocyte marker MF20 in WT and angpt4~- hearts at 90 dpi. Dotted line indicates scar area. Scale bar, 100 pm.
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Figure 4. Angpt4 regulates heart regeneration by activating endocardial Tie2-MAPK signaling pathway. (A) Immunofluorescence staining results
showing the pTie2 (Tyr992) signal in heart sections from WT at 7 days post sham operation, and WT and angpt4 mutant at 7 dpi. Scale bar, 100 pm.
Right panels showed higher magnification views of the rectangle region. Arrows indicate pTie2-positive EC. Representative images of three independent
replicates are shown. Red, pTie2; Green, EGFP, representing EC. Scale bar, 25 um. (B) Statistical analysis results of relative pTie2 signals in 7 dpi of WT and
angpt4~- hearts. Two-tailed Student’s t-test, P < 0.01, **P < 0.001. n = 7 for each group. Error bar represents standard deviation. (C) Masson’s trichrome
staining results of adult zebrafish heart cryosections from WT and Tie2 inhibitor treated WT fish at 90 dpi. Red, muscle cells stained with acid fuchsin;
blue, collagen stained with aniline blue. Scale bar, 100 pm. (D) Statistical analysis results of scar size in 90 dpi WT and Tie2 inhibitor treated WT fish.
Two-tailed Student’s t-test, **P < 0.001. n = 6-10 for each group. Error bar represents standard deviation. (E) gRT-PCR results showing expression level of
several components of the MAPK signaling pathway in 7 dpi WT or angpt4 mutant zebrafish hearts. Two-tailed Student’s t-test, ns, not significant, *P <
0.05,**P < 0.01, **P < 0.001. n = 4 for each group. Error bar represents standard deviation. (F) Immunofluorescence staining of pERK in WT fish at 7 d post
sham operation, and WT, angpt4 mutant, and Tie2 inhibitor treated WT heart sections at 7 dpi under Tqg (flila:EGFP) transgenic background. Scale bar, 100
pm. Right panels show higher magnification views of the rectangular region. Arrows indicate pERK signals in EGFP-positive cells. Representative images
of three independent replicates are shown. Red, pERK; Green, EGFP, representing EC. Scale bar, 25 pm. (G) Statistical analysis results of relative pERK
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pathway. qRT-PCR results showed numerous genes in the MAPK
signaling pathway were expressed at lower levels in angpt4
mutants compared to WT at 7 dpi, indicating MAPK signaling was
impaired after angpt4 loss of function (Fig. 4E). We then evaluated
the level of phosphorylated ERK (pERK), an indicator of MAPK
pathway activation, by immunostaining in the Tg(flila:EGFP) fish.
In the hearts of zebrafish wildtype for angpt4, pERK was specifi-
cally up-regulated in the EGFP-positive EC at 7 dpi in the injury
area (Fig. 4F). In contrast, pERK was only weakly detectable in the
angpt4 mutants at the same stage, indicating that ERK phospho-
rylation is dependent on Angpt4 during cardiac regeneration (Fig.
4F and 4G). Moreover, pERK signal was significantly reduced after
Tie2 inhibition by intraperitoneal injection of Tie2 kinase inhibitor
daily from 3 dpi to 7 dpi, which again phenocopied angpt4 mutants
(Fig. 4F and 4G). Furthermore, supplementation with bpV, a MAPK
agonist, partially rescued the heart regeneration defects in the
angpt4 mutants (Fig. 4H and 4I), confirming that Angpt4 functions
through downstream activation of the Tie2-MAPK pathway. Our
results revealed a cellular interaction network between EPDC and
EC via Angpt4-Tie2-MAPK signaling pathway, which is essential
for heart regeneration.

Angpt4 and endocardial MAPK signaling regulate
cardiomyocyte proliferation and scar removal
through activation of RA signaling in CM upon
heart injury

Cardiomyocyte proliferation and scar removal are two crucial
and ultimate events in cardiac regeneration. To further explore
the effect of angpt4 mutation on these processes, we analyzed
single-cell transcriptomes of CM-V from MTZ-treated angpt4
mutant embryos. We combined these data with the scRNA-seq
data from the CM-V of both untreated and MTZ-treated wildtype
embryos and performed t-SNE analysis (Figs. SA and S9A). Seven
clusters were identified, among which clusters C1-C4 are mainly
composed of MTZ-treated cells, indicating a regeneration-spe-
cific process. To further reveal the impact of angpt4 mutation on
the heart regeneration progress, we constructed a pseudotime
trajectory using CM-V from MTZ-treated wildtype and mutant
embryos. While the CM-V from MTZ-treated wildtype embryos
could fully complete the regeneration process, the MTZ-treated
angpt4~- embryos only reached an intermediate stage of the tra-
jectory and then branched away from the wildtype path (Fig. 5B
and 5C). Additionally, compared to angpt4 mutants, MTZ-treated
wildtype embryos showed relatively higher expression of mature
cardiomyocyte marker genes important for cardiac functions,
such as vmhe, thnt2a, and tnnt2b (Fig. SD), further confirming the
essential function of angpt4 in regulating heart regeneration.

To reveal the molecular mechanisms underlying impaired
heart regeneration in angpt4 mutants, and how Angpt4-Tie2-
MAPXK signaling regulates heart regeneration, we evaluated the
gene expression signatures in different clusters. We noticed that
cluster C1 specifically expressed cell migration genes, such as
racla and fzd2, and consisted of cells from both angpt4*~ and
angpt4”~ MTZ-treated embryos, indicating that cell migra-
tion is independent of Angpt4 (Fig. SE). Interestingly, cluster C3
mainly contained cells from the MTZ-treated wildtype embryos,
while cluster C4 mainly consisted of cells from MTZ-treated

angpt4~/- embryos, indicating clear divergence between the wild-
type and mutant embryos in the process of heart regeneration.
We examined the differentially expressed genes between clusters
C3 and C4, and found C3 highly expressed RA signaling receptor
rxrga (retinoid x receptor, gamma a) and its downstream gene ctsk
(cathepsin K) (Fig. SE and 5F), indicating the RA signaling pathway
was activated in ventricular cardiomyocytes and this activation
depended on Angpt4. This notion is confirmed by qRT-PCR and in
situ hybridization results, which showed that rxrga and ctsk were
significantly up-regulated at 7 dpi in the wildtype heart, whereas
the up-regulation is largely impaired in the angpt4 mutant heart
(Figs. 5G, 5H and S9B). In fact, RA synthesis has been reported to
be induced in EC and EP cells after cardiac injury, and activation
of RA signal pathway is necessary for cardiomyocyte proliferation
(Kikuchi et al., 2011b). In addition, RA signaling has been shown to
regulate the expression of collagenase-encoding cathepsin genes
during limb regeneration and bone formation (Saneshige et al,,
1995; Ju and Kim, 1998). In mice, Ctsk has been reported to be
induced in cardiomyocytes after cardiac injury, and its deficiency
leads to reduced collagen degradation, a process required for scar
removal, and impaired cell proliferation after myocardial infarc-
tion (Gamba et al., 2017; Fang et al., 2019). RA receptor genes have
also been reported to be inducible at the transcriptional level in
response to RA signals (Feng et al., 2010). However, the upstream
inducer of RA signaling during zebrafish heart regeneration is still
unknown. Interestingly, we noticed that aldhla2 (aldehyde dehy-
drogenase 1 family, member A2), encoding an enzyme responsible
for RA synthesis, was up-regulated in the EC cluster after MTZ
treatment, as revealed by our scRNA-seq data of WT zebrafish
(Fig. 5I). Furthermore, in situ hybridization and gRT-PCR results
showed that aldhla2 was significantly up-regulated in the WT
zebrafish heart after cardiac injury, but the up-regulation was
clearly impaired in the angpt4 mutant heart (Fig. 5] and 5K), indi-
cating that Angpt4 is largely responsible for the up-regulation of
aldhla2. In addition, gqRT-PCR results showed that heart regener-
ation-induced aldhla2 up-regulation was also significantly inhib-
ited by MAPK signaling inhibitor AZD6244 (Fig. 5K), suggesting RA
synthesis not only requires Angpt4 but is also dependent on the
activation of the MAPK pathway. Together, these data strongly
indicate that endocardial MAPX signaling, activated by EPDC-
secreted Angpt4, acts as the upstream activator of RA production
in EC. Not surprisingly, the up-regulation of rxrga and ctsk during
heart regeneration was also significantly inhibited after treat-
ment with MAPK signaling inhibitor AZD6244 (Fig. 5G and 5H),
further confirming that RA signaling activation is downstream to
the MAPK pathway. Consistently, the induction of ctsk expression
after cardiac injury was also reduced by treatment with RA sig-
naling inhibitor DEAB (Fig. 5H), indicating that the expression of
ctsk is not only dependent on the MAPK pathway, but also posi-
tively regulated by RA signaling during heart regeneration. Taken
together, our data indicate that RA signaling mediates the inter-
action between EC and CM cells, and Angpt4 regulates cardiac
regeneration through activation of endocardial MAPK signaling in
EC and further activation of myocardial ctsk expression through
RA signaling in CM.

To further reveal the influence of angpt4 mutation on cardi-
omyocyte proliferation during heart regeneration, we compared

signals in WT fish at 7 days post sham operation, and WT, angpt4 mutant, and Tie2 inhibitor treated WT fish at 7 dpi. Two-tailed Student’s t-test, *P < 0.05,
P < 0.001. n = 6-8 for each group. Error bar represents standard deviation. (H) Masson’s trichrome staining results of adult zebrafish heart cryosections
from angpt4 mutants and bpV treated angpt4 mutants at 90 dpi. Red, muscle cells stained with acid fuchsin; blue, collagen stained with aniline blue.
Scale bar, 100 pm. (I) Statistical analysis results of scar size at 90 dpi in angpt4 mutants and bpV treated angpt4 mutants. Two-tailed Student’s t-test, **P

< 0.01. n = 10 for each group. Error bar represents standard deviation.
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Figure 5. Single cell transcriptome analysis of ventricular cardiomyocytes from angpt4 mutant embryos during heart regeneration. (A) t-SNE analysis
showing heterogeneity of CM-V from untreated and MTZ-treated wildtype (WT) embryos as well as MTZ-treated angpt4 mutant embryos. Cells are
colored by clusters and shaped by sample conditions. Reg state, regeneration state; WT, WT specific population; Ang, angpt4 mutant specific population.
(B and C) Pseudotime analysis using MTZ-treated wildtype (WT) and angpt4 mutant CM-V, colored by the clusters identified in panel A (B) and genotype
(C), respectively. Arrow indicates the order of pseudotime. (D) The expression pattern of tnnt2a, tnnt2b, and vmhc following pseudotime in MTZ-treated
wildtype (WT) embryos and angpt4 mutants. The expression pattern of WT and angpt4 mutants were fitted by Monocle?2. (E) t-SNE maps derived from
scRNA-seq data of ventricular cardiomyocytes from WT and angpt4 mutant embryos based on Fig. 5A, showing expression patterns of fzd2, racla, ctsk,
and ctsz. (F) t-SNE maps derived from scRNA-seq data of ventricular cardiomyocytes from WT and angpt4 mutant embryos based on Fig. 5A, showing
expression pattern of rxrga. (G) gRT-PCR results showing expression levels of rxrga in WT fish at 7 days post sham operation, and WT, angpt4 mutant,
and MAPK signaling inhibitor AZD6244 treated WT zebrafish at 7 dpi. Two-tailed Student’s t-test, **P < 0.001. n = 3 for each group. Error bar represents
standard deviation. (H) gRT-PCR results showing ctsk expression level in WT fish at 7 days post sham operation, and WT, angpt4 mutant, MAPK signaling
inhibitor AZD6244 treated WT, and RA signaling inhibitor DEAB treated WT zebrafish at 7 dpi. Two-tailed Student’s t-test, *P < 0.05, **P < 0.001. n = 4 for
each group. Error bar represents standard deviation. (I) Violin plot showing aldhla2 was up-regulated in EC after MTZ treatment. (J) In situ hybridization
results showing expression pattern of aldhla2 in WT fish at 7 d post sham operation, and WT and angpt4 mutant at 7 dpi. Representative images of three
replicates are shown. Scale bar, 100 um. (K) gRT-PCR results showing expression levels of aldhla2 in WT fish at 7 days post sham operation, and WT,
angpt4 mutant, and MAPK signaling inhibitor AZD6244 treated WT zebrafish at 7 dpi. Two-tailed Student’s t-test, *P < 0.01, **P < 0.001. n = 3 for each
group. Error bar represents standard deviation. (L) Immunofluorescence staining results showing BrdU signals near the injury site in adult zebrafish
heart cryosections from WT, angpt4 mutant, Tie2 inhibitor treated WT, and bpV treated angpt4 mutant at 14 dpi. Red, Mef2c; Green, BrdU. Scale bar,
50 pm. (M) Statistical analysis results of BrdU positive cardiomyocytes in (L). Two-tailed Student’s t-test, *P < 0.01. n = 3—4 for each group. Error bar
represents standard deviation.
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Figure 6. ANGPT4 promotes cardiac repair in vitro and in vivo. (A) Experimental design to evaluate heart regeneration potential in angpt4 overexpressing
zebrafish. (B) Masson’s trichrome staining results of adult zebrafish heart sections from wildtype (WT) and Tg(cmlc2:EGFP-angpt4) (OE) at 30 dpi. Red,
muscle cells stained with acid fuchsin; blue, collagen stained with aniline blue. Scale bar, 100 pm. (C) Statistical analysis results of scar size in 30
dpi of WT and Tg(cmlc2:EGFP-angpt4) (OE) hearts. Two-tailed Student’s t-test, P < 0.01. n = 9 for each group. Error bar represents standard deviation.
(D) Experimental design for treatment with different doses of recombinant ANGPT4 protein and studying its effect on the expression of cell cycle
markers in NRCM. (E and F) Immunofluorescence staining results showing Ki67 (E) and Aurora B (F) signals in NRCM following treatment with 0.75 pg/
mL recombinant human ANGPT4 protein. Scale bar, 25 pm. (G and H) Statistical analysis of Ki67 and Aurora B positive NRCM in (E and F). Twwo-tailed
Student’s t-test, *P < 0.05; *™P < 0.001. n = 3-5 for each group. Error bar represents standard deviation. (I) Western blot of pERK in cultured primary
neonatal rat cardiac cells with or without 0.75 ug/mL ANGPT4 protein treatment. (J) Statistical analysis of (I) showing pERK signals were significantly
increased in 0.75 pg/mL ANGPT4 treated cardiac cells. Vertical axis shows the pERK-to-Histone H3 ratio, normalized to the control group. Student’s
t-test, *P < 0.05.n = 3 for each group. Error bar represents standard deviation. (K) Experimental timeline for evaluation of cardiomyocyte proliferation and
cardiac function after MI in mice injected with AAVS-GFP and AAV9-ANGPT4. (L) Western blot analysis showing the expression of GFP or ANGPT4 3 weeks
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the index of cardiomyocyte proliferation in angpt4 mutant and
wildtype hearts at 14 dpi, by quantifying the percentage of BrdU
and Mef2c double positive nuclei. The results showed that cardi-
omyocyte proliferative ability was significantly reduced in angpt4
mutants (Fig. 5L and 5M). We also found that inhibition of Tie2
in wildtype zebrafish phenocopied the proliferation defects of
angpt4 mutants, while activating MAPK signaling by bpV treat-
ment could partially rescue the proliferation ability in angpt4
mutants, indicating that EPDC-derived Angpt4 regulates cardio-
myocyte proliferation through activation of Tie2-MAPK pathway
in EC during heart regeneration (Fig. 5L and 5M). Taken together,
we revealed an important molecular and cellular coordination
network during cardiac regeneration, which is initiated by up-reg-
ulation of angpt4 in EPDC, leading to activation of MAPK signaling
in EC and further activation of RA signaling, collagen degrada-
tion, and cell proliferation in CM, eventually leading to complete
recovery of both structure and function of the injured heart.

ANGPT4 promotes cardiomyocyte proliferation
and cardiac repair in fish and mammals

Next, we wanted to determine whether overexpression of angpt4
could promote heart regeneration in zebrafish, and especially
also in mammals. We first constructed a Tg (cmlc2:EGFP-angpt4)
transgenic zebrafish line to constitutively express angpt4 fused
with EGFP in cardiomyocytes (Fig. 6A). We detected apparent
EGFP signal at 3 dpf, and gRT-PCR results showed that angpt4
was significantly increased in this transgenic line (Fig. S10A and
Fig. S10B ). We then performed cryoinjury in adult Tg (cmlc2:EG-
FP-angpt4) transgenic fish, and examined whether overexpression
of angpt4 could activate downstream Tie2 and MAPK signaling.
Immunostaining results revealed a higher level of pTie2 and pERK
signal in the angpt4 overexpressing hearts compared to WT at 7
dpi (Fig. S10C-F). qRT-PCR results also showed many genes in
the MAPK signaling pathway were up-regulated in angpt4 over-
expressing hearts (Fig. S10G), as expected. We then analyzed the
scar size of WT and angpt4 overexpressing hearts at 30 dpi. angpt4
overexpression led to significantly smaller scar tissue compared
to wildtype fish, indicating that overexpression of angpt4 could
activate pTie2 and pERK signals and facilitate heart regeneration
in zebrafish (Fig. 6B and 6C).

To validate whether the essential role of Angpt4 in regulating
heart regeneration is conserved in mammals, we applied recom-
binant human ANGPT4 protein to isolated and cultured primary
neonatal rat cardiac cells, and evaluated NRCM (neonatal rat
cardiomyocyte) proliferation potential by immunostaining of
Ki67 and Aurora B (Fig. 6D). The results showed that supplemen-
tation of ANGPT4 in the culture medium significantly increased
the percentage of Ki67-positive and Aurora B-positive cardiomy-
ocytes compared to the DMSO control. Furthermore, the increase
in NRCM proliferation ability correlated well with ANGPT4 con-
centration (Fig. 6E-H). Since we have showed that Angpt4 regu-
lates cardiomyocyte proliferation through Tie2-MAPK signaling

in zebrafish, we then examined whether the mechanism is con-
served in the rat cardiac cells. We performed immunostaining
and Western blot against endothelial marker CD31 and found
endothelial cells present in our culture system (Fig. S11A and
Fig. S11B). FACS analysis result showed CD31-positive endothe-
lial cells accounted for approximately 3% of total cells (Fig. S11C).
Furthermore, Western blot results showed that ANGPT4 protein
treatment increased the pERK level in the cultured neonatal rat
cardiac cells (Fig. 61 and 6]), suggesting ANGPT4 promotes NRCM
proliferation through activation of pERK signaling.

To further verify whether ANGPT4 could also promote in vivo
cardiac repair in mammals, we intravenously injected AAV9 vec-
tors expressing human ANGPT4 or GFP into adult mice, and ver-
ified ANGPT4 expression in cardiac ventricles after 3 weeks (Fig.
6K and 6L). We found overexpressing ANGPT4 could activate pERK
signaling after MI in mouse hearts (Fig. 6M and 6N). Then, we
evaluated cardiomyocyte proliferation ability by immunostaining
of Ki67 and Aurora B. The results showed that ANGPT4 overex-
pression significantly enhanced mitosis and cytokinesis of cardi-
omyocytes at 2 weeks post MI (Fig. 60-Q). Moreover, mice injected
with AAV9-ANGPT4 showed significantly better recovery of car-
diac function after myocardial infarction, as assessed by ejec-
tion fraction (EF) and fractional shortening (FS), compared with
control mice treated with AAV9-GFP (Fig. 6R and 6S), suggesting
that expression of ANGPT4 in vivo could promote cardiac repair in
adult mice that would otherwise be non-regenerative after injury.

In summary, we revealed an Angpt4-initiated EPDC-EC-CM
cellular collaboration network among three major cardiac cell
types to coordinate and regulate heart regeneration in zebrafish
(Fig. 6T). More importantly, we showed that the role of Angpt4 is
conserved in mammals. The essential and conserved function of
Angpt4 as well as the novel mechanisms involving cellular coor-
dination may shed light on treatments of human heart disease.
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