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The Cre-loxP-mediated genetic lineage tracing system is essential for constructing 
the fate mapping of single-cell progeny or cell populations. Understanding the 
structural hierarchy of cardiac progenitor cells facilitates unraveling cell fate and 
origin issues in cardiac development. Several prospective Cre-loxP-based lineage-
tracing systems have been used to analyze precisely the fate determination and 
developmental characteristics of endocardial cells (ECs), epicardial cells, and 
cardiomyocytes. Therefore, emerging lineage-tracing techniques advance the 
study of cardiovascular-related cellular plasticity. In this review, we illustrate the 
principles and methods of the emerging Cre-loxP-based genetic lineage tracing 
technology for trajectory monitoring of distinct cell lineages in the heart. The 
comprehensive demonstration of the differentiation process of single-cell progeny 
using genetic lineage tracing technology has made outstanding contributions to 
cardiac development and homeostasis, providing new therapeutic strategies for 
tissue regeneration in congenital and cardiovascular diseases (CVDs).
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Introduction

Understanding the origin and fate of cardiac progenitor cells is of great significance for 
unraveling the developmental properties of main cardiac cell lineages and the pathogenesis of 
various cardiac diseases. The heart contains a extraordinarily complex lineage of cells, primarily 
cardiomyocytes and non-cardiomyocytes. Nuclear bomb test-derived 14C and genetic cell-
lineage tracing analysis revealed that cardiomyocytes account for 25–35% of all cells in the heart, 
with the remainder being non-cardiomyocytes including endothelial cells (ECs), mesenchymal 
cells, hematopoietic stem cells, and fibroblasts (1–3). To further reveal the characteristics of 
cardiac cell lineages, cardiac cardiomyocyte counts were measured in 29 subjects ranging in age 
from 1 month to 73 years. The number of cardiomyocytes remains constant throughout human 
life, and the cardiomyocyte turnover rate is less than 1% per year in adult cardiomyocytes (1). 
In recent years, the continuous development and innovation of genetic lineage tracing 
technology have promoted the study of the developmental characteristics and function of 
cardiac cell lineages. The genetic lineage tracing tools based on cyclization recombinase (Cre) 
and site-specific locus of x-over, P1 (loxP) homologous recombination elucidate the 
characteristics of the developmental origin and fate of cells in different organs (4). Cre-loxP 
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provides a new research tool for further revealing the regeneration, 
homeostasis and pathogenesis of cardiac tissue (5). The regulatory 
mechanisms of cell origin and fate elucidated the fate and fate 
plasticity of various cell progeny in humans.

With the advancement of a prospective study, the accuracy of 
Cre-loxP-mediated genetic lineage-tracing systems has been 
constantly iterated and updated. Many new genetic lineage tracking 
systems for different cell lineages have been developed, such as 
epicardial progenitors, epicardial cells, and cycling cardiomyocytes. 
Zhou Bin et  al. (6) applied a genetic lineage tracing system to 
effectively monitor the development of endocardial cell progeny over 
a prolonged period, denying the contribution of cardiac fibroblasts 
(CFs) to angiogenesis. Mapping all proliferating cells and their 
progeny in the heart by Ki67 single-cell mRNA sequencing and 
genetic lineage tracing found no evidence of a quiescent cardiac stem 
cell population. Dual recombinases dramatically improved the 
precision of genetic lineage tracing and reduced pitfalls in lineage-
tracing studies due to Cre expression in pre-existing non-targeted 
cells. The lineage tracing system based on dual-recombinase-induced 
cross-reporter genes is called dual-recombinase-activated lineage 
tracing with an interleaved reporter (DeaLT-IR) (7). This site-specific 
recombination at the DNA level is permanent and irreversible and is 
an indispensable aid in studying cardiac structural development and 
congenital heart disease.

CVDs remains the leading cause of death in Western countries, 
including myocardial infarction, myocardial hypertrophy, 
hypertension, and congenital diseases, which seriously threaten 
human life and health (8). In recent years, the American Heart 
Association (AHA) and the Centers for Disease Control and 
Prevention (CDC) have reported that mortality from CVDs has 
declined. Still, it remains a heavy health and economic burden for the 
United  States and the world (9). Studies have shown that most 
cardiomyocytes exit the cell cycle shortly after birth and eventually 
become terminally differentiated cells (10, 11). The heart has minimal 
regenerative capacity compared to organs, such as the liver, skin, and 
skeletal muscles (12). Even if the heart is injured, it is difficult to 
re-enter the proliferative cycle. Therefore, any loss of cardiomyocytes 
is irreversible and may cause or exacerbate heart failure. In 2011, 
genetic fate mapping revealed that most cardiomyocytes in 
regenerating tissues were derived from pre-existing cardiomyocytes, 
that is, by direct division of cardiomyocytes (13). Genetic 
lineagetracing studies of epicardial cells have revealed several 
previously unexplored cardiomyocyte progenitor populations, with 
significant implications for cardiomyocyte origin in the 
interventricular septum and atrioventricular wall. Therefore, achieving 
selective and more precise control is a core criterion for Cre 
recombinase-based cell fate lineage tracing. Following cardiac injury, 
genetic fate mapping provides a potential therapeutic strategy and 
theoretical framework for vascular and myocardial tissue regeneration 
and repair.

Genetic lineage tracing

In the 1960s, as the use of lineage tracing in cell development 
increased, the technology was constantly updated and reinvented. In 
the process of egg cell division, cell lineage effectively infers that the 
differentiation fate of specific cells in the early embryo is uncertain due 

to several factors (14). Using genetic lineage tracing to effectively 
reveal the growth pattern of high clonal potential cancer stem cells 
and the fate determination and proliferative potential of individual 
tumor cells (15). It is also an essential tool for studying the fate 
properties of adult mammalian tissue stem cells. Throughout the 
lineage tracing system, the fate of a single cell is indiscriminately 
passed on to offspring, resulting in a set of stable and permanently 
marked clones (16). It is worth noting that genetic markers will not 
affect the normal life activities and properties of neighboring cells. At 
the same time, recent advances in single-cell sequencing (17–19) to 
elucidate cell type composition present enormous opportunities and 
challenges. To enable this marker to identify and classify cells as 
accurately as possible, single-cell transcriptomic-based lineage tracing 
improves the resolution and reliability of progeny differentiation 
trajectories. Lineage tracing provides a powerful means of 
understanding the relationship between tissue regeneration, 
homeostasis, and disease, especially when it is cross-talked with 
signals that regulate cell fate decisions.

In addition to the traditional Cre-loxP system, Dre expression 
from the En1 (Dre)-rox recombinase system is also an essential 
technical means to precisely track the cell fate of some progenitor and 
stem cells (20, 21). However, Cre recombinase may be confounded in 
non-target cells and thus affect the accuracy of cell fate tracking. The 
Cre-loxP and Dre-rox recombinase systems carry different reporter 
genes, such as the ZsGreen and tdTomato reporter genes, which can 
eliminate the interference of non-target cells by precisely identifying 
specific and staggered sites (7). This was further demonstrated by the 
tracer study of cardiomyocytes, which were labeled and induced by 
crossing IR and constitutive Tnni3-Dre and αMHC-MerCreMer mice. 
As a result, the Tnni3-labeled cardiomyocytes were all tdTomato+. 
Thus, expression of the Dre-rox mediated recombination system 
inhibited tamoxifen (TAM)-induced Cre-loxP recombination in 
cardiomyocytes. This system of dual recombinases precisely acting on 
cross-reporter genes addresses untargeted and unintentional lineage 
tracing (22). By the same principle, using a dual histone-mediated 
genetic system revealed the inability of peritoneal or pleural 
macrophages to invade deep organs for organ regeneration during 
lung and liver injury (23).

Principles and approaches of the 
Cre-loxp system

Cre recombinase is a 38 kDa protein encoded using P1 
bacteriophage, which is highly conserved and catalytically active and 
can efficiently achieve site-specific DNA fragmentation and 
recombination both in vivo and in vitro (24–26). Similarly, the locus 
of crossing over in phage P1 (27, 28) is also derived from the P1 phage, 
composed of two 13 bp inverted repeats and an 8 bp sequence in the 
middle. It is a specific site for Cre recognition and recombination. 
According to the site orientation of the loxP sequence, Cre 
recombinase can efficiently excise site-specific DNA, sequence 
inversion, the exchange of double strands or chromosomal 
translocation (29, 30). The primary condition for the Cre-loxp system 
to recombine is that the flanking sequence of a DNA fragment to 
be deleted or recombined must contain 13 bp of floxed DNA sequence. 
Second, cells and animals carrying loxP DNA must drive the cell-
specific expression of Cre recombinase, including DAG, ATCB, c-Kit, 
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Ki67, and αMHC. Since the birth of Cre-loxP technology in 1981, as 
of 2015, more than 3,000 research reports have been recorded in the 
PubMed database (31). Consequently, the potential for the application 
of Cre technology is unparalleled. Cre-loxP system initially focuses on 
achieving the expression or deletion of target cell genes and 
constructing conditional gene expression and knockout mice (32, 33). 
The Cre recombinase-constructed mice are crossed with flox mice, 
and Cre accurately recognizes the specific site of the target gene to 
obtain transgenic or knockout mice. Notably, conditional gene 
expression mice showed a lox-stop-lox (LSL) sequence upstream of 
the target gene. When the specific Cre recombinase excises the LSL 
sequence, it further activates the expression of the downstream gene 
of interest (GOI) (34).

With the development and application of Cre-loxP technology, 
gene regulatory functions and disease prevention of cell populations 
have been widely monitored in various tissues and environments. 
TAM binds to the estrogen receptor (ER) to activate the expression of 
Cre recombinase, collectively referred to as the inducible Cre-loxP 
system, also known as the CreER system. After TAM was injected into 
mice, the complex formed by CreER and heat shock protein 90 
(HSP90) (35, 36) dissociated and nuclearly translocated, in turn 
activating the Cre-loxP system (Figure  1). In addition, several 

indicators were selected for specific single-cell lineage tracing, such as 
LacZ, GFP, red fluorescent protein (RFP), tdTomato, and Cherry. 
Activation of specific ERs using TAM and doxycycline (DOX) forms 
an inducible Cre-loxP system that can be used to study gene function 
at specific stages of an organism’s developmental process, mainly in 
the CreER and CreTet systems (4, 37, 38). The inducible Cre-loxP 
system improves its precision and spatiotemporal specificity, revealing 
gene function and cell lineage tracing studies at specific stages.

Advances in genetic lineage tracking 
technology

The Cre-loxP system (39) controls the activation or repression of 
tissue-specific gene function, and expression in progenitor cells 
generates progeny cells that are labeled by reporter genes, and this 
genetic marker is heritable and permanent (40, 41). To 
comprehensively understand the characteristics and limitations of 
tissue development at various levels, stages, time, and space, new 
genetic lineage tools based on Cre-loxP have emerged, including the 
DeaLT-IR system (7) and the proliferation tracer (ProTracer) system 
(42) (Figure 2). In recent years, the Cre-loxP system has been widely 

FIGURE 1

Principles and approaches of inducible Cre-loxP-mediated site-specific recombination. (A) Conditional gene activation. After TAM administration, Cre 
recombinase enters the nucleus to excise lox-stop-lox (LSL), resulting in the expression of the downstream gene of interest (GOI). (B) Conditional gene 
knockout. After TAM administration, Cre recombinase binds to the estrogen receptor (ER). It undergoes nuclear translocation, excising the loxP 
sequences that flank the same direction at both ends of the specific target gene. (C) Genetic lineage tracing using Cre-loxP. The Cre-loxP system 
tracks single-cell fate and origin by triggering the expression of the targeted cell indicator. The Cre-induced lox-stop-lox (LSL) sequence was 
recombined, and the translation stop codon was excised. Various fluorescent proteins are expressed in targeted cells as indicators or tracers, 
permanently marking the differentiation fate of cells.
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used in cardiac structural development, especially in cardiac 
cardiomyocyte proliferation, angiogenesis, epicardial formation, and 
cardiac fibroblast fate determination. Therefore, the evolving Cre-loxP 
is an effective research tool for studying CVDs and pathogenesis.

The DeaLT-IR system

Hypoxia and ischemia of cardiomyocytes caused by myocardial 
infarction are often irreversible. The loss of cardiomyocytes eventually 
leads to pathological cardiac remodeling and heart failure, leading to 
the patient’s death (43). Understanding the active localization of 
cycling cardiomyocytes provides conclusive evidence of cardiomyocyte 
proliferation and cardiac repair (44). Although the proliferation of 
pre-existing cardiomyocytes in the heart is consistently recognized, 
the study of the regeneration of endogenous cardiomyocytes has 
technical limitations and challenges. In previous studies, isotope 
labeling (45, 46) and immunofluorescence staining (47) for 
proliferation markers were helpful in observing cardiomyocyte 
proliferation rates. At the same time, the incorporation of nucleotide 
analogs (38, 48) was introduced to track the proliferative potential of 
cardiomyocytes over time. Unfortunately, these tend to confuse 
cardiomyocytes with non-cardiomyocytes. Several emerging genetic 

lineage systems reveal cardiomyocyte fate through precise 
identification and spatiotemporal specificity. At the same time, these 
lineage-tracing techniques have contributed to the debate over the 
existence of embryonic stem cells (CSCs).

In the adult heart, the turnover rate of only a small fraction of 
cardiomyocytes typically remains between 0.45 and 1% (45). The 
severe deficit in cardiomyocyte proliferation makes it difficult to 
alleviate the loss of large numbers of cardiomyocytes during 
myocardial infarction, leading to heart failure and cardiac remodeling. 
Beltrami (49) and Ellison (50) are convinced that endogenous CSCs 
in the heart have the potential to differentiate into cardiomyocytes and 
are involved in regenerative repair and the regulatory functions of the 
heart. However, there has been no consensus on this statement. The 
study of cardiac stem cell populations has been controversial, and c-kit 
lineage-tracing studies have disproved this idea. The DeaLT-IR system, 
which consists of Cre and Dre dual recombinases and IR genes, is 
widely used to exclude the heterogeneous expression of Cre itself to 
prevent the misdirection of Cre-loxP.

In conclusion, TAM activates Kit-CreER in c-Kit+ 
non-cardiomyocytes and generates ZsGreen+ cardiomyocytes after 
cardiac injury due to cardiomyocyte differentiation of c-Kit+ 
non-cardiomyocytes rather than markers of cardiomyocytes 
themselves. The DeaLT-IR system precisely revealed the essential 

FIGURE 2

Advances in the genetic lineage-tracing system: A schematic overview of the DeaLT-IR and ProTracer systems. (A) The Cre-loxP and Dre-rox-based 
DeaLT-IR system sequentially activates the expression of the interleaved reporter (IR) genes R26-rox-tdTomato and R26-loxP-ZsGreen. In contrast to 
conventional lineage tracing, ZsGreen+ labeled CMs are not generated in c-Kit+ non-CMs. (B) Generation of the ProTracer system and identification of 
concentrated regions of CM cell cycle activity. The Ki67-CrexER genotype is converted to the Ki67-Cre genotype, and the reporter gene will 
permanently record the differentiation fate of Ki67+ cycling CM.
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scientific question that c-Kit+ CSCs are not a source of cardiomyocytes. 
Under Cre recombinase and TAM induction, c-Kit+-Cre mice were 
crossed with Tnni3-Dre × Kit-CreER × IR mice to permanently mark 
the differentiation fate of cardiac progeny. The endogenous cardiac 
c-kit cell proliferation ratio is approximately 0.008, which is a 
negligible contribution to the source of new cardiomyocytes. Using 
three reporter gene-tagged mouse tools, including c-kit-H2B-
tdTomato/+, c-kit-nlacZ-H2B-GFP/+, and c-kit-MerCreMer/+; 
ROSA26R-tdTomato/+, the heart-resident c-kit cells were precisely 
tracked and found to have only the potential to develop into ECs, 
rather than cardiomyocytes or smooth muscle cells (43, 51). 
Furthermore, no co-expression of Nkx2.5 could be observed in the 
progeny of kit+-labeled cells in the region where cardiac injury occurs. 
By generating the Ki67 genetic lineage tracing system, all proliferating 
cells in the heart and their progeny were mapped, and no evidence of 
a quiescent CSC population was found (3). Future research on cardiac 
repair and regeneration will be  based on the developmental 
properties of ECs.

The ProTracer system

Numerous markers of cell proliferation are critical means of 
studying cell cycle activity and division. Ki67 (52, 53) is a nuclear 
antigen of proliferating cells widely expressed in all cell cycle phases 
G1, S, G2, and M, except for the stationary G0 phase. The National 
Society of Clinical Oncology lists Ki67 as a biomarker for the routine 
detection of tumors and is included in the pathological evaluation of 
early-stage tumors (54). However, using Ki67 alone to estimate 
cardiomyocyte proliferation may over-calculate the proportion of 
proliferation. 5-ethynyl-2′-deoxyuridine (EdU) is a thymidine analog 
that is easily inserted into replicating DNA molecules as cells 
proliferate (55, 56). An efficient and rapid cell proliferation detection 
analysis based on the conjugate reaction of EdU and dye can effectively 
detect the percentage of cells in the S phase. EdU incorporation assays 
are commonly used to monitor the level of DNA synthesis in mouse 
cardiomyocytes at different developmental stages for segmented and 
continuous labeling.

Phosphorylated histone 3 (pH3) (57, 58) is phosphorylated on 
histone serine 10 and is a mitosis marker. Phosphorylation of H3 is 
highly conserved and occurs in specific phases and chromosomal sites 
in mitosis and meiosis, but the phosphorylation level is often highest 
in the metaphase. Aurora B is a mitotic serine/threonine protein 
kinase that localizes to the central spindle body during late division 
(59, 60). Aurora B is involved in forming the central spindle, regulates 
the formation of contractile rings and the cytokinesis cut-off 
checkpoint and is a transient structure formed during cytokinesis. 
However, these markers are suitable only for tracking the proliferation 
of cardiomyocytes at a specific moment. They are unable to 
continuously track the developmental fate of cardiomyocytes for a 
long time. The Cre-loxP-mediated genetic lineage tracing system has 
emerged, which continuously and accurately marks the characteristics 
of cell fate and will serve as a powerful helper in the study of 
cardiomyocyte proliferation. New technical elements are constantly 
enriched, which is conducive to further uncovering the underlying 
mechanisms of cardiac development, disease, and regeneration and 
repair. Genetic lineage tracing provides obviously evidence, especially 
during cardiomyocyte proliferation.

The Ki67-CrexER genotype was converted to the Ki67-Cre 
genotype under initial TAM induction by generating a cross between 
Ki67-CrexER and the R26-DreER mouse (42, 61). The proliferation 
tracer (ProTracer) (42) system permanently records GFP-tagged Ki67+ 
cells, addressing the bottleneck of the inability to continuously track 
and monitor cardiomyocyte cycle activity. In addition, the study 
showed that the efficiency of ProTracer in labeling the cardiomyocyte 
cycle was not significantly different from that of the isotopic method 
(46). Once TAM initiates the expression of DreER, Dre recombinase 
converts inducible Ki67-CrexER to constitutive Ki67-Cre. The 
ProTracer system continuously tracks single-cell progeny, enabling 
high-resolution, low-signal-to-noise seamless tracking of 
cardiomyocyte proliferation fate. The cardiomyocyte-specific 
ProTracer system was generated by hybridizing the cardiomyocyte-
targeting virus AAV9-Dre with Ki67-CreER and R26-GFP mice. 
AAV9 is a myocardial-targeting virus that specifically infects 
cardiomyocytes. Therefore, the researchers used cardiomyocyte-
targeting viruses to uniquely initiate the ProTracer recording system 
in cardiomyocytes. The system excludes the interference of a large 
number of non-cardiomyocytes. Immunofluorescence staining 
showed that 80% of GFP+ cardiomyocytes were labeled near the heart’s 
left ventricle (42). Consistent with previous studies, increased 
myocardial cell cycle activity was tracked in the myocardial infarct 
region using the ProTracer system. The ProTracer system precisely 
records the division activity of adjacent paired GFP+ cardiomyocytes 
through sparse labeling experiments.

Fate and origin of newly formed 
cardiomyocytes

The Cre-loxP-mediated genetic lineage tracing system uncovers 
cardiomyocyte fate-determining mechanisms in cardiac development, 
disease, and regeneration. Researchers have demonstrated that cardiac 
regeneration can be triggered after apexectomy in neonatal mice. The 
origin and fate differentiation of cardiomyocytes were further 
examined using genetic lineage tracing. Rosa26-LacZ reporter mice 
were crossed with αMHC-MerCreMer mice (13). Most of the newly 
formed cardiomyocytes in the apex were labeled with LacZ, which 
verified that the newly formed cardiomyocytes were mainly derived 
from existing cardiomyocytes.

American scientists have identified four cell cycle regulators, 
CDK1, CCNB, CDK4 and CCND (62), which achieve stable 
cytokinesis by jointly activating the cell cycle. Due to potential 
errors in using EdU and PH3 as markers for DNA synthesis and 
cytokinesis, a mosaic analysis with double markers (MADM) (63, 
64) lineage tracing system was employed. The cell-specifically 
expressed Cre recombinase was recombined with the a-MHC-
MER-CRE-MER MADM cell line. A single fluorescent protein 
clearly indicated that the cells had undergone division. Cre 
recombinase-based lineage tracing revealed that up to 15–20% of 
cells in the field proliferated after myocardial infarction (62). 
Additionally, the cardiomyocyte differentiation fate of site-specific 
knockout of Hoxb13fl/fl mice was monitored by crossing 
Myh6mERcremER and MADM mice with Hoxb13 mice (48). Loss 
of Hoxb13 initiates the cardiomyocyte cycle, prolongs the window 
of cardiomyocyte proliferation, and improves pathological 
remodeling and fibrosis after myocardial infarction.
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Low-density lipoprotein receptor-related protein 6 (LRP6) is 
indispensable in the canonical myocardial proliferation signaling 
pathway Wnt/β-catenin (65, 66). Alleles and transgenic mouse lines 
for LRP6 were quickly established. α-MHC-MerCreMer-tdTomato 
genetic lineage tracing system is composed of α-MHC-
MerCreMer(Cre+/−) mice, LRP6Flox/Flox mice and Rosa26-tdTomato 
mice (47). To continuously track the cardiomyocyte lineage after Lrp6 
knockout, αMHC-Cre mice were crossed with Rosa26-tdTomato 
mice, and immunofluorescence showed that the Lrp6 knockout 
progeny exhibited strong proliferative ability. Understanding the basic 
biological developmental characteristics of adult cardiomyocytes 
(ACMs) is beneficial for supplementing the formation of new 
cardiomyocytes in the myocardial infarction area and minimizing 
myocardial remodeling and scarring. Hybridization between β-Actin-
green fluorescent protein transgenic mice and Myh6-MerCreMer-
tdTomato/LacZ mice was used to continuously track the division 
process of adult cardiomyocytes (67). Mature ACMs can re-enter the 
cell cycle and form new cardiomyocytes in three steps: (1) 
dedifferentiation, (2) proliferation, and (3) redifferentiation.

As early as 2015, based on Cre recombinase-induced lineage 
tracing, ERBB2 (68, 69) activated the myocardial cycle and 
proliferation to trigger mammalian cardiac regeneration. It is well 
known that Hippo-YAP (70, 71) is a canonical signaling pathway for 
cardiac regeneration. Understanding the interaction mechanism 
between the ERBB2 and the canonical Hippo-YAP signaling pathway 
is effective for cardiac regeneration therapy strategies after myocardial 
infarction. αMHC-MerCreMer mice (72) were crossed with YAP flox 
and ROSA26 tdTomato mice (73) to label the cardiomyocyte lineage 
with tdTomato fluorescent protein. Studies have shown that ERBB2-
driven myocardial proliferation promotes the epithelial-mesenchymal 
transition (EMT) process and the activation of ERK-dependent YAP 
phosphorylation at S274 and S352 (74).

Using the same transgenic mouse lines, the αMHC-MerCreMer 
and R26-tdTomato mice, further expanded our knowledge of cardiac 
regeneration. When cardiomyocytes were exposed to 7% oxygen, 
TAM-induced tdTomato+ cardiomyocytes were heavily labeled (75). 
This research pioneered new insights into the role of moderate 
hypoxia in cardiac regenerative medicine. To investigate the role of 
enzymes related to glycolytic metabolism in cardiac regeneration, 
pyruvate kinase muscle isozyme 2 (Pkm2) (76) came to the attention 
of researchers. CM-specific Pkm2 modified mRNA (CMSPkm2 
modRNA) was used to study the contribution of strong Pkm2 
expression in the cardiomyocyte cycle and proliferation. CMSmodRNAs 
and Rosa26mTmG mouse strains were used as models for lineage tracing, 
and CMSPkm2 or CMSLuc were finally crossed with CMSCre modRNA 
mice to generate GFP permanently labeled cardiomyocytes (77). Thus, 
studies have demonstrated that Pkm2 is an essential positive regulator 
of the myocardial cell cycle and reduces oxidative stress damage. The 
application of genetic lineage tracing provides us with a 
precise concept.

The developmental fate of epicardial 
progenitors

The epicardium is a layer of mesothelial tissue covering the surface 
of the heart, and epicardium-derived progenitor cells with EMT 
properties (78–80). Epicardial-derived progenitor cells (EDPCs) are 

an essential source of vascular smooth muscle cells (SMCs), pericytes 
(PCs), and CFs (Figure 3). In addition, transcription factors released 
by paracrine in the epicardium further trigger cardiomyocyte 
proliferation and cardiac regeneration. Therefore, using a genetic 
lineage tracing system to explore the differentiation fate of epicardial 
cells has prospective implications for cardiac development and 
regenerative repair. Numerous studies have demonstrated that 
epicardial cells provide nutritional and structural support for cardiac 
development and adult cardiac repair (81, 82). Transplantation of 
epicardial cells significantly drives the proliferative and regenerative 
capacity of cardiomyocytes, improving cardiac contractile function 
and therapeutic efficacy.

Moreover, cardiogenic follistatin-like 1 (Fstl1) in the heart 
stimulates cell cycle entry and cardiomyocyte division, which to 
some extent reverses cardiac remodeling after myocardial injury 
(83). Therefore, the precise delineation of cardiac progenitor cell 
fate determination and structural hierarchy will be an essential link 
in the study of cardiac development and disease treatment. In 
previous reports, cardiac progenitor cells expressing pluripotent 
Nkx2-5 and Isl1 transcription factors were reportedly actively 
involved in forming myocardial tissue, ECs, SMCs, and epicardium 
(84, 85). Since Wilms tumor 1(Wt1) and Tbx18 are strongly 
expressed as markers of the epicardium, it has been demonstrated 
that Nkx2-5 and Isl1 cardiac progenitors are involved in forming 
the epicardium during cardiac development. The Cre-loxP system 
was used to precisely track epicardium-specifically expressed 
transcription factors or markers, such as Wt1, Tbx18, Scx and 
Sema3D, TCF21, and GATA4/5. Genetic fate mapping was used to 
study the progeny development of epicardial progenitor cells, 
highlighting the remarkable contribution of cardiac precursors to 
the various cell lineages of the heart.

Wt1+ proepicardial cell

As early as 1990, the Wt1 gene was believed to play multiple roles 
in cell proliferation, RNA metabolism, mesenchymal epithelium and 
tissue homeostasis (86, 87). As a tumor suppressor gene, Wt1 has long 
been used in the model of the Wt1-Cre system and is a reliable marker 
of the origin and fate of embryonic ECs (88). Using the transcription 
factor Wt1 to label cardiogenic precursors, gene tracing technology 
specifically tracks the final differentiation of cardiogenic progenitor 
cells into various components of the heart, including cardiomyocyte 
generation, diaphragm development, and EMT (89). During the past 
few years, studies have shown that epicardial cells have mainly 
originated from the extracardiac primordium and have played critical 
regulatory roles in embryonic myocardial differentiation and 
cardiovascular vasculature (90). Double-labeling of Rosa26fsLz and 
Z/Red as reporter genes, β-galactosidase (β-gal), or RFP under Cre 
recombinase induction accurately revealed that Wt1 was mainly 
concentrated in the epicardium and scattered in pericardial cells at 
E9.5-E15.5 (91). Notably, some Wt1-Cre-derived cells not only 
differentiated gradually into cardiomyocytes, but these cardiomyocytes 
also had contractile characteristics of kinetics, amplitude, and 
frequency. Moreover, the Wt1-Cre system is indispensable for studying 
epicardial cell fate. Efficient induction of Wt1-CreERT2 by TAM 
circumvents the binding of constitutive alleles to floxed structures 
early in cardiac development (92). Thus, identifying Wt1+ epicardial 
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cells provides potential contributions and value to cardiac repair and 
regeneration potential.

Tbx18+ epicardial cell

Epicardial progenitor cells expressing Tbx18 play critical 
regulatory roles in the early development and fate determination of 
coronary vessels, SMCs, and CFs. Gene knockout revealed that tbx18-
deficient epicardium prevented cell differentiation and migratory 
behavior, causing developmental defects in the coronary vascular 
structure and function (93, 94). Lineage tracing was used to fully 
monitor the properties and hierarchy of the epicardium during 
development. Under the labeling of epicardial cells transcription 
factor Tbx18, the critical components of the heart were formed 
successively at embryonic stage E10.5, and were significantly localized 
near the inner wall of the ventricle and atrium. Next, by constructing 
Tbx18-CRE and R26-RLacZ mice, the fate of several types of cells in 
the embryonic heart was traced (95). Interestingly, the progeny of 
Tbx18-derived cells were not cardiomyocytes, but fibroblasts and 
vascular supporting cells. In adult cardiac lineage tracing analysis, 
Tbx18-labeled bulk progenitor cells differentiate into ventricular walls 
and atrioventricular valves but do not contain ECs.

However, Christoffels et  al. suspect that the limitations and 
sensitivity of artificial expression tests and tools further lead to 
abnormal activation of Cre recombinase in the heart (96). Tbx18-
labeled epicardial cells may not directly promote the formation of 
cardiomyocytes, but are expressed in the myocardium itself (97). 
Although Tbx18 knockout mice died after birth due to congenital 

defects, there were no significant differences in the atrioventricular 
structure and coronary vascular development during the embryonic 
period. This indirectly suggests that Tbx18 is not essential for 
epicardial development during the embryonic period. Notably, the 
co-expression of T-box protein-encoded transcription factor family 
members resulted in redundant effects. By constructing the 
R26-mTmG reporter gene and Tbx18-Cre mouse line, Notch and 
Tgfbr signaling pathways mediate the subversive expression of 
Tbx18VP16  in the epicardium and further affect the premature 
differentiation of SMCs (93). In addition, PCs are considered to 
possess the properties of mesenchymal stem cells (MSCs), but the 
differentiation of endogenous pericyte fate is controversial. PCs and 
vascular SMCs were tracked using the Tbx18-CreERT2 line (98). 
Genetic lineage tracing revealed that PCs and SMCs maintain their 
homogeneity in various pathological settings and do not have 
MSC characteristics.

Scx and Sema3D contributions to coronary 
ECs

The proepicardial organ is a short-lived epicardial cell population 
that eventually migrates to the surface of the heart with most cells 
forming the epicardium. Scleraxis (Scx) and Semaphorin3D (Sema3D) 
are proepicardial markers, but there is heterogeneity in the Tbx18 and 
Wt1 expression domains (78, 99, 100). The contribution of the 
epicardium to coronary ECs remains controversial in previous studies. 
Since other subpopulations exist for the expression markers of Scx and 
Sema3D, the establishment of this subpopulation may yield a different 

FIGURE 3

A Cre-loxP-mediated genetic lineage-tracing system was used to track epicardial fate differentiation. Epicardial-derived progenitor cells (EDPCs) are a 
reliable source of vascular smooth muscle cells (SMCs), pericytes (PCs), and cardiac fibroblasts (CFs) through the transformation of epithelial cells into 
mesenchymal (EMT) cells. Specifically expressing epicardial Cre transcription factors, such as Wt1, Tbx18, Scx and Sema3D, TCF21, and GATA4/5, the 
epicardium can also generate endothelial cells, cardiomyocytes, and ACs. Cre recombinase specifically labels epicardial transcription factors such as 
Wt1, Tbx18, Scx and Sema3D, Tcf21, and GATA4/5. This study found that the epicardium can generate endothelial cells (ECs), cardiomyocytes (CMs), 
and ACs. In addition, the epicardium recruits macrophages (MCs) and promotes CM proliferation through paracrine signaling.
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differentiation fate than Tbx18 and Wt1. By crossing Scx-GFPCre and 
Sema3D-GFPCre mice with R26R-LacZ mice, lineage mapping 
revealed that pre-epicardial cells could give rise to coronary ECs.

Essential role of TCF21, GATA4, and 
GATA5 in the epicardium

Transcription factor 21 (TCF21), a member of the class II basic 
helix–loop–helix (bHLH) family, is widely expressed in the epicardium 
of embryonic mesenchymal origin (101–103). In cardiac development, 
TCF21 activates epicardium-specific fate differentiation by regulating 
EMT. TCF21-LacZ and inducible TCF21-iCre mice with reporter genes 
R26R-LacZ, R26RYFP, and R26R-tdTomato mice were used for 
spatiotemporal gene function analysis and lineage tracing in the heart 
(104, 105). Studies have shown that TCF21 promotes the development 
of CFs and perivascular cells, but contributes little to cardiomyocytes and 
vascular SMCs. Therefore, genetic fate mapping is beneficial for revealing 
the regulatory mechanism of TCF21 on cardiac development and CVDs.

GATA4 (106) and GATA5 (107) are essential for epicardium 
formation and regulate cardiac development and coronary 
angiogenesis. Although it has been reported that the embryonic 
epicardium makes a negligible contribution to coronary ECs, the 
development of lineage tracing techniques may negate this conclusion. 
The emerging G2-Gata4-Cre and GATA5-Cre model mice were 
crossed with R26R-EYFP reporter mice to activate the expression of 
yellow fluorescent protein (108, 109). Genetic lineage tracing revealed 
that G2-GATA4 marks most of the epicardium at an early stage and is 
an integral part of coronary EC generation. In summary, multiple 
types of transcription factors are involved in the differentiation and 
maturation of the epicardium, which in turn regulates cardiac 
development and disease mechanisms.

Genetic fate mapping defines ECS

When myocardial infarction occurs, normal coronary blood is 
blocked, and myocardial cells die in large numbers because they cannot 
get oxygen. In the process of heart repair, exploring the regeneration 
mechanism of coronary vessels is an important research field in the 
treatment of CVDs. Coronary vessels primarily develop from sinus 
endocardial cells (ECs), ventricular ECs, and epicardial cells (110, 111). 
In the early embryonic stage, endocardial cells form coronary ECs, and 
epicardial cells form vascular SMCs, both significantly contributing to 
angiogenesis (112–114). However, whether cardiac injury in adulthood 
leads to coronary angiogenesis remains a mystery. Ubil et al. (115) 
suggest that CFs take on ECs properties through mesenchymal 
endothelial cell transformation after cardiac injury, contributing to 
angiogenesis. However, using genetic lineage-tracing analysis, CFs 
were not further differentiated into ECs involved in angiogenesis (111). 
In 2017, Zhou Bin et al. generated a new genetic lineage-tracing system, 
using Npr3 as an EC marker, to extensively study the fate and origin of 
cardiac ECs throughout the developmental stages. Cardiac cushion 
MCs form as the early embryonic endocardium undergoes an 
endothelial-to-mesenchymal transition.

However, the specific differentiation mechanism of the 
endocardium is unclear. Based on the genetic lineage tracing 
performed by Cre recombinase, a dual-recombinase cross-targeting 

method was developed to improve the specificity of cell targeting 
(116). Fibroblasts, coronary parietal cells and adipocytes (ACs) in the 
heart are all derived from endocardial-derived cushion MCs, 
contributing to understanding the origin of cardiac development. ECs 
ultimately contribute to the coronary vessels of most of the heart. 
Lineage tracing and single-cell RNA sequencing in embryonic and 
adult mouse hearts uncover differential changes and plasticity in the 
transcriptional heterogeneity of coronary ECs (117). VEGF-B potently 
activates the ECs cycle via CreERT recombinase-mediated genetic cell 
lineage tracing (118). Endocardial-derived blood vessels develop 
toward the myocardium, promote the formation of coronary arteries, 
and improve the structure and remodeling of cardiac function. The 
widespread application of gene lineage tracing technology provides a 
strong guarantee of vascular reconstruction after myocardial infarction.

Conclusion and future perspective

Genetic lineage tracing sheds light on the mysteries of 
developmental biology and facilitates deciphering the origin and fate 
of single-cell progeny. Widespread lineage-tracing systems have 
significantly advanced research in cardiac development, homeostasis, 
and tissue regeneration. To meet the requirements of heart development 
and disease prevention, Cre-loxP-based lineage-tracing technologies, 
such as dual recombinases, ProTracer, and MADM systems, are 
constantly innovating, improving the accuracy and stability of lineage-
tracing. Tracking the development of epicardial and ECs reveals the 
components of each structural level of the heart, ruling out previous 
misconceptions. For example, epicardial cells substantially contribute 
to ventricular myocytes, whereas fibroblasts have little involvement in 
forming vascular ECs. The loss of cardiomyocytes after myocardial 
infarction is irreversible, exacerbating pathological remodeling and 
fibrosis of the heart. Supplementation of pre-existing cardiomyocytes 
is an effective means of cardiac regeneration. The lineage-tracing 
system uncovers the scientific question of the origin of cardiomyocytes 
and provides a reliable theoretical basis for the proliferation of 
cardiomyocytes. Moreover, it is controversial whether c-kit-expressing 
cardiac progenitors are the primary source of new cardiomyocytes. 
Lineage tracing has shown that c-kit cells proliferate cardiac ECs, but 
not cardiomyocytes (119, 120). TAM and DOX are generally used as 
time-controlled switches for inducible Cre-loxP initiation. The 
efficiency of site-specific recombination still needs to be improved, 
especially for gene deletion. These emerging tracers dissect cell origin 
and fate more precisely, offering new therapeutic strategies for 
congenital diseases and cardiac regeneration.

The extensive application value of the Cre-loxp system is 
compelling, but has some obvious constraints. The specific expression 
of Cre recombinase in targeted cells guarantees the accuracy of lineage 
tracing. Unfortunately, Cre recombinase expression in non-target cells 
may complicate lineage tracing, confusing tagged progeny cells. After 
the generation of mouse alleles and transgenic lines, the involvement 
of foreign genes may lead to tortuous structures of related genes, 
which may affect the functional expression of normal genes. Therefore, 
the accuracy of cell-lineage tracing is significantly compromised. 
Developing more recombination sites and tracers is an effective 
strategy for circumventing untargeted DNA site-specific 
recombination. Moreover, to enhance the recombination efficiency of 
inducible Cre-loxP, a self-cleavage-inducible CreER (sCreER) (121) 
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came into being. Compared with traditional Cre-loxP, sCreER induces 
gene recombination more efficiently in ECs or fibroblasts. The 
iteration and innovation of genetic lineage tracing will provide further 
contributions and technical support for CVDs.

Author contributions

TW is mainly responsible for drafting the manuscript and 
organizing the graphics. XC, KaW, JJ, XY, and SW assisted in drafting 
the manuscript and design of ideas. CL and KuW reviewed and 
revised the final manuscript. All authors contributed to the article and 
approved the submitted version.

Funding

This work was supported by grant from the National Natural 
Science Foundation of China (81870236, 82070313, and 81770275), 

Taishan Scholar Program of Shandong Province, Major Research 
Program of the National Natural Science Foundation of China (No. 
91849209), and Qingdao Scientific Program (No. 18–6-1-63-nsh).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
 1. Bergmann, O, Zdunek, S, Felker, A, Salehpour, M, Alkass, K, Bernard, S, et al. 

Dynamics of cell generation and turnover in the human heart. Cells. (2015) 161:1566–75. 
doi: 10.1016/j.cell.2015.05.026

 2. Pinto, AR, Ilinykh, A, Ivey, MJ, Kuwabara, JT, D'Antoni, ML, Debuque, R, et al. 
Revisiting cardiac cellular composition. Circ Res. (2016) 118:400–9. doi: 10.1161/
CIRCRESAHA.115.307778

 3. Kretzschmar, K, Post, Y, Bannier-Helaouet, M, Mattiotti, A, Drost, J, Basak, O, et al. 
Profiling proliferative cells and their progeny in damaged murine hearts. Proc Natl Acad 
Sci U S A. (2018) 115:E12245–54. doi: 10.1073/pnas.1805829115

 4. Hyeonhui, K, Minki, K, Sun-Kyoung, I, and Sungsoon, F. Mouse Cre-LoxP system: 
general principles to determine tissue-specific roles of target genes. Lab Anim Res. (2018) 
34:147–59. doi: 10.5625/lar.2018.34.4.147

 5. Martinez-Corral, I, and Makinen, T. Genetic lineage tracing of lymphatic 
endothelial cells in mice. Methods Mol Biol. (2018) 1846:37–53. doi: 
10.1007/978-1-4939-8712-2_3

 6. Tang, J, Zhang, H, He, L, Huang, X, Li, Y, Pu, W, et al. Genetic fate mapping defines 
the vascular potential of endocardial cells in the adult heart. Circ Res. (2018) 122:984–93. 
doi: 10.1161/CIRCRESAHA.117.312354

 7. He, L, Yan, L, Yi, L, Pu, W, Huang, X, Tian, X, et al. Enhancing the precision of 
genetic lineage tracing using dual recombinases. Nat Med. (2017) 23:nm.4437:1488–98. 
doi: 10.1038/nm.4437

 8. Camp, VG. Cardiovascular disease prevention. Acta Clin Belg. (2014) 69:407–11. 
doi: 10.1179/2295333714Y.0000000069

 9. Members, WG, Mozaffarian, D, Benjamin, EJ, Go, AS, Arnett, DK, Blaha, MJ, et al. 
Heart disease and stroke Statistics-2016 update: a report from the American Heart 
Association. Circulation. (2016) 133:e38:–360. doi: 10.1161/CIR.0000000000000350

 10. Soonpaa, MH, Zebrowski, DC, Platt, C, Rosenzweig, A, and Field, LJ. 
Cardiomyocyte cell-cycle activity during preadolescence. Cells. (2015) 163:781–2. doi: 
10.1016/j.cell.2015.10.037

 11. Naqvi, N, Singh, R, Iismaa, SE, Li, M, and Husain, A. Cardiomyocytes replicate 
and their numbers increase in young hearts. Cells. (2015) 163:783–4. doi: 10.1016/j.
cell.2015.10.038

 12. Weinberger, F, and Eschenhagen, T. Cardiac regeneration: new Hope for an old 
dream. Annu Rev Physiol. (2021) 83:59–81. doi: 10.1146/annurev-physiol-031120- 
103629

 13. Porrello, ER, Mahmoud, AI, Simpson, E, Hill, JA, Richardson, JA, Olson, EN, et al. 
Transient regenerative potential of the neonatal mouse heart. Science. (2011) 
331:1078–80. doi: 10.1126/science.1200708

 14. Stent, GS. The role of cell lineage in development. Philos Trans R Soc B Biol Sci. 
(1985) 312:3–19. doi: 10.1098/rstb.1985.0174

 15. Driessens, G, Beck, B, Caauwe, A, Simons, BD, and Blanpain, C. Defining the 
mode of tumour growth by clonal analysis. Nature. (2012) 488:527–30. doi: 10.1038/
nature11344

 16. Kretzschmar, K, and Watt, FM. Lineage tracing. Cells. (2012) 148:33–45. doi: 
10.1016/j.cell.2012.01.002

 17. Grün, D, and Oudenaarden, AV. Design and analysis of single-cell sequencing 
experiments. Cells. (2015) 163:799–810. doi: 10.1016/j.cell.2015.10.039

 18. Kester, L, and Oudenaarden, AV. Single-cell transcriptomics meets lineage tracing. 
Cell Stem Cell. (2018) 23:166–79. doi: 10.1016/j.stem.2018.04.014

 19. Vanhorn, S, and Morris, SA. Next-generation lineage tracing and fate mapping to 
interrogate development. Dev Cell. (2020) 56:7–21. doi: 10.1016/j.devcel.2020.10.021

 20. Brian, S, and Jeffrey, MD. DNA recombination with a heterospecific Cre homolog 
identified from comparison of the pac-c1 regions of P1-related phages. Nucleic Acids 
Res. (2004) 32:6086–95. doi: 10.1093/nar/gkh941

 21. Anastassiadis, K, Fu, J, Patsch, C, Hu, S, Weidlich, S, Duerschke, K, et al. Dre 
recombinase, like Cre, is a highly efficient site-specific recombinase in E. coli, 
mammalian cells and mice. Dis Model Mech. (2009) 2:508–15. doi: 10.1242/dmm.003087

 22. Jin, H, Liu, K, and Zhou, B. Dual recombinases-based genetic lineage tracing for 
stem cell research with enhanced precision. Sci China Life Sci. (2021) 64:2060–72. doi: 
10.1007/s11427-020-1889-9

 23. Jin, H, Liu, K, Tang, J, Huang, X, and Zhou, B. Genetic fate-mapping reveals 
surface accumulation but not deep organ invasion of pleural and peritoneal cavity 
macrophages following injury. Nat Commun. (2021) 12:2863. doi: 10.1038/
s41467-021-23197-7

 24. Austin, S, Ziese, M, and Sternberg, N. A novel role for site-specific recombination 
in maintenance of bacterial replicons. Cells. (1981) 25:729–36. doi: 
10.1016/0092-8674(81)90180-x

 25. Stachowski, K, Norris, A, Potter, D, Wysocki, V, and Foster, M. Mechanisms of Cre 
recombinase synaptic complex assembly and activation illuminated by Cryo-EM. 
Nucleic Acids Res. (2022) 50:1753–69. doi: 10.1093/nar/gkac032

 26. Weng, W, Liu, X, Lui, KO, and Zhou, B. Harnessing orthogonal recombinases to 
decipher cell fate with enhanced precision. Trends Cell Biol. (2021) 32:324–37. doi: 
10.1016/j.tcb.2021.09.007

 27. Hoess, RH, and Abremski, K. Interaction of the P1 recombinase Cre with the 
recombining site loxP. Proc Natl Acad Sci U S A. (1984) 81:1026–9. doi: 10.1073/
pnas.81.4.1026

 28. Henderson, SN. Site-specific DNA recombination in mammalian cells by the Cre 
recombinase of bacteriophage P1. Proc Natl Acad Sci U S A. (1988) 85:5166–70. doi: 
10.1073/pnas.85.14.5166

 29. Nash, HA, and Kitts, PA. Homology-dependent interactions in phage lambda site-
specific recombination. Nature. (1987) 329:346–8. doi: 10.1038/329346a0

 30. Guo, F, and Gopaul, DN. Asymmetric DNA bending in the Cre-loxP site-specific 
recombination synapse. Proc Natl Acad Sci U S A. (1999) 96:7143–8. doi: 10.1073/
pnas.96.13.7143

 31. McLellan, MA, Rosenthal, NA, and Pinto, AR. Cre-loxP-mediated recombination: 
general principles and experimental considerations. Curr Protoc Mouse Biol. (2017) 
7:1–12. doi: 10.1002/cpmo.22

 32. Missirlis, PI, Smailus, DE, and Holt, RA. A high-throughput screen identifying 
sequence and promiscuity characteristics of the loxP spacer region in Cre-mediated 
recombination. BMC Genomics. (2006) 7:73. doi: 10.1186/1471-2164-7-73

https://doi.org/10.3389/fcvm.2023.1085629
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://doi.org/10.1016/j.cell.2015.05.026
https://doi.org/10.1161/CIRCRESAHA.115.307778
https://doi.org/10.1161/CIRCRESAHA.115.307778
https://doi.org/10.1073/pnas.1805829115
https://doi.org/10.5625/lar.2018.34.4.147
https://doi.org/10.1007/978-1-4939-8712-2_3
https://doi.org/10.1161/CIRCRESAHA.117.312354
https://doi.org/10.1038/nm.4437
https://doi.org/10.1179/2295333714Y.0000000069
https://doi.org/10.1161/CIR.0000000000000350
https://doi.org/10.1016/j.cell.2015.10.037
https://doi.org/10.1016/j.cell.2015.10.038
https://doi.org/10.1016/j.cell.2015.10.038
https://doi.org/10.1146/annurev-physiol-031120-103629
https://doi.org/10.1146/annurev-physiol-031120-103629
https://doi.org/10.1126/science.1200708
https://doi.org/10.1098/rstb.1985.0174
https://doi.org/10.1038/nature11344
https://doi.org/10.1038/nature11344
https://doi.org/10.1016/j.cell.2012.01.002
https://doi.org/10.1016/j.cell.2015.10.039
https://doi.org/10.1016/j.stem.2018.04.014
https://doi.org/10.1016/j.devcel.2020.10.021
https://doi.org/10.1093/nar/gkh941
https://doi.org/10.1242/dmm.003087
https://doi.org/10.1007/s11427-020-1889-9
https://doi.org/10.1038/s41467-021-23197-7
https://doi.org/10.1038/s41467-021-23197-7
https://doi.org/10.1016/0092-8674(81)90180-x
https://doi.org/10.1093/nar/gkac032
https://doi.org/10.1016/j.tcb.2021.09.007
https://doi.org/10.1073/pnas.81.4.1026
https://doi.org/10.1073/pnas.81.4.1026
https://doi.org/10.1073/pnas.85.14.5166
https://doi.org/10.1038/329346a0
https://doi.org/10.1073/pnas.96.13.7143
https://doi.org/10.1073/pnas.96.13.7143
https://doi.org/10.1002/cpmo.22
https://doi.org/10.1186/1471-2164-7-73


Wang et al. 10.3389/fcvm.2023.1085629

Frontiers in Cardiovascular Medicine 10 frontiersin.org

 33. Tronche, F, Casanova, E, Turiault, M, Sahly, I, and Kellendonk, C. When reverse 
genetics meets physiology: the use of site-specific recombinases in mice. FEBS Lett. 
(2002) 529:116–21. doi: 10.1016/s0014-5793(02)03266-0

 34. Magnuson, MA, and Osipovich, AB. Pancreas-specific Cre driver lines and 
considerations for their prudent use. Cell Metab. (2013) 18:9–20. doi: 10.1016/j.
cmet.2013.06.011

 35. Schopf, FH, Biebl, MM, and Buchner, J. The HSP90 chaperone machinery. Nat Rev 
Mol Cell Biol. (2017) 18:345–60. doi: 10.1038/nrm.2017.20

 36. Sun, X, Lyu, L, Zhong, X, Ni, Z, and Xu, Q. Application of genetic cell-lineage 
tracing technology to study cardiovascular diseases. J Mol Cell Cardiol. (2021) 156:57–68. 
doi: 10.1016/j.yjmcc.2021.03.006

 37. Song, AJ, and Palmiter, RD. Detecting and avoiding problems when using the 
Cre–lox system. Trends Genet. (2018) 34:333–40. doi: 10.1016/j.tig.2017.12.008

 38. Huang, W, Feng, Y, Liang, J, Yu, H, Wang, C, Wang, B, et al. Loss of microRNA-128 
promotes cardiomyocyte proliferation and heart regeneration. Nat Commun. (2018) 
9:700. doi: 10.1038/s41467-018-03019-z

 39. Kos, CH. Cre/loxP system for generating tissue-specific knockout mouse models. 
Nutr Rev. (2004) 62:243–6. doi: 10.1301/nr2004.jun243-246

 40. Pu, WT, Tian, X, and Zhou, B. Cellular origin and developmental program of 
coronary angiogenesis. Circ Res. (2015) 116:513, 515–30. doi: 10.1161/CIRCRESAHA. 
116.305097

 41. Lee, SE, Rudd, BD, and Smith, NL. Fate-mapping mice: new tools and technology 
for immune discovery. Trends Immunol. (2022) 43:195–209. doi: 10.1016/j.it.2022.01.004

 42. Liu, X, Pu, W, He, L, Li, Y, Zhao, H, Li, Y, et al. Cell proliferation fate mapping 
reveals regional cardiomyocyte cell-cycle activity in subendocardial muscle of left 
ventricle. Nat Commun. (2021) 12:5784. doi: 10.1038/s41467-021-25933-5

 43. Vagnozzi Ronald, J, and Molkentin Jeffery, D. New myocyte formation in the adult 
heart: endogenous sources and therapeutic implications. Circ Res. (2018) 123:159–76. 
doi: 10.1161/CIRCRESAHA.118.311208

 44. Derks, W, and Bergmann, O. Cycling cardiomyocytes: scarce but important in 
recovery from heart infarction? Circ Res. (2021) 128:169–71. doi: 10.1161/
CIRCRESAHA.120.318574

 45. Bergmann, O, Bhardwaj, RD, Bernard, S, Zdunek, S, Barnabe-Heider, F, Walsh, S, 
et al. Evidence for cardiomyocyte renewal in humans. Science. (2009) 324:98–102. doi: 
10.1126/science.1164680

 46. Senyo, SE, Steinhauser, ML, Pizzimenti, CL, Yang, VK, Cai, L, Wang, M, et al. 
Mammalian heart renewal by preexisting cardiomyocytes. Nature. (2012) 493:433–6. 
doi: 10.1038/nature11682

 47. Wu, Y, Zhou, L, Liu, H, Duan, R, Zhou, H, Zhang, F, et al. LRP6 downregulation 
promotes cardiomyocyte proliferation and heart regeneration. Cell Res. (2021) 
31:450–62. doi: 10.1038/s41422-020-00411-7

 48. Nguyen, N, Canseco, DC, Feng, X, Nakada, Y, and Sadek, HA. A calcineurin–
Hoxb13 axis regulates growth mode of mammalian cardiomyocytes. Nature. (2020) 
582:271–6. doi: 10.1038/s41586-020-2228-6

 49. Beltrami, AP and, Barlucchi, Laura, Torella, D, Baker, M, Limana, F, Chimenti, S, 
et al. Adult cardiac stem cells are multipotent and support myocardial regeneration. Cells 
(2003) 114:763–776. doi: 10.1016/s0092-8674(03)00687-1

 50. Ellison, GM, Vicinanza, C, Smith, AJ, Aquila, I, and Nadal-Ginard, B. Adult 
c-kit(pos) cardiac stem cells are necessary and sufficient for functional cardiac 
regeneration and repair. Cells. (2013) 154:827–42. doi: 10.1016/j.cell.2013.07.039

 51. Sultana, N, Zhang, L, Yan, J, Chen, J, Cai, W, Razzaque, S, et al. Resident c-kit(+) 
cells in the heart are not cardiac stem cells. Nat Commun. (2015) 6:8701. doi: 10.1038/
ncomms9701

 52. Gerlach, C, Sakkab, DY, Scholzen, T, Dassler, R, Alison, MR, and Gerdes, J. Ki-67 
expression during rat liver regeneration after partial hepatectomy. Hepatology. (1997) 
26:573–8. doi: 10.1002/hep.510260307

 53. Jiang, G, Li, L, Tao, C, and Zheng, JN. Ki67 is a promising molecular target in the 
diagnosis of cancer. Mol Med Rep. (2015) 11:1566–72. doi: 10.3892/mmr.2014.2914

 54. Yerushalmi, R, Woods, R, Ravdin, PM, Hayes, MM, and Gelmon, KA. Ki67 in 
breast cancer: prognostic and predictive potential. Lancet Oncol. (2010) 11:174–83. doi: 
10.1016/S1470-2045(09)70262-1

 55. Zhao, H, Halicka, HD, Li, J, Biela, E, Berniak, K, Dobrucki, J, et al. DNA damage 
signaling, impairment of cell cycle progression, and apoptosis triggered by 5-ethynyl-2′-
deoxyuridine incorporated into DNA. Cytometry A. (2013) 83:979–88. doi: 10.1002/
cyto.a.22396

 56. Okada, M, and Shi, YB. Cell proliferation analysis during Xenopus metamorphosis: 
Using 5-Ethynyl-2-Deoxyuridine (EdU) to stain proliferating intestinal cells. Cold Spring 
Harb Protoc. (2017) 2017:97717. doi: 10.1101/pdb.prot097717

 57. Wen, L, He, C, Sifuentes, CJ, and Denver, RJ. Thyroid hormone receptor alpha is 
required for thyroid hormone-dependent neural cell proliferation during tadpole 
metamorphosis. Front Endocrinol. (2019) 10:396. doi: 10.3389/fendo.2019.00396

 58. Armache, A, Yang, S, Paz, A, Robbins, LE, and Josefowicz, SZ. Histone H3.3 
phosphorylation amplifies stimulation-induced transcription. Nature. (2020) 583:852–7. 
doi: 10.1038/s41586-020-2533-0

 59. Borah, NA, and Reddy, MM. Aurora kinase B inhibition: a potential therapeutic 
strategy for cancer. Molecules. (2021) 26:1981. doi: 10.3390/molecules26071981

 60. Papini, D, Levasseur, M, and Higgins, J. The Aurora B gradient sustains kinetochore 
stability in anaphase. Cell Rep. (2021) 37:109818. doi: 10.1016/j.celrep.2021.109818

 61. He, L, Pu, W, Liu, X, Zhang, Z, Han, M, Li, Y, et al. Proliferation tracing reveals 
regional hepatocyte generation in liver homeostasis and repair. Science. (2021) 
371:eabc4346. doi: 10.1126/science.abc4346

 62. Mohamed, TMA, Yen-Sin, A, Radzinsky, E, Zhou, P, Huang, Y, Elfenbein, A, et al. 
Regulation of cell cycle to stimulate adult cardiomyocyte proliferation and cardiac 
regeneration. Cells. (2018) 173:104–16. doi: 10.1016/j.cell.2018.02.014

 63. Ali, SR, Hippenmeyer, S, Saadat, LV, Luo, L, Weissman, IL, and Ardehali, R. 
Existing cardiomyocytes generate cardiomyocytes at a low rate after birth in mice. Proc 
Natl Acad Sci U S A. (2014) 111:8850–5. doi: 10.1073/pnas.1408233111

 64. Espinosa, JS, Tea, JS, and Luo, L. Mosaic analysis with double markers (MADM) 
in mice. Cold Spring Harb Protoc. (2014) 2014:pdb.prot080366. doi: 10.1101/pdb.
prot080366

 65. Acebron, SP, and Niehrs, C. β-Catenin-independent roles of Wnt/LRP6 signaling. 
Trends Cell Biol. (2016) 26:956–67. doi: 10.1016/j.tcb.2016.07.009

 66. Janda, CY, Dang, LT, You, C, Chang, J, Lau, WD, Zhong, ZA, et al. Surrogate Wnt 
agonists that phenocopy canonical Wnt and β-catenin signalling. Nature. (2017) 
545:234–7. doi: 10.1038/nature22306

 67. Wang, WE, Li, L, Xia, X, Fu, W, Liao, Q, Lan, C, et al. Dedifferentiation, 
proliferation, and redifferentiation of adult mammalian cardiomyocytes after 
ischemic injury. Circulation. (2017) 136:834–48. doi: 10.1161/CIRCULATIONAHA. 
116.024307

 68. D’Uva, G, Aharonov, A, Lauriola, M, Kain, D, Yahalom-Ronen, Y, Carvalho, S, 
et al. ERBB2 triggers mammalian heart regeneration bypromoting cardiomyocyte 
dedifferentiation andproliferation. Nat Cell Biol. (2015) 17:627–38. doi: 10.1038/
ncb3149

 69. Waks, AG, and Winer, EP. Breast cancer treatment: a review. JAMA. (2020) 
321:288–300. doi: 10.1001/jama.2018.19323

 70. Moya, IM, and Halder, G. Hippo–YAP/TAZ signalling in organ regeneration and 
regenerative medicine. Nat Rev Mol Cell Biol. (2018) 20:211–26. doi: 10.1038/
s41580-018-0086-y

 71. Wang, J, Liu, S, Heallen, T, and Martin, JF. The hippo pathway in the heart: pivotal 
roles in development, disease, and regeneration. Nat Rev Cardiol. (2018) 15:672–84. doi: 
10.1038/s41569-018-0063-3

 72. Sohal, DS, Nghiem, M, Crackower, MA, Witt, SA, Kimball, TR, Tymitz, KM, et al. 
Temporally regulated and tissue-specific gene manipulations in the adult and embryonic 
heart using a tamoxifen-inducible Cre protein. Circ Res. (2001) 89:20–5. doi: 10.1161/
hh1301.092687

 73. Zhang, N, Bai, H, David, KK, Dong, J, Zheng, Y, Cai, J, et al. The Merlin/NF2 
tumor suppressor functions through the YAP oncoprotein to regulate tissue homeostasis 
in mammals. Dev Cell. (2010) 19:27–38. doi: 10.1016/j.devcel.2010.06.015

 74. Aharonov, A, Shakked, A, Umansky, KB, Savidor, A, Genzelinakh, A, Kain, D, et al. 
ERBB2 drives YAP activation and EMT-like processes during cardiac regeneration. Nat 
Cell Biol. (2020) 22:1346–56. doi: 10.1038/ncb3149

 75. Nakada, Y, Canseco, D, Thet, SW, Abdisalaam, S, Asaithamby, A, Santos, CX, et al. 
Hypoxia induces heart regeneration in adult mice. Nature. (2016) 541:222–7. doi: 
10.1038/nature20173

 76. Xie, M, Yu, Y, Kang, R, Zhu, S, Yang, L, Zeng, L, et al. PKM2-dependent glycolysis 
promotes NLRP3 and AIM2 inflammasome activation. Nat Commun. (2016) 7:13280. 
doi: 10.1038/ncomms13280

 77. Magadum, A, Singh, N, Kurian, AA, Munir, I, and Zangi, L. Pkm2 regulates 
cardiomyocyte cell cycle and promotes cardiac regeneration. Circulation. (2020) 
141:1249–65. doi: 10.1161/CIRCULATIONAHA.119.043067

 78. Quijada, P, Trembley, MA, and Small, EM. The role of the epicardium during heart 
development and repair. Circ Res. (2020) 126:377–94. doi: 10.1161/CIRCRESAHA. 
119.315857

 79. Smart, N, and Riley, PR. The epicardium as a candidate for heart regeneration. 
Futur Cardiol. (2012) 8:53–69. doi: 10.2217/fca.11.87

 80. Cao, Y, Duca, S, and Cao, J. Epicardium in heart development. Cold Spring Harb 
Perspect Biol. (2019) 12:a037192. doi: 10.1101/cshperspect.a037192

 81. Bargehr, J, Ong, LP, Colzani, M, Davaapil, H, and Sinha, S. Epicardial cells derived 
from human embryonic stem cells augment cardiomyocyte-driven heart regeneration. 
Nat Biotechnol. (2019) 37:895–906. doi: 10.1038/s41587-019-0197-9

 82. Zhou, B, and Pu, WT. Epicardial epithelial-to-mesenchymal transition in injured 
heart. J Cell Mol Med. (2011) 15:2781–3. doi: 10.3390/jcm5020027

 83. Wei, K, Serpooshan, V, Hurtado, C, Diez-Cuñado, M, Zhao, M, Maruyama, S, et al. 
Epicardial FSTL1 reconstitution regenerates the adult mammalian heart. Nature. (2015) 
525:479–85. doi: 10.1038/nature15372

 84. Moretti, A, Caron, L, Nakano, A, Lam, JT, Bernshausen, A, Chen, Y, et al. 
Multipotent embryonic isl1+ progenitor cells lead to cardiac, smooth muscle, and 
endothelial cell diversification. Cells. (2006) 127:1151–65. doi: 10.1016/j.cell.2006.10.029

https://doi.org/10.3389/fcvm.2023.1085629
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://doi.org/10.1016/s0014-5793(02)03266-0
https://doi.org/10.1016/j.cmet.2013.06.011
https://doi.org/10.1016/j.cmet.2013.06.011
https://doi.org/10.1038/nrm.2017.20
https://doi.org/10.1016/j.yjmcc.2021.03.006
https://doi.org/10.1016/j.tig.2017.12.008
https://doi.org/10.1038/s41467-018-03019-z
https://doi.org/10.1301/nr2004.jun243-246
https://doi.org/10.1161/CIRCRESAHA.116.305097
https://doi.org/10.1161/CIRCRESAHA.116.305097
https://doi.org/10.1016/j.it.2022.01.004
https://doi.org/10.1038/s41467-021-25933-5
https://doi.org/10.1161/CIRCRESAHA.118.311208
https://doi.org/10.1161/CIRCRESAHA.120.318574
https://doi.org/10.1161/CIRCRESAHA.120.318574
https://doi.org/10.1126/science.1164680
https://doi.org/10.1038/nature11682
https://doi.org/10.1038/s41422-020-00411-7
https://doi.org/10.1038/s41586-020-2228-6
https://doi.org/10.1016/s0092-8674(03)00687-1
https://doi.org/10.1016/j.cell.2013.07.039
https://doi.org/10.1038/ncomms9701
https://doi.org/10.1038/ncomms9701
https://doi.org/10.1002/hep.510260307
https://doi.org/10.3892/mmr.2014.2914
https://doi.org/10.1016/S1470-2045(09)70262-1
https://doi.org/10.1002/cyto.a.22396
https://doi.org/10.1002/cyto.a.22396
https://doi.org/10.1101/pdb.prot097717
https://doi.org/10.3389/fendo.2019.00396
https://doi.org/10.1038/s41586-020-2533-0
https://doi.org/10.3390/molecules26071981
https://doi.org/10.1016/j.celrep.2021.109818
https://doi.org/10.1126/science.abc4346
https://doi.org/10.1016/j.cell.2018.02.014
https://doi.org/10.1073/pnas.1408233111
https://doi.org/10.1101/pdb.prot080366
https://doi.org/10.1101/pdb.prot080366
https://doi.org/10.1016/j.tcb.2016.07.009
https://doi.org/10.1038/nature22306
https://doi.org/10.1161/CIRCULATIONAHA.116.024307
https://doi.org/10.1161/CIRCULATIONAHA.116.024307
https://doi.org/10.1038/ncb3149
https://doi.org/10.1038/ncb3149
https://doi.org/10.1001/jama.2018.19323
https://doi.org/10.1038/s41580-018-0086-y
https://doi.org/10.1038/s41580-018-0086-y
https://doi.org/10.1038/s41569-018-0063-3
https://doi.org/10.1161/hh1301.092687
https://doi.org/10.1161/hh1301.092687
https://doi.org/10.1016/j.devcel.2010.06.015
https://doi.org/10.1038/ncb3149
https://doi.org/10.1038/nature20173
https://doi.org/10.1038/ncomms13280
https://doi.org/10.1161/CIRCULATIONAHA.119.043067
https://doi.org/10.1161/CIRCRESAHA.119.315857
https://doi.org/10.1161/CIRCRESAHA.119.315857
https://doi.org/10.2217/fca.11.87
https://doi.org/10.1101/cshperspect.a037192
https://doi.org/10.1038/s41587-019-0197-9
https://doi.org/10.3390/jcm5020027
https://doi.org/10.1038/nature15372
https://doi.org/10.1016/j.cell.2006.10.029


Wang et al. 10.3389/fcvm.2023.1085629

Frontiers in Cardiovascular Medicine 11 frontiersin.org

 85. Zhou, B, Gise, AV, Ma, Q, Rivera-Feliciano, J, and Pu, WT. Nkx2-5-and Isl1-
expressing cardiac progenitors contribute to proepicardium. Biochem Biophys Res 
Commun. (2008) 375:450–3. doi: 10.1016/j.bbrc.2008.08.044

 86. Call, KM. Isolation and characterization of a zinc finger polypeptide gene at the 
human chromosome 11 wilms'tuomr locus. Cells. (1990) 60:509–20. doi: 
10.1016/0092-8674(90)90601-a

 87. Hsu, WH, Yu, YR, Hsu, SH, Yu, WC, Chu, YH, Chen, YJ, et al. The Wilms' tumor 
suppressor Wt1 regulates Coronin 1B expression in the epicardium. Exp Cell Res. (2013) 
319:1365–81. doi: 10.1016/j.yexcr.2013.03.027

 88. Hastie, ND. Wilms' tumour 1 (WT1) in development, homeostasis and disease. 
Development. (2017) 144:2862–72. doi: 10.1242/dev.153163

 89. Hohenstein, P, and Hastie, ND. The many facets of the Wilms' tumour gene, WT1. 
Hum Mol Genet. (2006) 15:R196–201. doi: 10.1093/hmg/ddl196

 90. Manner, J, Rez-Pomares, JM, Macias, D, and Muñoz-Chápuli, R. The origin, 
formation and developmental significance of the epicardium: a review. Cells Tissues 
Organs. (2001) 169:89–103. doi: 10.1159/000047867

 91. Zhou, B, Ma, Q, Rajagopal, S, Wu, SM, Domian, I, Rivera-Feliciano, J, et al. 
Epicardial progenitors contribute to the cardiomyocyte lineage in the developing heart. 
Nature. (2008) 454:109–13. doi: 10.1038/nature07060

 92. Zhou, B, and Pu, WT. Genetic Cre-loxP assessment of epicardial cell fate using 
Wt1-driven Cre alleles. Circ Res. (2012) 111:e276–80. doi: 10.1161/CIRCRESAHA. 
112.275784

 93. Greulich, F, Farin, HF, Schuster-Gossler, K, and Kispert, A. Tbx18 function in 
epicardial development. Cardiovasc Res. (2012) 96:476–83. doi: 10.1093/cvr/cvs277

 94. Wu, SP, Dong, XR, Regan, JN, Su, C, and Majesky, MW. Tbx18 regulates 
development of the epicardium and coronary vessels. Dev Biol. (2013) 383:307–20. doi: 
10.1016/j.ydbio.2013.08.019

 95. Ca, CL, Martin, JC, Sun, Y, Li, C, Wang, L, Ouyang, K, et al. A myocardial lineage 
derives from Tbx18 epicardial cells. Nature. (2008) 454:104–8. doi: 10.1038/nature06969

 96. Christoffels, VM, Grieskamp, T, Norden, J, Mommersteeg, M, Rudat, C, and 
Kispert, A. Tbx18 and the fate of epicardial progenitors. Nature. (2009) 458:E8–9. doi: 
10.1038/nature07916

 97. Zeng, B, Wang, AL, Peng, XF, Chang, LI, Cardiology, DO, Hospital, R, et al. 
Developmental patterns and characteristics of epicardial cell markers Tbx18 and 
Wt1 in murine embryonic hearts. J Biomed Sci. (2014) 18:67–7. doi: 10.1186/1423- 
0127-18-67

 98. Guimarães-Camboa, N, Cattaneo, P, Sun, Y, Moore-Morris, T, Gu, Y, Dalton, ND, 
et al. Pericytes of multiple organs do not behave as mesenchymal stem cells in vivo. Cell 
Stem Cell. (2017) 20:345–359.e5. doi: 10.1016/j.stem.2016.12.006

 99. Levay, AK, Peacock, JD, Lu, Y, Koch, M, Hinton, RB, Kadler, KE, et al. Scleraxis is 
required for cell lineage differentiation and extracellular matrix remodeling during 
murine heart valve formation in  vivo. Circ Res. (2008) 103:948–56. doi: 10.1161/
CIRCRESAHA.108.177238

 100. Katz, TC, Singh, MK, Degenhardt, K, Riverafeliciano, J, Johnson, RL, Epstein, JA, 
et al. Distinct compartments of the proepicardial organ give rise to coronary vascular 
endothelial cells. Dev Cell. (2007) 22:639–50. doi: 10.1016/j.devcel.2012.01.012

 101. Acharya, A, Baek, ST, Banfi, S, Eskiocak, B, and Tallquist, MD. Efficient inducible 
Cre-mediated recombination in Tcf21 cell lineages in the heart and kidney. Genesis. 
(2011) 49:870–7. doi: 10.1002/dvg.20750

 102. Kikuchi, K, Gupta, V, Wang, J, Holdway, JE, and Poss, KD. tcf21+ epicardial cells 
adopt non-myocardial fates during zebrafish heart development and regeneration. 
Development. (2011) 138:2895–902. doi: 10.1242/dev.067041

 103. Hu, H, Lin, S, Wang, S, and Chen, X. The role of transcription factor 21  in 
epicardial cell differentiation and the development of coronary heart disease. Front Cell 
Dev Biol. (2020) 8:457. doi: 10.3389/fcell.2020.00457

 104. Acharya, A, Baek, ST, Huang, G, Eskiocak, B, and Tallquist, M. The bHLH 
transcription factor Tcf21 is required for lineage-specific EMT of cardiac fibroblast 
progenitors. Development. (2012) 139:2139–49. doi: 10.1242/dev.079970

 105. Kanisicak, O, Khalil, H, Ivey, MJ, Karch, J, Maliken, BD, Correll, RN, et al. 
Genetic lineage tracing defines myofibroblast origin and function in the injured heart. 
Nat Commun. (2016) 7:12260. doi: 10.1038/ncomms12260

 106. Watt, AJ, Battle, MA, Li, J, and Duncan, SA. GATA4 is essential for formation of 
the proepicardium and regulates cardiogenesis. Proc Natl Acad Sci U S A. (2004) 
101:12573–8. doi: 10.1073/pnas.0400752101

 107. Zhang, XL, Dai, N, Kai, T, Chen, YQ, and Xu, YW. GATA5 loss-of-function 
mutation in familial dilated cardiomyopathy. Int J Mol Med. (2015) 35:763–70. doi: 
10.3892/ijmm.2014.2050

 108. Carmona, R, Barrena, S, Lopez Gambero, AJ, Rojas, A, and Munoz-Chapuli, R. 
Epicardial cell lineages and the origin of the coronary endothelium. FASEB J. (2020) 
34:5223–39. doi: 10.1096/fj.201902249RR

 109. Cano, E, Carmona, R, Ruiz-Villalba, A, Rojas, A, and Pérez-Pomares, J. 
Extracardiac septum transversum/proepicardial endothelial cells pattern embryonic 
coronary arterio-venous connections. Proc Natl Acad Sci U S A. (2016) 113:656–61. doi: 
10.1073/pnas.1509834113

 110. Liu, Q, Hu, T, He, L, Huang, X, Tian, X, Zhang, H, et al. Genetic targeting of 
sprouting angiogenesis using Apln-CreER. Nat Commun. (2015) 6:6020. doi: 10.1038/
ncomms7020

 111. He, L, Huang, X, Kanisicak, O, Li, Y, Wang, Y, Li, Y, et al. Preexisting endothelial 
cells mediate cardiac neovascularization after injury. J Clin Invest. (2017) 127:2968–81. 
doi: 10.1172/JCI93868

 112. Wu, B, Zheng, Z, Lui, W, Chen, X, Wang, Y, Chamberlain, AA, et al. Endocardial 
cells form the coronary arteries by angiogenesis through myocardial-endocardial VEGF 
signaling. Cells. (2012) 151:1083–96. doi: 10.1016/j.cell.2012.10.023

 113. Zhang, H, Lui, KO, and Zhou, B. Endocardial cell plasticity in cardiac 
development. Dis Regen Circ Res. (2018) 122:774–89. doi: 10.1161/CIRCRESAHA. 
117.312136

 114. Ren, Z, Yu, P, Li, D, Li, Z, and Wang, L. Single-cell reconstruction of progression 
trajectory reveals intervention principles in pathological cardiac hypertrophy. 
Circulation. (2020) 141:1704–19. doi: 10.1161/CIRCULATIONAHA.119.043053

 115. Ubil, E, Stanbouly, S, Bargiacchi, F, Pillai, I, Stefani, E, Vondriska, TM, et al. 
Mesenchymal-endothelial transition contributes to cardiac neovascularization. Nature. 
(2014) 514:585–90. doi: 10.1038/nature13839

 116. Huang, X, Feng, T, Jiang, Z, Meng, J, Kou, S, Lu, Z, et al. Dual lineage tracing 
identifies intermediate mesenchymal stage for endocardial contribution to fibroblasts, 
coronary mural cells, and adipocytes. J Biol Chem. (2019) 294:8894–906. doi: 10.1074/
jbc.RA118.006994

 117. Phansalkar, R, Krieger, J, Zhao, M, Kolluru, SS, and Red-Horse, K. Coronary 
blood vessels from distinct origins converge to equivalent states during mouse and 
human development. Elife. (2021) 10:e70246. doi: 10.7554/eLife.70246

 118. Rsnen, M, Sultan, I, Paech, J, Hemanthakumar, KA, and Alitalo, K. VEGF-B 
promotes endocardium-derived coronary vessel development and cardiac regeneration. 
Circulation. (2020) 143:65–77. doi: 10.1161/CIRCULATIONAHA.120.050635

 119. Elhelaly, WM, Cardoso, AC, Pereira, A, Elnawasany, A, Ebrahimi, S, Nakada, Y, 
et al. C-kit cells do not significantly contribute to cardiomyogenesis during neonatal 
heart regeneration. Circulation. (2019) 139:559–61. doi: 10.1161/CIRCULATIONAHA

 120. van Berlo, JH, Kanisicak, O, Maillet, M, Vagnozzi, RJ, Karch, J, Lin, SC, et al. 
C-kit+ cells minimally contribute cardiomyocytes to the heart. Nature. (2014) 
509:337–41. doi: 10.1038/nature13309

 121. Tian, X, He, L, Liu, K, Pu, W, Zhao, H, Li, Y, et al. Generation of a self-cleaved 
inducible Cre recombinase for efficient temporal genetic manipulation. EMBO J. (2020) 
39:e102675. doi: 10.15252/embj.2019102675

https://doi.org/10.3389/fcvm.2023.1085629
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://doi.org/10.1016/j.bbrc.2008.08.044
https://doi.org/10.1016/0092-8674(90)90601-a
https://doi.org/10.1016/j.yexcr.2013.03.027
https://doi.org/10.1242/dev.153163
https://doi.org/10.1093/hmg/ddl196
https://doi.org/10.1159/000047867
https://doi.org/10.1038/nature07060
https://doi.org/10.1161/CIRCRESAHA.112.275784
https://doi.org/10.1161/CIRCRESAHA.112.275784
https://doi.org/10.1093/cvr/cvs277
https://doi.org/10.1016/j.ydbio.2013.08.019
https://doi.org/10.1038/nature06969
https://doi.org/10.1038/nature07916
https://doi.org/10.1186/1423-0127-18-67
https://doi.org/10.1186/1423-0127-18-67
https://doi.org/10.1016/j.stem.2016.12.006
https://doi.org/10.1161/CIRCRESAHA.108.177238
https://doi.org/10.1161/CIRCRESAHA.108.177238
https://doi.org/10.1016/j.devcel.2012.01.012
https://doi.org/10.1002/dvg.20750
https://doi.org/10.1242/dev.067041
https://doi.org/10.3389/fcell.2020.00457
https://doi.org/10.1242/dev.079970
https://doi.org/10.1038/ncomms12260
https://doi.org/10.1073/pnas.0400752101
https://doi.org/10.3892/ijmm.2014.2050
https://doi.org/10.1096/fj.201902249RR
https://doi.org/10.1073/pnas.1509834113
https://doi.org/10.1038/ncomms7020
https://doi.org/10.1038/ncomms7020
https://doi.org/10.1172/JCI93868
https://doi.org/10.1016/j.cell.2012.10.023
https://doi.org/10.1161/CIRCRESAHA.117.312136
https://doi.org/10.1161/CIRCRESAHA.117.312136
https://doi.org/10.1161/CIRCULATIONAHA.119.043053
https://doi.org/10.1038/nature13839
https://doi.org/10.1074/jbc.RA118.006994
https://doi.org/10.1074/jbc.RA118.006994
https://doi.org/10.7554/eLife.70246
https://doi.org/10.1161/CIRCULATIONAHA.120.050635
https://doi.org/10.1161/CIRCULATIONAHA
https://doi.org/10.1038/nature13309
https://doi.org/10.15252/embj.2019102675

	Cre-loxP-mediated genetic lineage tracing: Unraveling cell fate and origin in the developing heart
	Introduction
	Genetic lineage tracing
	Principles and approaches of the Cre-loxp system
	Advances in genetic lineage tracking technology
	The DeaLT-IR system
	The ProTracer system
	Fate and origin of newly formed cardiomyocytes

	The developmental fate of epicardial progenitors
	Wt1+ proepicardial cell
	Tbx18+ epicardial cell
	Scx and Sema3D contributions to coronary ECs
	Essential role of TCF21, GATA4, and GATA5 in the epicardium

	Genetic fate mapping defines ECS
	Conclusion and future perspective
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

