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Understanding how coronary blood vessels form and regenerate during development and
progression of cardiac diseases will shed light on the development of new treatment options
targeting coronary artery diseases. Recent studies with the state-of-the-art technologies have
identified novel origins of, aswell as new, cellular andmolecularmechanisms underlying the
formation of coronary vessels in the postnatal heart, including collateral artery formation,
endocardial-to-endothelial differentiation andmesenchymal-to-endothelial transition. These
new mechanisms of coronary vessel formation and regeneration open up new possibilities
targeting neovascularization for promoting cardiac repair and regeneration. Here, we high-
light some recent studies on cellular mechanisms of coronary vessel formation, and discuss
the potential impact and significance of the findings on basic research and clinical applica-
tion for treating ischemic heart disease.

The heart pumps blood through blood vessels
of the circulatory system and provides the

body with oxygen, nutrients, hormones, and im-
mune cells. As a pumping muscular organ, the
heart itself needs specialized blood vessels, name-
ly, coronary vessels, to supply blood for the beat-
ing heart muscle cells or cardiomyocytes. Defects
in coronary vessels can lead to myocardial ische-
mia or even heart failure after severe myocardial
infarction. Coronary artery disease (CAD) re-
mains the leading cause of morbidity and mor-
tality worldwide (Benjamin et al. 2018). Once
coronary arteries are obstructed in diseases such

as atherosclerosis, billions of cardiomyocytes die
because of deprivation of oxygen and nutrients
after acute myocardial infarction. As the adult
heart has minimal regenerative capacity, the in-
jured myocardium is eventually replaced by scar
tissue to maintain the structural integrity. How-
ever, the cardiac function is permanently dam-
aged and cannot be restored in the remodeled
heart, leading to heart failure and possibly death.
Therefore, development of new treatment strate-
gies for cardiovascular diseases is urgently need-
ed, and this requiresmore basic knowledge about
how coronary arteries are formed.
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During early embryonic stages, the heart
muscle is oxygenated by passive diffusion of
the blood in the heart chambers. Later, as the
heart grows and the ventricular wall becomes
thicker, oxygen supply through passive diffusion
is insufficient to supply the thickening myocar-
dial wall. The developing heart requires its own
blood vessels that populate and supply blood to
themyocardium.There has been significant pro-
gress in our knowledge of coronary vessel devel-
opment in recent years, with important findings
that the coronary endothelium has multiple cel-
lular origins during development. Multiple sig-
naling pathways have been discovered for the
process. In addition, the preexisting endothelial
cells, endocardium, and fibroblasts of the adult
heart have been proposed to contribute to neo-
vascularization after cardiac injury. The new
mechanisms underlying collateral artery forma-
tion have also been proposed. In this review, we
focus on the cellular mechanisms of coronary
vessel formation in development and in re-
sponse to injury, with some discussion on the
signaling pathways involved in the process.

CORONARY VASCULAR FORMATION IN
FETAL HEART

The coronary vascular plexus first emerges at
embryonic day 11.5 (E11.5), and subsequently
migrates and spreads over the surface of ventri-
cle under the epicardium to form a primitive
coronary vascular network. The origins of the
coronary endothelium have been a topical
subject for debate, with at least four different
developmental origins of coronary vascular en-
dothelial cells identified in the embryonic heart,
namely, the proepicardium/epicardium, sinus
venosus, endocardium, and circulating progen-
itors from the yolk sac (Fig. 1).

Proepicardium/Epicardium Origin

The proepicardium is a transient extracardiac
embryonic tissue that originates at the juncture
between the sinus venosus and the septum
transversum in mice between E9–E11 (Fig. 1;
Gittenberger-de Groot et al. 1998). Proepicar-
dial cells attach to the heart and spread over

the surface of the myocardium to form the epi-
cardium (Männer et al. 2001). The proepicar-
dium was assumed to be the cellular origin of
coronary endothelial cells based on the seminal
studies in chick models (Mikawa and Fischman
1992; Mikawa and Gourdie 1996; Dettman et al.
1998; Pérez-Pomares et al. 2002). In these cell-
tagging and quail-chick chimera experiments,
the labeled proepicardial cells or cells from the
quail proepicardium were found to undergo an
epithelial-to-endothelial transition, and then
contribute to the vascular endothelial cells of
the chicken heart. Following these studies, it
had been widely accepted in the field that coro-
nary vessels arise from the proepicardium. In
recent years, genetic lineage tracing using the
Cre-loxP system has been used inmice as a pow-
erful tool to study cell origin and cell-fate map-
ping during tissue development, homeostasis,
and disease (Fig. 2; Kretzschmar and Watt
2012; Tian et al. 2015). To study the cell-fate
decision of the proepicardial/epicardial cells in
vivo, genetic lineage tracing tools that mark the
proepicardial/epicardial cells, such asGata5-Cre
(Merki et al. 2005), Wt1-Cre (Zhou et al. 2008;
Wessels et al. 2012), Tbx18-Cre (Cai et al. 2008),
and Tcf21-MerCreMer (Acharya et al. 2011),
were generated for fate-mapping studies of the
proepicardium/epicardium by several groups.
Unexpectedly, the genetically labeled proepicar-
dial/epicardial cells give rise to minimal or no
coronary endothelial cells and instead they were
observed to contribute to the majority of fibro-
blasts and smooth muscle cells (Cai et al. 2008;
Zhou et al. 2008; Wessels et al. 2012). One ex-
planation could be that the proepicardium is a
molecularly compartmentalized structure, and
these mouse genetic tools target a subset, but
not all of the proepicardial cells. In a subsequent
study, two new geneticmouse lines (Scx-Cre and
Sema3D-Cre) were used to label the proepicar-
dial cells, which are largely distinct from those of
Tbx18-Cre and WT1-Cre labeled cells. Scx-Cre
and Sema3D-Cre labeled proepicardial cells
were found to contribute coronary endothelial
cells (Katz et al. 2012). In addition, a recent
report based on the G2-Gata4Cre transgene
also showed that proepicardium/epicardium
contributes at least 20% of the coronary arterial
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and capillary endothelial cells of the embryonic
mouse heart (Cano et al. 2016). However, in
these studies, constitutive rather than inducible
Cre mouse lines were used, confounded by the
fact that Cre labels any cells with history of its
expression from the emergence of coronary ves-
sels to the time point of analysis and, as such, if
any endothelial cell expresses the transgene/Cre
during the period of fate mapping, even tran-
siently, the results of constitutive Cre-based lin-
eage tracing would be overinterpreted. Genetic
lineage tracing analysis using inducible CreER is
required to inform on the contribution of pro-
epicardium to the formation of the coronary
endothelium.

Sinus Venosus Origin

A recent study has reported that the coronary
arteries are derived from endothelial sprouts of
the sinus venosus, a transient structure of ve-
nous inflow track that returns the blood to the

embryonic heart (Fig. 1; Mommersteeg et al.
2010). By using whole heart histology and car-
diac organ culture, Red-Horse and colleagues
reported that venous endothelial cells dedif-
ferentiate to form progenitor cells first as they
migrate onto themyocardium and then rediffer-
entiate into arterial endothelial cells, and also
veins and capillaries that form the entire func-
tional vascular network (Red-Horse et al. 2010).
Clonal analysis via VE-cadherin-CreER trans-
gene for labeling endothelial cells showed that
most labeled coronary endothelial cells are clon-
ally related to sinus venous, suggesting sinus
venosus as the major origin of coronary vessels.
Of note, a few coronary endothelial clones that
are located near the interventricular groove have
sister cells of the endocardium but not sinus
venosus, indicating that the endocardium is an
alternative cellular origin of coronary vessels
(Red-Horse et al. 2010). Although this elegant
clonal study supports that the coronary vessels
mainly arise from the sinus venosus and endo-
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Figure 1. Cellular origins of coronary endothelial cells in embryonic mouse heart. (A) The cartoon figure shows
the structures of sinus venous (SV), endocardium (Endo), and proepicardium (PE) in the E10.5 mouse embryo.
(V), ventricle; (A), atrium; (AVC), atrioventricular canal; (LS), liver sinusoid. (B) Erythromyeloid progenitors
(EMPs) generated in the yolk sac (YS) endothelium. (C) There are four cell sources for coronary endothelial cells
(CoECs) in the fetal heart: SV, endocardium, proepicardium, and EMPs.
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cardium, direct lineage tracing evidence is lack-
ing. A subsequent study employing Apln-CreER
or Apj-CreER demonstrated that most intra-
myocardial coronary arteries in the ventricle
wall are primarily derived from the subepicar-
dial endothelial precursors that originate from
the sinus venous (Tian et al. 2013; Chen et al.
2014). Relatively few coronary vessels of the in-
terventricular septum were derived from Apln-
CreER or Apj-CreER labeled subepicardial en-
dothelial precursors (Tian et al. 2013; Chen
et al. 2014), indicating that the coronary vessels
of the interventricular septum are derived from
other sources, such as the endocardium.

Endocardium Origin

The endocardiumwas first described as a source
of coronary vessels by clonal analysis using
VE-cadherin-CreER (Red-Horse et al. 2010),
which showed some, but not most, of the coro-
nary endothelial clones are associated with en-

docardium, and, moreover, blood islands were
proposed as the endocardium-derived vascula-
tures. Because VE-cadherin is more weakly
expressed in the endocardium than coronary
vascular endothelial cells, the clonal analysis
based on VE-cadherin could shift toward label-
ing of vascular endothelial cells rather than
endocardium. To address whether ventricular
endocardium gives rise to coronary vessels, a
more specific marker is required to distinguish
ventricular endocardium, sinus venosus, and
coronary vascular endothelial cells. Nfatc1 was
supposed to be expressed strongly in endocar-
dium (Zhou et al. 2005).Wu and colleagues took
advantage of Nfatc1-Cre to trace the cell fate of
endocardium, and found that Nfatc1-Cre-la-
beled cells give rise to the majority of the coro-
nary vessels (Wu et al. 2012). This is in contrast
with the conclusion that sinus venosus is the
major cellular origin of coronary vessels (Red-
Horse et al. 2010; Tian et al. 2013; Chen et al.
2014). Indeed,Nfatc1-Cre-labeled cells were also
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Figure 2.Genetic lineage tracing by Cre-loxP recombination. (A) Diagram of constitutive genetic lineage tracing
strategy. Cre is under the control of a tissue-specific promoter and reporter is on Rosa26 locus where there is
STOP sequence flanked by loxP before the reporter. In Cre+ cells, Cre-loxP-mediated recombination removes the
STOP sequence and leads to labeling (e.g., GFP) of Cre+ cells and all their descendants (with or without Cre
expression). (B) Diagramof inducible genetic lineage tracing strategy. CreER, a fusion protein of Cre and estrogen
receptor (ER), is located in the cytoplasm. In the presence of tamoxifen, CreER is translocated to the nucleus,
where CreER-loxP recombination removes the STOP sequence to label the CreER+ cells and their descendants.
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observed in a subset of sinus venous cells (Zhou
et al. 2005). As Nfatc1-Cre is constitutively
expressed, if Nfatc1 is expressed in the sinus
venous or the coronary endothelial cells (Combs
et al. 2011) at any time, even transiently during
development, the lineage tracing results by
Nfatc1-Cre are likely to be overinterpreted. To
circumvent the limitation of Nfatc1-Cre-based
lineage tracing, Zhang et al. identified a novel
endocardial gene Npr3 by single-cell gene ex-
pression analysis. Npr3 is expressed in the ven-
tricular endocardium but not the sinus venosus
or coronary vasculature (Zhang et al. 2016).
Taking advantage of this unique expression pat-
tern, an inducibleNpr3-CreER was generated to
reexamine the cell fate of the ventricular endo-
cardium in the developing heart (Zhang et al.
2016). Npr3-CreER-labeled-endocardium min-
imally contributed to coronary vascular endo-
thelial cells of the embryonic ventricular free
wall, but contributed to the majority of the vas-
cular endothelial cells of the interventricular
septum (Zhang et al. 2016). Unlike mammals,
the coronary vessels of the zebrafish heart are
proposed to arise from the endocardium rather
than sinus venosus (Harrison et al. 2015), sug-
gesting some evolutionary differences in the or-
igins of coronary endothelial cells exists between
fish, chicken, and mouse.

Circulating Progenitors from the Yolk Sac

After endothelial cells arise from mesenchymal
precursors, termed angioblasts, at early embry-
onic stages, these endothelial cells proliferate,
sprout into avascular tissue regions, and coa-
lesce to form vessels (Coultas et al. 2005). The
current view holds that these endothelial cells
are a self-contained cell lineage, which prolifer-
ate and expand without significant contribution
from circulating precursors (Potente et al. 2011).
Likewise, the coronary vasculature is thought to
arise from proximal to or within the developing
heart and not via external precursors. However,
a recent study by Ruhrberg’s group unexpect-
edly showed that erythromyeloid progenitors
(EMPs) (Fig. 1) from the yolk sac could migrate
to the early developing heart and integrate into
the preexisting vasculatures of the heart (Plein

et al. 2018), emphasizing further the multiple
cellular origins and heterogeneity of the coro-
nary vasculature. Red blood cells and immune
cells arise early in development from their com-
mon precursors called EMPs before hematopoi-
etic stem cells emerge in the embryo. These
EMPs emerge from endothelial cells of the
yolk sac. Using genetic lineage tracing tools,
Ruhrberg and colleagues labeled EMPs specifi-
cally with fluorescent proteins at early stages and
followed their fate at later stages. EMPs, migrat-
ing from the yolk sac into the embryo, reverted
to their endothelial cell fate, and incorporated
into the vasculature of different organs, includ-
ing the heart (Plein et al. 2018). The EMP-
derived endothelial cells were interspersed in
the mesoderm-derived endothelium, and their
coexistence and coordination for functional ves-
sels maintained into adult stages. Whereas the
contribution of EMP-derived endothelial cells
constituted about 60% of the liver vasculature,
particularly the liver sinusoidal endothelium,
the EMP-derived endothelial cells contributed
about ∼10%–20% of the coronary vasculatures
(Plein et al. 2018). Mechanistically, these EMP-
derived endothelial cells express high level of
Hoxa, and specific deletion of Hoxa in EMPs
reduced their contribution to endothelial cells.
The EMP source of vessels is not only important
to our understanding of the developmental bi-
ology that endothelial cells of the organs could
have dual origins (Iruela-Arispe 2018), but also
may provide insights into how the coronary
vascularizes after ischemia. Whether these
EMP-derived coronary endothelial cells behave
differently from mesoderm-derived vessels,
whether EMPs derived from ES or iPS cells
could be transplanted for adult vasculogenesis,
and whether modulating Hoxa gene in EMPs
could be explored in the future to support vessel
growth in the ischemic myocardium are inter-
esting and important questions awaiting further
investigation.

Molecular Mechanism Regulating Coronary
Vessel Development

Because coronary endothelial cells of the embry-
onic heart have multiple developmental origins
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(for now, at least four sources identified), it is
important to delineate the distinct molecular
signaling pathways underlying their differentia-
tion, migration, and formation of cells from
different sources. Development of the sinus ve-
nous-derived coronary vessels requires VEGFC,
which is highly expressed in the cardiomyocytes
of the outflow tract at E13.5 in mice. VEGFC
depletion impaired sinus venous vessel sprout-
ing and growth, while the endocardium-derived
coronary vessels develops rather normally in
VEGFC-deficient hearts (Chen et al. 2014).
The sinus venosus is itself heterogeneous, com-
posed of APJ-positive and -negative endothelial
cells (Arita et al. 2014). Interestingly, myocardi-
um-derived angiopoietin-1 (Ang1) is essential
for the formation of the surface coronary veins,
which are derived from APJ-negative endothe-
lial cells (Arita et al. 2014). The ELABELA-APJ
signaling axis is required for sinus venosus–
derived vessel growth, while endocardium-
derived vessels are not dependent on ELA-APJ
and can expand to compensate for impaired SV-
derived vessel growth in Apj mutants, resulting
in normal adult heart function (Sharma et al.
2017b). In a recent study from Red-Horse’s
group, the chromatin remodeler Ino80 was
shown to be essential for coronary vessel growth
from both SV and endocardium sources (Rhee
et al. 2018). Deletion of Ino80 not only impairs
coronary angiogenesis but also leads to left
ventricular noncompaction (Rhee et al. 2018),
indicating that defective angiogenesis may con-
tribute to noncompaction heart defects. Fur-
thermore, CXCL12 was found to promote the
maturation of the coronary vascular plexus in a
paracrine manner: absence of CXCL12/CXCR4
signaling resulted in defective coronary vessel
formation and late-gestation lethality (Cavallero
et al. 2015; Harrison et al. 2015). The upstream
signal, DACH1 was been shown to stimulate
coronary artery growth through the CXCL12/
CXCR4 signaling axis (Chang et al. 2017) and
CXCL12/CXCR4 signaling also plays an impor-
tant role in coronary artery stem formation
(Ivins et al. 2015). With respect to the molecular
mechanism that specifically regulates endo-
cardial-derived coronary vessels, VEGFA was
reported to play a pivotal role in this process.

Myocardial VEGFA signals through VEGFR1
and VEGFR2 to inhibit and stimulate endocar-
dial cells to undergo angiogenesis, respectively
(Wu et al. 2012; Zhang and Zhou 2013). More
comprehensive reviews on signaling pathways
regulating coronary vessel development, can be
found elsewhere (Tian et al. 2015; Sharma et al.
2017a; Red-Horse and Siekmann 2019).

CORONARY VESSEL FORMATION IN THE
POSTNATAL HEART

There are two distinct layers that comprise the
myocardial wall of the ventricle in embryonic
stages: the outer compact layer and the inner
trabecular layer (Sedmera et al. 2000). The com-
pact myocardium receives oxygen from the cor-
onary vessels, while the trabecular myocardium
is oxygenated by chamber blood through diffu-
sion. After birth, the trabecular myocardium
undergoes compaction, and new coronary ves-
sels emerge in this region to supply oxygen to
the newly formed inner compacted myocardi-
um. For a long time, the coronary vessels of the
inner myocardial wall had been thought to arise
from angiogenic expansion of fetal coronary
vessels (Bernanke and Velkey 2002; Munoz-
Chapuli et al. 2002; Tomanek 2005). Recently,
Tian et al. found that the inner myocardial cor-
onary vessels arise de novo in the neonatal
mouse heart, rather than expansion of preexist-
ing coronary vasculature (Tian et al. 2014). As
Apln is expressed in coronary vascular endothe-
lial cells, but not endocardium (Sheikh et al.
2008; Red-Horse et al. 2010), Apln-CreER
(with tamoxifen induction at E10.5) labels vir-
tually all the embryonic vascular endothelial
cells of the ventricular free wall permanently.
If the postnatal coronary vessels are mainly gen-
erated by expansion of the preexisting vessels,
most, if not all, of the new coronary vessels of
the postnatal heart should be genetically labeled
by Apln-CreER. Surprisingly, Apln-CreER la-
beled coronary vessels are mainly restricted to
the outer compact layer of the postnatal heart,
while the inner myocardial coronary vessels re-
main unlabeled (Tian et al. 2014), indicating
that they form de novo from an alternative
source. The endocardium is closely associated

L. He et al.

6 Cite this article as Cold Spring Harb Perspect Biol 2020;12:a037168



with the inner myocardium, and is considered
to be a possible source of the newly emerged
coronary vessels. To address this question, a
new mouse line, Nfatc1-CreER, was generated
to exclusively label endocardial cells prior to
coronary vessel formation. This mouse line is
different from the previously reported constitu-
tively active Nfatc1-Cre (Wu et al. 2012), which
also labels a subset of sinus venous endothelial
cells in addition to ventricular endocardium. In
the neonatal heart, Nfatc1-CreER labeled the
majority of the de novo formed coronary vessels
of the inner myocardial wall, while few coronary
vessels in the outer myocardial wall are labeled
by Nfatc1-CreER, demonstrating that the endo-
cardial cells transdifferentiated to coronary en-
dothelial cells during trabecular compaction in
the neonatal stage. This study indicates that
there are two distinct coronary vascular popula-
tions (CVPs) in the postnatal mouse heart, the

first CVP labeled by Apln-CreER activation at
E10.5, and the second CVP, originating from
the Nfatc1-CreER-labeled endocardial cells
(Fig. 3). In addition, genetic lineage tracing us-
ing Fabp4-CreER confirmed the existence of two
unique CVPs in the postnatal heart (He et al.
2014). It is likely that the endocardial cells are
trapped during the compaction of trabecular
myocardium (Tian et al. 2017). Hypoxia and
VEGFA are up-regulated during this process,
and induce these endocardial cells to adopt the
vascular endothelial cell fate (Tian et al. 2014). It
would be intriguing to know whether entrap-
ment is required for endocardial cells to switch
into vascular endothelial cells, or whether endo-
cardial cells could migrate into myocardium di-
rectly and form coronary vessels. Because there
is no trabecular compaction in the adult stage, it
would be important that the endocardial cells
could be stimulated again to migrate into myo-
cardium to form new coronary vessels after
cardiac injuries. Further studies are required to
delineate the molecular mechanisms that or-
chestrate the development of coronary vessels
in the neonatal stage, providing better under-
standing of adult neovascularization by remod-
eling and reprogramming endocardial cells.

CELLULAR ORIGINS OF CORONARY
ENDOTHELIUM AFTER CARDIAC INJURY

In the adult heart, angiogenic expansion of the
preexisting coronary vessels is thought to be the
main mechanism of coronary revascularization
following injury. Many studies propose different
sources of endothelial cells to mediate neovas-
cularization, although some of them are still un-
der debate in the field (Fig. 4). Recently, it was
reported that cardiac fibroblasts, including mes-
enchymal stromal cells, can undergo mesenchy-
mal-to-endothelial transition (MEndoT) to
generate vascular endothelial cells after heart
injuries (Ubil et al. 2014). Cardiac fibroblasts
play an important role in maintaining normal
heart function (Davis andMolkentin 2014). Fol-
lowing injury, they proliferate (Moore-Morris
et al. 2016) and are activated to produce extra-
cellularmatrix proteins tomaintain the integrity
of the heart and prevent rupture, a process

E
nd

o

2nd
CVP

1st
CVP

Figure 3. Coronary vascular populations (CVPs) in
the postnatalmouse heart. Cartoon figure shows there
are two CVPs in the postnatal mouse heart. The first
CVP formed in the embryonic stage and expanded to
populate the outer myocardial wall (red area). The
second CVP arose de novo from endocardium
(Endo) in the later embryonic and neonatal stages,
and populates the ventricular septum and inner myo-
cardial wall (green area).
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known as fibrosis. Whereas fibrosis is crucial for
maintaining and restoring cardiac function after
cardiac injuries, excessive fibrosis is considered
to have adverse effects, including pathological
remodeling leading to heart failure. Endothelial
cells have been shown to give rise to cardiac
fibroblast formation during heart development
(Moore-Morris et al. 2014; Chen et al. 2016). In
adult stages, endothelial cells have also been re-
ported to contribute to cardiac fibroblasts
through endothelial-to-mesenchymal transition
(EndoMT) after cardiac pressure overload in
adult mice (Zeisberg et al. 2007). Whether mes-
enchymal cells give rise to endothelial cells
(MEndoT) remains largely unexplored. In a re-
cent report byDeb and colleagues, cardiac fibro-
blasts give rise to coronary endothelial cells after
cardiac injury (Ubil et al. 2014). In this study,
the transgenic mouse line Col1a2-CreER was
used for fibroblast lineage tracing studies. After
myocardial ischemia-reperfusion cardiac injury,
about 30%–40% ofCol1a2-CreER-labeled cardi-

ac fibroblasts were shown to contribute to cor-
onary endothelial cells in the injured site and
this process was p53-dependent. These exciting
data, if correct, suggest entirely new therapeutic
strategies to target patients with deficient coro-
nary blood supply, as recently highlighted
(Miyake and Kalluri 2014). However, the signif-
icant contribution of fibroblasts to endothelial
cells does not reconcile with previous studies
that suggest fibroblasts mainly adopt a myofi-
broblast cell fate after cardiac injury (Moore-
Morris et al. 2014, 2016). A more rigorous as-
sessment of MEndoT is required beyond previ-
ous studies (Miyake and Kalluri 2014; Ubil et al.
2014), to determine the potential for revascular-
ization and therapeutic manipulation after car-
diac injury. Cardiac fibroblasts are a heteroge-
nous population (Ali et al. 2014; Kanisicak et al.
2016; Kaur et al. 2016; Fu et al. 2018); hence, to
reassess MEndoT, multiple genetic mouse tools
(Col1a2-CreER, Col1a2-2a-CreER, PDGFRa-
DreER, Sox9-CreER, Postn-MerCreMer, and

Preexisting CoECs

Endocardial cells

BM cells

Fibroblasts

New CoECs ?

Figure 4. Cellular sources of coronary endothelial cells after cardiac injury. In the adult heart, preexisting
coronary endothelial cells (CoECs) is the major cell source of new CoECs after cardiac injury. Endocardial cells
minimally contribute to CoECs. It remains unclear whether bone marrow (BM) cells contribute to CoECs.
Fibroblasts do not transdifferentiate into CoECs after cardiac injury.
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Tcf21-MerCreMer) have been required to label
distinct subpopulations and trace their cell fate
after cardiac ischemia-reperfusion injury (He
et al. 2017a). Surprisingly, fate-mapping results
based on these genetic tools revealed that cardi-
ac fibroblasts expand substantially after injury,
but do not contribute to vascular endothelial
cells. To independently explore whether nonen-
dothelial cell sources such as fibroblasts contrib-
ute to a substantial number of new endothelial
cells after injury, a series of lineage dilution ex-
periments were performed (He et al. 2017a).
The preexisting coronary endothelial cells were
prelabeled by Cdh5-CreER, Apln-CreER, and
Fabp4-CreER. If the proportion of labeled endo-
thelial cells were significantly reduced after car-
diac injury, this suggests new coronary endothe-
lial cells may arise from nonendothelial cells; if
not, coronary endothelial cells must be derived
from preexisting coronary endothelium. The
three lineage dilution experiments unanimously
demonstrated that most, if not all, new coronary
vessels of the injured heart are derived from pre-
existing coronary endothelial cells, without sig-
nificant contribution from other cell lineages
(He et al. 2017a). Nevertheless, the lineage dilu-
tion experiment has a caveat that if a very small
number of nonendothelial cells contribute (e.g.,
0.1%), then it is not sensitive enough to reveal
this low-level lineage conversion event. To si-
multaneously track nonendothelial cells and en-
dothelial cells in one heart, a dual recombinase
(Cre and Dre)-mediated lineage-tracing ap-
proach (He et al. 2017b; Li et al. 2018) could
be considered for future studies to definitively
address whether nonendothelial cells adopt an
endothelial cell fate after cardiac injury.

Bone marrow (BM) cells in the adult have
been shown to become activated and recruited
to ischemic tissues and differentiate into endo-
thelial cells that incorporate into blood vessels
(Asahara et al. 1997; Takahashi et al. 1999;
Kwon et al. 2008). This was termed postnatal
vasculogenesis for de novo formation of new
vessels; however, it remains controversial as to
whether BM cells can physically incorporate
into vessels or promote tissue angiogenesis
through secretion of growth factors (Rehman
et al. 2003; Bautch 2011). Recent studies utilized

the irradiation-induced endothelial cell injury
model, and found BM-derived cells were re-
cruited to incorporate into blood vessels of the
liver (Singhal et al. 2018). In contrast, BM-de-
rived cells do not give rise to any liver endothe-
lial cells after partial hepatectomy, indicating
that the source of regenerating vasculature
largely depends on the status of residual endo-
thelial cells. This elegant study reconciles many
previous discrepancies on the endothelial cell
fate of BM cells, highlighting that the fitness of
in situ endothelial cells dictates the sources of
regenerating vasculature.Whether BM cells give
rise to coronary endothelial cells after cardiac
injury requires further investigation.

Endocardium is a major source of coronary
endothelial cells during embryonic and neonatal
stages (Wu et al. 2012; Tian et al. 2014); it is
unclear whether endocardial cells of the adult
heart have the potential to give rise to coronary
endothelial cells. Recently, the endocardiumwas
reported as an important source of coronary
arteries to promote vascularization after myo-
cardial infarction (Miquerol et al. 2015). To in-
vestigate the vascular remodeling of coronary
arteries after cardiac injury, Miquerol et al. per-
formed myocardial infarction on Connexin40-
GFP mice, which express GFP in endothelial
cells of coronary arteries, but not in veins,
capillaries, and endocardium. They found new
arterial endothelial foci, termed “endocardial
flowers,” within the injured site of the endo-
cardium, which acquired artery features
(Cx40+, VEGFR2+, endoglin–) and were distinct
from the surrounding endocardium (Cx40–,
VEGFR2–, endoglin+). Genetic lineage tracing
using Cx40-CreER demonstrated that the endo-
cardial flowers develop by arteriogenesis of
Cx40– endocardial cells and by outgrowth of
preexisting coronary artery endothelial cells.
However, the evidence for endocardial contribu-
tion to arteries is indirect, and endocardium-
specific lineage tracing is required to validate
this interesting finding. More recently, another
study by Dubé and colleague also suggested that
the endocardium contributes to neovasculariza-
tion followingmyocardial infarction (Dube et al.
2017). Following myocardial infarction, hyper-
trabeculation was observed in the endocardial
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surface, and medium-sized vessels subsequently
increased below the endocardial surface. This
morphological change of the endocardium was
interpreted as an endocardial contribution to
coronary endothelial cells after myocardial inju-
ry (Dube et al. 2017). To directly assess the cor-
onary endothelial potential of the endocardium
after cardiac injury, separate genetic lineage trac-
ing of the endocardium, based on Npr3-CreER,
has been performed. Four cardiac injury models
(myocardial infarction, myocardial ischemia re-
perfusion, cryoinjury, and transverse aortic con-
striction) were included (Tang et al. 2018).
Npr3-CreER-labeled endocardial cells minimal-
ly contribute to coronary endothelial cells. In-
terestingly, following endocardial cell transplan-
tation, donor cells acquired the properties of
coronary endothelial cells. In addition, the en-
docardium was found to give rise to coronary
endothelial cells in a purse-string, suture-like
cardiac injury model in which endocardial cells
were trapped in the underlying myocardium
(Tang et al. 2018), indicating that entrapment
or location of endocardial cells in the myocardi-
um is required for adult endocardium to trans-
differentiate into coronary vascular endothelial
cells. In the future, it will be important to explore
any growth factors that could stimulate the mi-
gration of endocardial cells and promote a vas-
cular contribution in the injured adult heart.
With more cutting-edge technology and novel
approaches (including more refined cell-fate
mapping tools combined with single-cell RNA
sequencing), an improved understanding of the
cellular sources and process of neovasculariza-
tion may provide novel therapeutic approaches
for treating ischemic heart diseases.

CELLULAR ORIGINS OF COLLATERAL
ARTERIES AFTER ISCHEMIC INJURY

In addition to newendothelial cells (vasculogen-
esis), revascularization can be achieved through
angiogenesis (Carmeliet 2003). However, large
artery formation by angiogenesis is not fast
enough to revascularize the injured myocardi-
um after acute, yet severe, myocardial infarction.
One alternative approach is to induce the devel-
opment of collateral vessels after ischemic injury

(Seiler et al. 2013; Faber et al. 2014). Collateral
arteries are extra blood vessels that bridge two
arteries, forming an alternate blood circulation
route to sustain blood supply downstream of an
occluded artery (Herzog et al. 2002; Helisch and
Schaper 2003). Currently, there are two models
for collateral arteries formation: arteriogenesis
and arterialization (Fig. 5). Arteriogenesis is the
process by which the preexisting small arteri-
oles, with very low or no blood flow, enlarge to
form large conducting arteries. In contrast, ar-
terialization is remodeling of the capillary ves-
sels into new arteries (White et al. 1998; Rocic
et al. 2007; Belmadani et al. 2009; Faber et al.
2014). The proposed models of collateral artery
formation are based on angiography. Because of
the limited resolution of angiography, it has
been challenging to determine which of the
two models underpins collateral artery forma-
tion. With development of genetic technology
andmoremolecular markers specific for subsets
of endothelial cells, there has been recent pro-
gress in elucidating the mechanisms underlying
the formation of collaterals (He et al. 2016; Das
et al. 2019). Here it is important to distinguish
capillaries from arteries with unique genetic
markers. As Apln is specifically expressed in
coronary capillary endothelial cells but not in
arterial endothelial cells, Apln-CreER (tamoxi-
fen induction at P1) was used to specifically label
coronary capillaries for studying collateral ar-
tery formation following myocardial infarction
in the neonatal or adult stage (He et al. 2016).
Apln-CreER-based genetic lineage tracing re-
vealed that collateral arteries were not labeled
by Apln-CreER, indicating that coronary capil-
laries do not contribute to collateral arteries,
that is, collateral arteries are not formed by ar-
terialization (He et al. 2016). Lineage tracing
studies supported that collateral arteries are
mainly derived from remodeling of preexisting
arteries (He et al. 2016).

Recently, a novel collateral artery formation
model was proposed in the neonatal mouse
heart after injury (Das et al. 2019). Myocardial
infarction was performed at P2 and collateral
arteries analyzed at P6 by whole-mount confo-
cal imaging of the intact heart. After injury, nu-
merous collateral arteries appeared, particularly
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in the watershed area that receives blood from
distal branches of two large arteries and where
no preexisting artery exists, suggesting that they
are not developed through arterialization. Then
APJ-CreER (tamoxifen induction at P0) and
Cx40-CreER (tamoxifen induction at P0) lines
were used to label capillary endothelial cells and
artery endothelial cells, respectively, to analyze
collateral artery formation. Consistent with the
previous study (He et al. 2016), APJ-CreER-
labeled capillary endothelial cells rarely present
in collateral arteries, suggesting that collateral
arteries are not derived from arterialization in
neonates. Surprisingly, the forming collateral ar-
teries were primarily derived from Cx40-CreER-
labeled preexisting artery endothelial cells (Das
et al. 2019), which is distinct from arteriogenesis
because they appear from where there is no pre-
existing artery. To explore the mechanism of the
formation of collateral arteries in neonates, ear-
lier time points were examined and endothelial

cell morphology at higher magnification was
analyzed. Single arterial endothelial cells were
found to proliferate and migrate out from the
capillary endothelial layer and then coalesce
with each other to make collateral arteries (Fig.
5; Das et al. 2019). This collateral artery forma-
tionmodel was termed “artery reassembly” (Fig.
5), and was shown to be guided by CXCL12-
CXCR4 signaling. Nevertheless, there is still a
lack of direct evidence for the artery reassembly
model, notably in the absence of time-lapse im-
aging, which is not currently feasible in the
mouse heart. It is still a possibility that a subset
of pre-artery endothelial cells, expressing Cx40,
may assemble into new coronary arteries after
injury, recapitulating the developmental pro-
gram of artery formation (Red-Horse et al.
2010), and it is also possible that the process is
different again in adult stages. It will be impor-
tant to develop improved genetic tracing ap-
proaches with more advanced 3D imaging to

Arterialization Arteriogenesis

Small
arteriole

Collateral
artery

Arterial ECs

Artery reassembly

Block
Capillary
plexus

Figure 5. Models of collateral artery formation in mouse heart. Schematic figure showing three models for
collateral artery formation in mouse heart: arterialization, arteriogenesis, and artery reassembly. Arterialization
is the process of remodeling of capillary vessels into new collateral arteries to compensate the blood supply
downstream of the obstruction. Arteriogenesis indicates small arterioles enlarge to form larger functional
collateral arteries. Artery reassembly is the process that arterial endothelial cells (ECs) migrate away from arteries
along existing capillaries and reassemble into collateral arteries.
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study the mechanisms of neonate collateral ar-
tery formation and to extrapolate to the adult
heart in the future.

CONCLUDING REMARKS

Unraveling the sources of coronary endothelial
cells in heart development and disease provides
new insights into therapeutic neovasculariza-
tion of ischemic diseased or injured hearts.
With more advanced technologies, we are at a
stage of understanding most, if not all, cell
sources and mechanisms for coronary vessel
formation in the developing and adult heart.
The new cellular origins and sources advance
our understanding on how different programs
are employed for blood vessel formation and
these can be exploited for therapeutic gain in
the future. More effort is required to dissect
the signaling pathways that distinctly regulate
discrete programs across the forming and inju-
ry-responsive coronary vasculature, including
endocardium-to-vessel formation and artery re-
assembly, to better inform approaches to insti-
gate therapeutic revascularization.
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