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Abstract: Cardiovascular diseases including coronary artery disease are the leading cause of
death worldwide. Unraveling the developmental origin of coronary vessels could offer important
therapeutic implications for treatment of cardiovascular diseases. The recent identification of the
endocardial source of coronary vessels reveals a heterogeneous origin of coronary arteries in the
adult heart. In this review, we will highlight recent advances in finding the sources of coronary
vessels in the mammalian heart from lineage-tracing models as well as differentiation studies using
pluripotent stem cells. Moreover, we will also discuss how we induce neovascularization in the
damaged heart through transient yet highly efficient expression of VEGF-modified mRNAs as a
potentially therapeutic delivery platform.
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1. Introduction

Recently, it has been reported that heart vessels not only supply nutrients and oxygen to the
heart, but also provide regenerative cues in pathological conditions such as coronary artery disease
and subsequently myocardial infarction (for review, see [1,2]). Every year, approximately 17.5 million
people die from cardiovascular diseases, the leading cause of mortality, accounting for 31% of all
deaths worldwide [3]. Unfortunately, the heart muscle does not significantly regenerate, and disease
progression from blocked heart vessels in some patients cannot be delayed by medical or surgical
interventions, including balloon angioplasty or coronary artery bypass [3]. Therefore, the regeneration
of coronary arteries through stem-cell-based tissue engineering, paracrine-factor-based approaches,
or both offers great potential in the treatment of cardiovascular diseases. Moreover, regenerative
induction that recapitulates normal coronary vessel development is more direct and desirable. Together,
understanding the developmental origins of coronary vessels in the heart could shed light on novel
treatment options for both congenital and adult cardiovascular diseases.

There are three basic tissue layers that form a coronary artery including the endothelial cell,
smooth muscle cell, and fibroblast layers. In fact, the endothelium is the first layer of cells formed
during coronary artery development, and the first site where coronary artery disease begins in adults.
Therefore, identifying the cellular origins and sources of coronary vessels is essential in tracing
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development as well as uncovering mechanisms of coronary artery disease and regeneration. In this
review, we will highlight recent advances in finding the origins and sources of coronary vessels in the
heart using lineage-tracing mouse models and pluripotent stem cell tools. Additionally, we will also
discuss a potential therapeutic delivery platform via the transient yet highly efficient expression of
modified mRNAs for upregulating paracrine factors of interest and inducing neovascularization in the
damaged heart.

2. The Origin of the Vascular System in the Mammalian Heart

By virtue of the Cre/loxp technology, we are now able to perform fate mapping experiments
and specifically trace the origins of the vascular system of the developing heart. Using the Islet1
(Isl1)-Cre lineage tracing mouse model, the multipotent cardiovascular progenitors of the second heart
field, the Isl1+ progenitors, have been found to give rise to vascular smooth muscle and endothelial
cells that form most of the outflow tract region of the developing heart [4]. More recently, using the
Nkx2-5-Cre lineage tracing zebrafish and mouse models, it has also been reported that the Nkx2-5+

progenitors give rise to endothelial cells of the pharyngeal arch arteries that form the great vessels
of the developing heart [5]. Nevertheless, the first heart field progenitors, particularly the Hcn4+

progenitors, are found to give rise to cardiomyocytes only, but neither the vascular smooth muscle
nor the endothelial cells of the developing heart [6]. Furthermore, the WT1+ [7] epicardial progenitors
contribute to the majority of vascular smooth muscle and a small number of endothelial cells [7,8],
and Tbx18+ [9] epicardial progenitors contribute to vascular smooth muscle cells, but not to vascular
endothelial cells of the developing heart. Intriguingly, cardiovascular progenitors that give rise to great
vessels or endocardium of the heart do not seem to make a significant contribution to the development
of coronary vessels, as demonstrated in Isl1-Cre, Nkx2.5-Cre, WT1-Cre, and Tbx18-Cre mice [10,11].
Specifically, although 50% of the endocardium is labeled by Isl1-Cre, only 3% of the coronary vessels
in the outer layer of ventricle wall are derived from the Isl1+ lineage [10]. Altogether, the coronary
vessels could have different origins from the great vessels and endocardium of the mammalian heart.

It was once thought that the coronary vessels were derived by angiogenic sprouting from
pre-existing embryonic vasculatures in the developing heart. Recently, this concept has been
challenged by several reports documenting the (pro)epicardium [7,9], the sinus venosus [12], and the
endocardium [10,13,14] as the major origins of coronary vessels. It is less clear whether (pro)epicardial
cells make any significant contribution to coronary endothelial cells, although a subset of proepicardial
cells is found to generate up to 17% of the coronary endothelial cells in the developing heart [15,16].
In addition, more recent studies show that the proepicardium is not the primary source of coronary
endothelial cells, but of coronary smooth muscle cells, as demonstrated by lineage tracing experiments
using WT1-Cre [7] and Tbx18-Cre [9] mice. A recent study using a G2-Gata4-Cre transgene also
indicates that at least 20% of the embryonic coronary arterial and capillary endothelial cells are derived
from the septum transversum/proepicardial endothelial compartment [17]. To determine the origin of
coronary endothelial cells, histological analysis, clonal assays and cardiac organ culture in mice have
revealed the sinus venosus as a common origin of the endothelium of coronary arteries and veins [12].
Coronary vessels arise from angiogenic sprouting from sinus venosus where blood returns to the
embryonic heart: the sprouting venous endothelial cells dedifferentiate as they migrate and invade the
myocardium, the invading cells differentiate into arteries, and capillaries with cells on the vessel wall
redifferentiate into veins again [12]. These results show that some differentiated venous cells remain
plastic during development; and cardiac signals can direct them to dedifferentiate/redifferentiate into
coronary arteries, capillaries, and veins [12,18].

3. Subepicardial Endothelial Cells Are One of the Major Sources of Coronary Vessels

Recently, the endocardium has been found to be the primary origin of coronary endothelial
cells [10,13,14]. Wu et al. have reported that ventricular endocardial cells generate coronary arteries by
angiogenesis using the Nfatc1-Cre lineage tracing model where Nfatc1 only marks the endocardium but
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not endothelial cells of coronary vessels [14]. Upon transplantation of the Nfatc1-CreeGFP embryonic
ventricle into VEGF120-containing matrigel, the Nfatc1 precursor cells are found to migrate and sprout
through the ventricular wall to form endothelial tubes [14]. Moreover, the myocardial VEGFA to
endocardial VEGFR2 signaling axis is required for endocardial cells to differentiate into coronary
endothelium as no coronary arteries are found in E14.5 Nfatc1-Cre;;Vegfr2fl/fl embryos following
endocardium-specific deletion of VEGFR2 [14]. Intriguingly, coronary veins can be found in these
embryos. In contrast to Red-Horse et al. who propose a common origin for coronary arteries and
veins [12], Wu et al. found that coronary arteries and veins could have a different origin, as the
endocardium is less likely to generate coronary veins [14].

While Wu et al. show that ventricular endocardium is the primary source of intramyocardial
coronary vessels using the Nfatc1-Cre lineage-tracing line [14], Tian et al. demonstrate that only little
ventricular endocardial cells migrate into the myocardium of free ventricular wall in the embryonic
heart [10]. Using the Apelin-1-Cre lineage tracing line, it was found that the Apelin-1-derived
subepicardial endothelial cells are the major source of intramyocardial coronary vessels in the
embryonic heart (E10.5–11.5) which invade the compact myocardium to form coronary arteries
and remain on the surface to produce the vein [10]. Therefore, the coronary arteries and veins
have a common origin in the developing heart. One caveat to the inconsistent observation is that
Nfatc1-Cre not only labels endocardial cells of the ventricles but also a subset of endocardial cells
of atria and sinus venosus. Therefore, it remains possible that coronary vessels are derived from
endocardial cells of the atria and sinus venosus in addition to those from the ventricles [10,13,19].
Indeed, Tian et al. confirm that Apelin-Cre labels the first coronary vascular population derived from
sub-epicardial endothelial cells following tamoxifen induction at E10.5, which ultimately gives rise
to vascular endothelial cells of the outer myocardial wall of neonatal hearts [13]. Nfatc1-Cre labels
the second coronary vascular population, which is located in the interventricular septum and inner
myocardial wall at later embryonic and early neonatal stages [13]. By using the natriuretic peptide
receptor 3 (Npr3) lineage-tracing line, which labels ventricular endocardium but not the sinus venosus,
Zhang et al. showed that Npr3-CreER labeled endocardium minimally contributed to the coronary
endothelium in the embryonic ventricular free wall [19]. Therefore, the ventricular endocardium gives
rise to some coronary vessels, but the majority of coronary vessels are derived from Apelin-Cre-labeled
subepicardial endothelial cells that give rise to endocardial cells of the sinus venosus and atria.
The difference in conclusions in the origins of coronary arteries may be attributed to the difficulty in
finding specific promoters that are expressed by the target cell population of interest. For instance,
Nfatc1 is reported to be expressed in coronary endothelial cells of the developing heart [20]. Nfatc1-Cre
also labels the endocardium that contributes to cardiac fat [21]. Moreover, although the Apln-Cre
lineage tracing line could trace the cell fate of subepicardial endothelial cells at later stages, the tool
alone could not define the origins of these subepicardial endothelial cells that form the majority
of coronary vessels. More advanced technologies are, therefore, needed to identify and accurately
quantify the different origins of coronary vessels.

4. Understanding Vascular Development via Pluripotent Stem Cells

Recently, it has been reported that it is safe to transplant clinical-grade human embryonic
stem cell (hESC)-derived cardiac progenitor cells into patients with severe heart failure [22].
Symptomatic improvement was also observed with evidence of new-onset contractility in the
previously non-revascularized area [22]. Although more detailed analysis in functional efficacy
is needed, pluripotent stem cells such as hESCs are instrumental for recapitulating heart development
and for studying the possible origin of blood vessels both in vitro and in vivo. Using Cre-based lineage
tracing technology and direct differentiation assays in ESC cultures, the blood vessel-forming cells
including vascular smooth muscle cells and endothelial cells are found to be derived from various
cardiovascular progenitors, including Mesp1+ [23,24], Isl1+ [4,25,26], and c-Kit+Sca-1+ [27] cells, to
name a few.
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Specifically, Mesp1 is one of the several transcription factors that have been identified to be
essential in heart development [28]. Mesp1 is found to be the earliest marker with expression detected
at embryonic day 6.5 (E6.5) along the primitive streak. This marks the mesodermal population that
gives rise to both the primary and secondary heart fields [29]. Importantly, severe cardiac defects are
observed in Mesp1-null embryos which usually die at E10.5 [30]. Using the dual cardiac fluorescent
reporter MESP1(mCherry/w)NKX2-5(eGFP/w) line in the hESC system, one observes the pre-cardiac
MESP1+ mesoderm and their further commitment towards the cardiac lineage with activation of the
NKX2-5+ cardiovascular progenitors [31]. In addition, using the ISL1-Cre lineage tracing human ESC
line, one observes commitment of the second heart field cardiovascular progenitors to cardiomyocytes
and vascular smooth muscle and endothelial cells upon direct differentiation in vitro and in vivo [25,26].
Importantly, the Isl1 progenitors mainly contribute to vascular smooth muscle and endothelial cells
of the outflow tract and endocardium of a developing Isl1-Cre mouse heart [4]; moreover, we also
observe co-localization of ISL1+CD31+ cells near the outflow tract region of a human fetal heart [25,26],
indicating the possible commitment of Isl1+ cardiovascular progenitors into large blood vessels of
the heart. Nevertheless, though it remains controversial whether the c-KIT+ progenitors contribute
to cardiomyocytes [32–34], one observes commitment of the c-Kit+Sca-1+ progenitors to vascular
endothelial cells and smooth muscle cells both in vitro and in vivo by purifying and differentiating
c-KIT+ cells from ESCs [27].

5. Driving Vascular Regeneration in the Damaged Heart via Acquired Angiogenesis

Recently, there have been a number of clinical trials in transplanting cardiac stem cells such
as c-kit+ cells [35], cardiosphere-derived cells [36], as well as mesenchymal stem cells [37,38] into
the damaged myocardium with the hope of improving heart function after cell transplantation.
In these trials, direct differentiation of the transplanted cells into functional myocardial cells was
not observed. Instead, the main mechanism by which the transplanted cells improve heart function,
if any, is believed to mediate through the secretion of paracrine factors that are often angiogenic
factors (for review, please see [1,2,39]) that promote a number of repair responses including acquired
neovascularization, increased cell replication, reduced cell death, inhibited hypertrophy, and altered
extracellular matrix deposition. Together, improved blood perfusion, reduced fibrosis, and enhanced
left ventricular function are observed in the ischemic heart treated with transplanted cells. Therefore,
understanding how to acquire local neovascularization and amplify the angiogenic signals in the
injured myocardium might provide an alternative strategy for promoting heart regeneration following
ischemic heart diseases.

A number of angiogenic factors have been proposed to induce neovascularization following
ischemic injury, such as hepatocyte growth factor/HGF [36], insulin-like growth factor-1/IGF-1 [36],
stromal cell-derived factor-1/SDF-1 [40], thymosin beta 4 [41], and vascular endothelial growth
factor/VEGF [26,42]. By virtue of the epicardial WT1-CreER lineage tracing line, one would find that
there is an increase in the adult endogenous WT1-derived cells following myocardial infarction, but
such a slight increase is insufficient to improve heart function after injury; moreover, the WT1-derived
cells are mostly cardiac fibroblasts [7,42]. Importantly, local delivery of angiogenic thymosin beta 4 [41]
or VEGF [42] following myocardial infarction not only induced angiogenesis and improved left
ventricular ejection fraction of the ischemic heart, but also activated the quiescent adult epicardial
progenitor cells to further differentiate into de novo cardiomyocytes in the injured myocardium.
This could avoid the caveats of limited graft survival and immune rejection (for review, see [43,44])
following transplantation of non-self progenitor cells derived from human pluripotent stem cells that
could, in theory, contribute to new cardiac muscle and replace the damaged myocardial cells following
ischemic injury.

Nonetheless, there are possible complications associated with angiogenic factor-based therapy
for ischemic heart diseases such as limited half-life of the protein, or genomic integration and risk of
mutagenesis as a result of viral vector expression. Moreover, prolonged expression of the angiogenic
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factor via DNA plasmids could also introduce unwanted side effects such as edema as a result
of prolonged exposure to VEGF [42]. Indeed, various clinical trials with an attempt to induce
revascularization in the ischemic heart by introducing VEGF recombinant protein, naked cDNA,
non-viral plasmid, or adenoviral plasmid were largely disappointing (for review, see [2]). Recently,
VEGF-containing biodegradable scaffolds such as hydrogel [45], collagen [46,47], or self-assembling
peptide nanofibers (NFs) [48] have been implanted to increase the retention of VEGF in the infarcted
heart, which showed better improvement in revascularization and left ventricular function in the
ischemic heart. However, more studies are underway to determine the long-term efficacy and safety
such as fibrosis and immune rejection against the implanted scaffolds. More recently, we [26,42]
have utilized VEGF-modified mRNAs as a tool for local, transient, and non-immunogenic expression
of VEGF in the ischemic myocardium following myocardial infarction. We demonstrated a highly
efficient VEGF protein expression via modified mRNA in a dose- and time-dependent manner, inducing
local revascularization with improved left ventricular function. Therefore, our results showed that
angiogenic factors such as VEGF in the form of modified mRNA offer therapeutic potential in driving
heart regeneration following ischemic injury. Nevertheless, more studies are needed to prove the safety
and efficacy of using angiogenic factor-based modified mRNA in large animal and primate studies.

6. Future Perspectives

Unraveling the origin of coronary vessels could shed light on development of novel therapeutics
for treating ischemic heart diseases, which often lead to end-stage heart failure. Moreover, the
generation of new blood vessels in the injured heart with an increased secretion of endothelial
cell-derived growth factors, namely angiocrine factors, via transplantation of human pluripotent
stem-cell-derived endothelial progenitor cells or acquired expression of angiogenic factors could also
promote heart regeneration (for review, see [1,2]). In fact, one of the main mechanisms by which the
transplanted “stem” cells such as c-kit+ cells or mesenchymal stem cells repair a damaged heart is
mediated through the secretion of paracrine factors (for review, see [2]). In addition, regeneration
through induction of organ-specific angiocrine factors has also been reported in the liver [49], lung [50],
bone [51], and skeletal muscle [52]. Therefore, the identification of novel organ-specific self-repairing
angiocrine factors promotes regeneration not only of the heart but also, possibly, of multiple organ
systems. Nevertheless, current protocols in inducing de novo differentiation of adult heart progenitor
cells into cardiomyocytes of the damaged myocardium are inefficient; more investigation is needed to
identify novel efficacious angiocrine factors in this regard. Moreover, more research is also needed
to delineate the mechanisms by which angiocrine factors mediate heart regeneration, and to confirm
the safety and efficiency of using novel delivery strategies such as modified mRNA to reintroduce
regenerative angiocrine factors for heart repair.

Acknowledgments: This work was supported by the Research Grants Council of Hong Kong (24110515), the
Health and Medical Research Fund of Hong Kong (03140346), the Croucher Foundation, the CUHK/LiHS Startup
Fund, the CUHK/Seed fund from Lui Chi Woo Institute of Innovative Medicine, CUHK/LiHS studentship, the
Ministry of Science and Technology (2013CB945302, 2012CB945102), and the National Natural Science Foundation
of China (91339104, 91339102, 31271552, 31222038, 31301188, 81430006, 31571503, 31501172).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chien, K.R.; Zangi, L.; Lui, K.O. Synthetic chemically modified mRNA (modRNA): Toward a new technology
platform for cardiovascular biology and medicine. Cold Spring Harb. Perspect. Med. 2015, 5, a014035.
[CrossRef] [PubMed]

2. Lui, K.O.; Zangi, L.; Chien, K.R. Cardiovascular regenerative therapeutics via synthetic paracrine factor
modified mRNA. Stem Cell Res. 2014, 13 Pt B, 693–704. [CrossRef] [PubMed]

3. World Health Organization. Fact Sheets of Cardiovascular Diseases. Available online: http://www.who.int/
mediacentre/factsheets/fs317/en/ (accessed on 1 June 2016).

http://dx.doi.org/10.1101/cshperspect.a014035
http://www.ncbi.nlm.nih.gov/pubmed/25301935
http://dx.doi.org/10.1016/j.scr.2014.06.007
http://www.ncbi.nlm.nih.gov/pubmed/25043723
http://www.who.int/mediacentre/factsheets/fs317/en/
http://www.who.int/mediacentre/factsheets/fs317/en/


J. Cardiovasc. Dev. Dis. 2016, 3, 23 6 of 8

4. Moretti, A.; Caron, L.; Nakano, A.; Lam, J.T.; Bernshausen, A.; Chen, Y.; Qyang, Y.; Bu, L.; Sasaki, M.;
Martin-Puig, S.; et al. Multipotent embryonic Isl1+ progenitor cells lead to cardiac, smooth muscle, and
endothelial cell diversification. Cell 2006, 127, 1151–1165. [CrossRef] [PubMed]

5. Paffett-Lugassy, N.; Singh, R.; Nevis, K.R.; Guner-Ataman, B.; O’Loughlin, E.; Jahangiri, L.; Harvey, R.P.;
Burns, C.G.; Burns, C.E. Heart field origin of great vessel precursors relies on nkx2.5-mediated vasculogenesis.
Nat. Cell Biol. 2013, 15, 1362–1369. [CrossRef] [PubMed]

6. Spater, D.; Abramczuk, M.K.; Buac, K.; Zangi, L.; Stachel, M.W.; Clarke, J.; Sahara, M.; Ludwig, A.; Chien, K.R.
A HCN4+ cardiomyogenic progenitor derived from the first heart field and human pluripotent stem cells.
Nat. Cell Biol. 2013, 15, 1098–1106. [CrossRef] [PubMed]

7. Zhou, B.; Ma, Q.; Rajagopal, S.; Wu, S.M.; Domian, I.; Rivera-Feliciano, J.; Jiang, D.; von Gise, A.; Ikeda, S.;
Chien, K.R.; et al. Epicardial progenitors contribute to the cardiomyocyte lineage in the developing heart.
Nature 2008, 454, 109–113. [CrossRef] [PubMed]

8. Wilm, B.; Ipenberg, A.; Hastie, N.D.; Burch, J.B.; Bader, D.M. The serosal mesothelium is a major source of
smooth muscle cells of the gut vasculature. Development 2005, 132, 5317–5328. [CrossRef] [PubMed]

9. Cai, C.L.; Martin, J.C.; Sun, Y.; Cui, L.; Wang, L.; Ouyang, K.; Yang, L.; Bu, L.; Liang, X.; Zhang, X.; et al.
A myocardial lineage derives from Tbx18 epicardial cells. Nature 2008, 454, 104–108. [CrossRef] [PubMed]

10. Tian, X.; Hu, T.; Zhang, H.; He, L.; Huang, X.; Liu, Q.; Yu, W.; He, L.; Yang, Z.; Zhang, Y.; et al. Subepicardial
endothelial cells invade the embryonic ventricle wall to form coronary arteries. Cell Res. 2013, 23, 1075–1090.
[CrossRef] [PubMed]

11. Cavallero, S.; Shen, H.; Yi, C.; Lien, C.L.; Kumar, S.R.; Sucov, H.M. CXCL12 signaling is essential for
maturation of the ventricular coronary endothelial plexus and establishment of functional coronary
circulation. Dev. Cell 2015, 33, 469–477. [CrossRef] [PubMed]

12. Red-Horse, K.; Ueno, H.; Weissman, I.L.; Krasnow, M.A. Coronary arteries form by developmental
reprogramming of venous cells. Nature 2010, 464, 549–553. [CrossRef] [PubMed]

13. Tian, X.; Hu, T.; Zhang, H.; He, L.; Huang, X.; Liu, Q.; Yu, W.; He, L.; Yang, Z.; Yan, Y.; et al. Vessel formation.
De novo formation of a distinct coronary vascular population in neonatal heart. Science 2014, 345, 90–94.
[CrossRef] [PubMed]

14. Wu, B.; Zhang, Z.; Lui, W.; Chen, X.; Wang, Y.; Chamberlain, A.A.; Moreno-Rodriguez, R.A.; Markwald, R.R.;
O’Rourke, B.P.; Sharp, D.J.; et al. Endocardial cells form the coronary arteries by angiogenesis through
myocardial-endocardial VEGF signaling. Cell 2012, 151, 1083–1096. [CrossRef] [PubMed]

15. Katz, T.C.; Singh, M.K.; Degenhardt, K.; Rivera-Feliciano, J.; Johnson, R.L.; Epstein, J.A.; Tabin, C.J. Distinct
compartments of the proepicardial organ give rise to coronary vascular endothelial cells. Dev. Cell 2012, 22,
639–650. [CrossRef] [PubMed]

16. Chen, H.I.; Sharma, B.; Akerberg, B.N.; Numi, H.J.; Kivela, R.; Saharinen, P.; Tabin, C.J. The sinus venosus
contributes to coronary vasculature through VEGFC-stimulated angiogenesis. Development 2014, 141,
4500–4512. [CrossRef] [PubMed]

17. Cano, E.; Carmona, R.; Ruiz-Villalba, A.; Rojas, A.; Chau, Y.Y.; Wagner, K.D.; Wagner, N.; Hastie, N.D.;
Muñoz-Chápuli, R.; Pérez-Pomares, J.M. Extracardiac septum transversum/proepicardial endothelial cells
pattern embryonic coronary arterio-venous connections. Proc. Natl. Acad. Sci. USA 2016, 113, 656–661.
[CrossRef] [PubMed]

18. Arita, Y.; Nakaoka, Y.; Matsunaga, T.; Kidoya, H.; Yamamizu, K.; Arima, Y.; Kataoka-Hashimoto, T.; Ikeoka, K.;
Yasui, T.; Masaki, T.; et al. Myocardium-derived angiopoietin-1 is essential for coronary vein formation in the
developing heart. Nat. Commun. 2014, 5, 4552. [CrossRef] [PubMed]

19. Zhang, H.; Pu, W.; Li, G.; Huang, X.; He, L.; Tian, X.; Liu, Q.; Zhang, L.; Wu, S.M.; Sucov, H.M.; et al.
Endocardium minimally contributes to coronary endothelium in the embryonic ventricular free walls.
Circ. Res. 2016. [CrossRef] [PubMed]

20. Combs, M.D.; Braitsch, C.M.; Lange, A.W.; James, J.F.; Yutzey, K.E. NFATC1 promotes epicardium-derived
cell invasion into myocardium. Development 2011, 138, 1747–1757. [CrossRef] [PubMed]

21. Zhang, H.; Pu, W.; Liu, Q.; He, L.; Huang, X.; Tian, X.; Zhang, L.; Nie, Y.; Hu, S.; Lui, K.; et al. Endocardium
contributes to cardiac fat. Circ. Res. 2016, 118, 254–265. [CrossRef] [PubMed]

22. Menasche, P.; Vanneaux, V.; Hagege, A.; Bel, A.; Cholley, B.; Cacciapuoti, I.; Parouchev, A.; Benhamouda, N.;
Tachdjian, G.; Tosca, L.; et al. Human embryonic stem cell-derived cardiac progenitors for severe heart failure
treatment: First clinical case report. Eur. Heart J. 2015, 36, 2011–2017. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.cell.2006.10.029
http://www.ncbi.nlm.nih.gov/pubmed/17123592
http://dx.doi.org/10.1038/ncb2862
http://www.ncbi.nlm.nih.gov/pubmed/24161929
http://dx.doi.org/10.1038/ncb2824
http://www.ncbi.nlm.nih.gov/pubmed/23974038
http://dx.doi.org/10.1038/nature07060
http://www.ncbi.nlm.nih.gov/pubmed/18568026
http://dx.doi.org/10.1242/dev.02141
http://www.ncbi.nlm.nih.gov/pubmed/16284122
http://dx.doi.org/10.1038/nature06969
http://www.ncbi.nlm.nih.gov/pubmed/18480752
http://dx.doi.org/10.1038/cr.2013.83
http://www.ncbi.nlm.nih.gov/pubmed/23797856
http://dx.doi.org/10.1016/j.devcel.2015.03.018
http://www.ncbi.nlm.nih.gov/pubmed/26017771
http://dx.doi.org/10.1038/nature08873
http://www.ncbi.nlm.nih.gov/pubmed/20336138
http://dx.doi.org/10.1126/science.1251487
http://www.ncbi.nlm.nih.gov/pubmed/24994653
http://dx.doi.org/10.1016/j.cell.2012.10.023
http://www.ncbi.nlm.nih.gov/pubmed/23178125
http://dx.doi.org/10.1016/j.devcel.2012.01.012
http://www.ncbi.nlm.nih.gov/pubmed/22421048
http://dx.doi.org/10.1242/dev.113639
http://www.ncbi.nlm.nih.gov/pubmed/25377552
http://dx.doi.org/10.1073/pnas.1509834113
http://www.ncbi.nlm.nih.gov/pubmed/26739565
http://dx.doi.org/10.1038/ncomms5552
http://www.ncbi.nlm.nih.gov/pubmed/25072663
http://dx.doi.org/10.1161/CIRCRESAHA.116.308749
http://www.ncbi.nlm.nih.gov/pubmed/27056912
http://dx.doi.org/10.1242/dev.060996
http://www.ncbi.nlm.nih.gov/pubmed/21447555
http://dx.doi.org/10.1161/CIRCRESAHA.115.307202
http://www.ncbi.nlm.nih.gov/pubmed/26659641
http://dx.doi.org/10.1093/eurheartj/ehv189
http://www.ncbi.nlm.nih.gov/pubmed/25990469


J. Cardiovasc. Dev. Dis. 2016, 3, 23 7 of 8

23. Bondue, A.; Tannler, S.; Chiapparo, G.; Chabab, S.; Ramialison, M.; Paulissen, C.; Beck, B.; Harvey, R.;
Blanpain, C. Defining the earliest step of cardiovascular progenitor specification during embryonic stem cell
differentiation. J. Cell Biol. 2011, 192, 751–765. [CrossRef] [PubMed]

24. Chan, S.S.; Shi, X.; Toyama, A.; Arpke, R.W.; Dandapat, A.; Iacovino, M.; Kang, J.; Le, G.; Hagen, H.R.;
Garry, D.J.; et al. Mesp1 patterns mesoderm into cardiac, hematopoietic, or skeletal myogenic progenitors in
a context-dependent manner. Cell Stem Cell 2013, 12, 587–601. [CrossRef] [PubMed]

25. Bu, L.; Jiang, X.; Martin-Puig, S.; Caron, L.; Zhu, S.; Shao, Y.; Roberts, D.J.; Huang, P.L.; Domian, I.J.;
Chien, K.R. Human ISL1 heart progenitors generate diverse multipotent cardiovascular cell lineages. Nature
2009, 460, 113–117. [CrossRef] [PubMed]

26. Lui, K.O.; Zangi, L.; Silva, E.A.; Bu, L.; Sahara, M.; Li, R.A.; Mooney, D.J.; Chien, K.R. Driving vascular
endothelial cell fate of human multipotent Isl1+ heart progenitors with VEGF modified mRNA. Cell Res.
2013, 23, 1172–1186. [CrossRef] [PubMed]

27. Campagnolo, P.; Tsai, T.N.; Hong, X.; Kirton, J.P.; So, P.W.; Margariti, A.; Di Bernardini, E.; Wong, M.M.;
Hu, Y.; Stevens, M.M.; et al. c-Kit+ progenitors generate vascular cells for tissue-engineered grafts through
modulation of the Wnt/Klf4 pathway. Biomaterials 2015, 60, 53–61. [CrossRef] [PubMed]

28. Olson, E.N. Gene regulatory networks in the evolution and development of the heart. Science 2006, 313,
1922–1927. [CrossRef] [PubMed]

29. Saga, Y.; Hata, N.; Kobayashi, S.; Magnuson, T.; Seldin, M.F.; Taketo, M.M. MesP1: A novel basic
helix-loop-helix protein expressed in the nascent mesodermal cells during mouse gastrulation. Development
1996, 122, 2769–2778. [PubMed]

30. Saga, Y.; Miyagawa-Tomita, S.; Takagi, A.; Kitajima, S.; Miyazaki, J.; Inoue, T. MesP1 is expressed in the
heart precursor cells and required for the formation of a single heart tube. Development 1999, 126, 3437–3447.
[PubMed]

31. Den Hartogh, S.C.; Wolstencroft, K.; Mummery, C.L.; Passier, R. A comprehensive gene expression analysis
at sequential stages of in vitro cardiac differentiation from isolated MESP1-expressing-mesoderm progenitors.
Sci. Rep. 2016, 6, 19386. [CrossRef] [PubMed]

32. Liu, Q.; Yang, R.; Huang, X.; Zhang, H.; He, L.; Zhang, L.; Tian, X.; Nie, Y.; Hu, S.; Yan, Y.; et al. Genetic
lineage tracing identifies in situ Kit-expressing cardiomyocytes. Cell Res. 2016, 26, 119–130. [CrossRef]
[PubMed]

33. Van Berlo, J.H.; Kanisicak, O.; Maillet, M.; Vagnozzi, R.J.; Karch, J.; Lin, S.C.; Middleton, R.C.; Marbán, E.;
Molkentin, J.D. c-kit+ Cells Minimally Contribute Cardiomyocytes to The Heart. Nature 2014, 509, 337–341.
[CrossRef] [PubMed]

34. Sultana, N.; Zhang, L.; Yan, J.; Chen, J.; Cai, W.; Razzaque, S.; Jeong, D.; Sheng, W.; Bu, L.; Xu, M.; et al.
Resident c-kit+ cells in the heart are not cardiac stem cells. Nat. Commun. 2015, 6, 8701. [CrossRef] [PubMed]

35. Cheng, K.; Ibrahim, A.; Hensley, M.T.; Shen, D.; Sun, B.; Middleton, R.; Liu, W.; Smith, R.R.; Marbán, E.
Relative roles of CD90 and c-kit to the regenerative efficacy of cardiosphere-derived cells in humans and in a
mouse model of myocardial infarction. J. Am. Heart Assoc. 2014, 3, e001260. [CrossRef] [PubMed]

36. Chimenti, I.; Smith, R.R.; Li, T.S.; Gerstenblith, G.; Messina, E.; Giacomello, A.; Marbán, E. Relative roles of
direct regeneration versus paracrine effects of human cardiosphere-derived cells transplanted into infarcted
mice. Circ. Res. 2010, 106, 971–980. [CrossRef] [PubMed]

37. Perin, E.C.; Borow, K.M.; Silva, G.V.; DeMaria, A.N.; Marroquin, O.C.; Huang, P.P.; Traverse, J.H.; Krum, H.;
Skerrett, D.; Zheng, Y.; et al. A phase II dose-escalation study of allogeneic mesenchymal precursor cells in
patients with ischemic or nonischemic heart failure. Circ. Res. 2015, 117, 576–584. [CrossRef] [PubMed]

38. Ascheim, D.D.; Gelijns, A.C.; Goldstein, D.; Moye, L.A.; Smedira, N.; Lee, S.; Klodell, C.T.; Szady, A.;
Parides, M.K.; Jeffries, N.O.; et al. Mesenchymal precursor cells as adjunctive therapy in recipients of
contemporary left ventricular assist devices. Circulation 2014, 129, 2287–2296. [CrossRef] [PubMed]

39. Vunjak-Novakovic, G.; Lui, K.O.; Tandon, N.; Chien, K.R. Bioengineering heart muscle: A paradigm for
regenerative medicine. Annu. Rev. Biomed. Eng. 2011, 13, 245–267. [CrossRef] [PubMed]

40. Malliaras, K.; Ibrahim, A.; Tseliou, E.; Liu, W.; Sun, B.; Middleton, R.C.; Seinfeld, J.; Wang, L.; Sharifi, B.G.;
Marbán, E. Stimulation of endogenous cardioblasts by exogenous cell therapy after myocardial infarction.
EMBO Mol. Med. 2014, 6, 760–777. [CrossRef] [PubMed]

http://dx.doi.org/10.1083/jcb.201007063
http://www.ncbi.nlm.nih.gov/pubmed/21383076
http://dx.doi.org/10.1016/j.stem.2013.03.004
http://www.ncbi.nlm.nih.gov/pubmed/23642367
http://dx.doi.org/10.1038/nature08191
http://www.ncbi.nlm.nih.gov/pubmed/19571884
http://dx.doi.org/10.1038/cr.2013.112
http://www.ncbi.nlm.nih.gov/pubmed/24018375
http://dx.doi.org/10.1016/j.biomaterials.2015.04.055
http://www.ncbi.nlm.nih.gov/pubmed/25985152
http://dx.doi.org/10.1126/science.1132292
http://www.ncbi.nlm.nih.gov/pubmed/17008524
http://www.ncbi.nlm.nih.gov/pubmed/8787751
http://www.ncbi.nlm.nih.gov/pubmed/10393122
http://dx.doi.org/10.1038/srep19386
http://www.ncbi.nlm.nih.gov/pubmed/26783251
http://dx.doi.org/10.1038/cr.2015.143
http://www.ncbi.nlm.nih.gov/pubmed/26634606
http://dx.doi.org/10.1038/nature13309
http://www.ncbi.nlm.nih.gov/pubmed/24805242
http://dx.doi.org/10.1038/ncomms9701
http://www.ncbi.nlm.nih.gov/pubmed/26515110
http://dx.doi.org/10.1161/JAHA.114.001260
http://www.ncbi.nlm.nih.gov/pubmed/25300435
http://dx.doi.org/10.1161/CIRCRESAHA.109.210682
http://www.ncbi.nlm.nih.gov/pubmed/20110532
http://dx.doi.org/10.1161/CIRCRESAHA.115.306332
http://www.ncbi.nlm.nih.gov/pubmed/26148930
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.007412
http://www.ncbi.nlm.nih.gov/pubmed/24682346
http://dx.doi.org/10.1146/annurev-bioeng-071910-124701
http://www.ncbi.nlm.nih.gov/pubmed/21568715
http://dx.doi.org/10.1002/emmm.201303626
http://www.ncbi.nlm.nih.gov/pubmed/24797668


J. Cardiovasc. Dev. Dis. 2016, 3, 23 8 of 8

41. Smart, N.; Bollini, S.; Dube, K.N.; Vieira, J.M.; Zhou, B.; Davidson, S.; Yellon, D.; Riegler, J.; Price, A.N.;
Lythgoe, M.F.; et al. De novo cardiomyocytes from within the activated adult heart after injury. Nature 2011,
474, 640–644. [CrossRef] [PubMed]

42. Zangi, L.; Lui, K.O.; von Gise, A.; Ma, Q.; Ebina, W.; Ptaszek, L.M.; Später, D.; Xu, H.; Tabebordbar, M.;
Gorbatov, R.; et al. Modified mRNA directs the fate of heart progenitor cells and induces vascular regeneration
after myocardial infarction. Nat. Biotechnol. 2013, 31, 898–907. [CrossRef] [PubMed]

43. Lui, K.O.; Bu, L.; Li, R.A.; Chan, C.W. Pluripotent stem cell-based heart regeneration: From the developmental
and immunological perspectives. Birth Defects Res. C Embryo Today 2012, 96, 98–108. [CrossRef] [PubMed]

44. Lui, K.O.; Waldmann, H.; Fairchild, P.J. Embryonic stem cells: Overcoming the immunological barriers to
cell replacement therapy. Curr. Stem Cell Res. Ther. 2009, 4, 70–80. [CrossRef] [PubMed]

45. Wu, J.; Zeng, F.; Huang, X.P.; Chung, J.C.; Konecny, F.; Weisel, R.D.; Li, R. Infarct stabilization and cardiac
repair with a VEGF-conjugated, injectable hydrogel. Biomaterials 2011, 32, 579–586. [CrossRef] [PubMed]

46. Gao, J.; Liu, J.; Gao, Y.; Wang, C.; Zhao, Y.; Chen, B.; Xiao, Z.; Miao, Q.; Dai, J. A myocardial patch made of
collagen membranes loaded with collagen-binding human vascular endothelial growth factor accelerates
healing of the injured rabbit heart. Tissue Eng. A 2011, 17, 2739–2747. [CrossRef] [PubMed]

47. Zhang, J.; Ding, L.; Zhao, Y.; Sun, W.; Chen, B.; Lin, H.; Wang, X.; Zhang, L.; Xu, B.; Dai, J. Collagen-targeting
vascular endothelial growth factor improves cardiac performance after myocardial infarction. Circulation
2009, 119, 1776–1784. [CrossRef] [PubMed]

48. Lin, Y.D.; Luo, C.Y.; Hu, Y.N.; Yeh, M.L.; Hsueh, Y.C.; Chang, M.Y.; Tsai, D.C.; Wang, J.N.; Tang, M.J.; Wei, E.I.;
et al. Instructive nanofiber scaffolds with VEGF create a microenvironment for arteriogenesis and cardiac
repair. Sci. Transl. Med. 2012, 4, 146ra109. [CrossRef] [PubMed]

49. Ding, B.S.; Nolan, D.J.; Butler, J.M.; James, D.; Babazadeh, A.O.; Rosenwaks, Z.; Mittal, V.; Kobayashi, H.;
Shido, K.; Lyden, D.; et al. Inductive angiocrine signals from sinusoidal endothelium are required for liver
regeneration. Nature 2010, 468, 310–315. [CrossRef] [PubMed]

50. Ding, B.S.; Nolan, D.J.; Guo, P.; Babazadeh, A.O.; Cao, Z.; Rosenwaks, Z.; Crystal, R.G.; Simons, M.; Sato, T.N.;
Worgall, S.; et al. Endothelial-derived angiocrine signals induce and sustain regenerative lung alveolarization.
Cell 2011, 147, 539–553. [CrossRef] [PubMed]

51. Kusumbe, A.P.; Ramasamy, S.K.; Adams, R.H. Coupling of angiogenesis and osteogenesis by a specific vessel
subtype in bone. Nature 2014, 507, 323–328. [CrossRef] [PubMed]

52. Deasy, B.M.; Feduska, J.M.; Payne, T.R.; Li, Y.; Ambrosio, F.; Huard, J. Effect of VEGF on the regenerative
capacity of muscle stem cells in dystrophic skeletal muscle. Mol. Ther. 2009, 17, 1788–1798. [CrossRef]
[PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/nature10188
http://www.ncbi.nlm.nih.gov/pubmed/21654746
http://dx.doi.org/10.1038/nbt.2682
http://www.ncbi.nlm.nih.gov/pubmed/24013197
http://dx.doi.org/10.1002/bdrc.21004
http://www.ncbi.nlm.nih.gov/pubmed/22457181
http://dx.doi.org/10.2174/157488809787169093
http://www.ncbi.nlm.nih.gov/pubmed/19149632
http://dx.doi.org/10.1016/j.biomaterials.2010.08.098
http://www.ncbi.nlm.nih.gov/pubmed/20932570
http://dx.doi.org/10.1089/ten.tea.2011.0105
http://www.ncbi.nlm.nih.gov/pubmed/21682575
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.800565
http://www.ncbi.nlm.nih.gov/pubmed/19307480
http://dx.doi.org/10.1126/scitranslmed.3003841
http://www.ncbi.nlm.nih.gov/pubmed/22875829
http://dx.doi.org/10.1038/nature09493
http://www.ncbi.nlm.nih.gov/pubmed/21068842
http://dx.doi.org/10.1016/j.cell.2011.10.003
http://www.ncbi.nlm.nih.gov/pubmed/22036563
http://dx.doi.org/10.1038/nature13145
http://www.ncbi.nlm.nih.gov/pubmed/24646994
http://dx.doi.org/10.1038/mt.2009.136
http://www.ncbi.nlm.nih.gov/pubmed/19603004
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	The Origin of the Vascular System in the Mammalian Heart 
	Subepicardial Endothelial Cells Are One of the Major Sources of Coronary Vessels 
	Understanding Vascular Development via Pluripotent Stem Cells 
	Driving Vascular Regeneration in the Damaged Heart via Acquired Angiogenesis 
	Future Perspectives 

