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Abstract

Rationale—During embryogenesis, hematopoietic cells appear in the myocardium prior to the 

initiation of coronary formation. However, their role is unknown.

Objective—Here we investigate whether pre-existing hematopoietic cells are required for the 

formation of coronary vasculature.

Methods and Results—As a model of for hematopoietic cell deficient animals, we used Runx1 

knockout embryos and Vav1-cre; R26-DTA embryos, latter of which genetically ablates 2/3 of 

CD45+ hematopoietic cells. Both Runx1 knockout embryos and Vav1-cre; R26-DTA embryos 

revealed disorganized, hypoplastic microvasculature of coronary vessels on section and whole-

mount stainings. Furthermore, coronary explant experiments showed that the mouse heart explants 

from Runx1 and Vav1-cre; R26-DTA embryos exhibited impaired coronary formation ex vivo. 

Interestingly, in both models it appears that epicardial to mesenchymal transition is adversely 

affected in the absence of hematopoietic progenitors.
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Conclusion—Hematopoietic cells are not merely passively transported via coronary vessel, but 

substantially involved in the induction of the coronary growth. Our findings suggest a novel 

mechanism of coronary growth.
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Introduction

Coronary artery disease (CAD) kills more than seven million people every year, making it 

the leading cause of deaths worldwide [1]. In the United States, CAD is the cause of death in 

one out of five people and bears an annual cost of 165 billion dollars [2]. Unlike many other 

organs, the heart has a very limited capacity for repair and regeneration after damage [3, 4]. 

Therefore, cardiac regeneration has been an increasingly important area of research in 

general, and development and regeneration of coronary arteries in particular. Despite 

remarkable advances in the study of the mechanisms of blood vessel development, little is 

known, and controversy still exists, on the cellular origins and developmental pathways that 

govern coronary artery development.

Initial findings suggest that coronary arteries originate from the aorta [5, 6]. However, only 

recent studies have shed light into the proepicardium, a transitory embryonic structure, as 

the origin of epicardium, which is the source of coronary artery building blocks [7, 8]. These 

experiments have paved the way to the current understanding that the epicardial cells, which 

undergo epithelial to mesenchymal transition (EMT) and migrate to the subepicardial space. 

Subsequently, these epicardially-derived cells (EPDCs) differentiate into coronary smooth 

muscle cells, perivascular fibroblasts and interstitial fibroblasts [9–13]. The origin of 

endothelial cells of coronary vessels is still an area of active research. Previous studies 

suggest that these endothelial cells originate from epicardium [14, 15], sinus venosus [16], 

or endocardium [17, 18].

Coronary plexus does not establish a connection with aortic root until E13.5 in mouse 

(Carenegie stage 18) [19]. Interestingly, previous studies demonstrate that isolated 

hematopoietic cells exist in the myocardium as early as E10.5, when coronary plexus has not 

yet established a connection with systemic circulation at aortic root [20, 21]. The appearance 

of isolated hematopoietic cells is followed by the formation of blood island-like structure. 

However, the role of pre-existing hematopoietic cells in the coronary formation is unknown. 

While hematopoietic cells are known to share their origins with endothelial cells, it is also 

proposed that hematopoietic cells in turn play an inductive role via paracrine factor(s) in the 

process of angiogenesis during development [22]. Disruption of Runx1/AML1 gene, a key 

regulator of definitive hematopoiesis [23], results in complete failure of definitive 

hematopoiesis of all cell lineages [24, 25], making them a model to study the role of 

angiogenesis up to E12.5 [24, 26]. Runx1 mutant mice lacking definitive hematopoiesis 

show abnormal vessels in many organs and the addition of hematopoietic cells rescues the 

phenotype ex vivo, suggesting that the hematopoietic cells are not just circulating through 

the vessels but are significant contributors to the vascular formation [22]. Here, using 
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hematopoietic ablation mouse models, we show that development of coronary vessels are 

disrupted in the absence of definitive hematopoiesis. Furthermore, disruption of 

hematopoietic cells adversely affects EMT, a key process in coronary vessel formation. 

Together, our data suggest that hematopoietic cells pre-existing in the myocardium plays 

proangiogenic role during the formation of coronary vessels.

METHODS

Mice

Mice were maintained according to the Guide for the Care and Use of Laboratory Animals 

published by the US National Institute of Health (NIH Publication No. 85-23, revised 1996). 

Furthermore, housing, experiments, and protocols were performed according to the 

Institutional Approval for Appropriate Care and Use of Laboratory Animals by the UCLA 

Institutional Animal Care and Use Committee. All mouse strains were maintained in outbred 

backgrounds. Runx1+/− [24], vav1-cre [27, 28], Runx1-LacZ [26], and cre-inducible 

diphtheria toxin receptor mice [29] have been described previously.

Histological processing and immunostaining

At the appropriate calculated embryonic age, the pregnant females were sacrificed by 

cervical dislocation, and the embryos and hearts were carefully dissected followed by 

subsequent isolation in cold Phosphate Buffered Solution (PBS). The pericardial wall was 

removed and embryos were beheaded before fixation on ice in 4% paraformaldehyde/PBS 

or 2–4 hours depending on age. This was followed by washing embryos with PBS, and then 

cryoprotected in 30% sucrose/PBS solution overnight at 4°C. Next, tissues were placed in 

1:1 30% sucrose/PBS and OCT (Sakura Torrance, CA) solution for 1 hour followed by 1 

hour in 100% OCT compound at 4°C. Thereafter, the tissues were embedded in 100% OCT 

compounds, meticulously oriented in Peel-A-Way (Polysciences, Warrington, PA), followed 

by immediate freezing on dry ice with isopropanol and placed at −20°C. These blocks were 

cut to 8–10 µm thin sections with a Leica CM3050 S cryostat and collected on the glass 

slides sequentially to make serial sections. These sections were blocked with 10% normal 

goat serum; 0.1% TritonX-100. Primary antibody reactions were carried out in 5% normal 

goat serum for 1 hour at room temperature or at 4°C overnight. Secondary fluorescent 

conjugated antibody reactions were completed in 2% normal goat serum for 1 hour at room 

temperature. Primary antibodies used in this study were: rat anti-CD31 (BD Pharmingen, 

1:200) and chicken anti-vimentin (Covance, 1:200). The following secondary antibodies 

were used: Biotinylated IgG antibodies (Vector Laboratories) for colorimetric staining, 

Alexa Fluor 488 (green), Alexa Fluor 594 (red)-conjugated secondary antibodies specific to 

the appropriate species were used (Invitrogen, 1:1000) for fluorescent staining. Next these 

slides were mounted with ProLong Gold DAPI media (Invitrogen, Carlsbad, CA) and 

analyzed by using AxioImager D1 (Carl Zeiss Microimaging, Inc). For non-fluorescent 

immunostaining, tissues were incubated with primary antibodies and biotinylated antibodies 

(Jackson ImmunoResearch Laboratories), and treated with Vectastain ABC Kit reagents 

(Vector Labs) followed by DAB substrate (Vector Labs). Standard protocols for 

Hematoxylin and Eosin (H&E) were used, and β-Galactosidase staining was carried out as 

previously described [30]. For the whole-mount images, CD31 positive areas were 
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converted to 8-bit black and white images and analyzed as the ratio of the area covered by 

coronary vessels to three randomly selected mid-ventricular areas using ImageJ, for each 

heart analyzed (version 1.46r, Wayne Rasband, NIH, USA). The relative size of the major 

coronary vessels was expressed as the ratio of the coronary vessel length before it tapers 

down to capillary size to the length of the heart from the base to the apex of the heart.

Echocardiography

B- and M-mode ultrasound imaging was performed on E14.5 embryos after anesthesia with 

isoflurane of the pregnant mouse, using a high-resolution Vevo 2100 micro-ultrasound 

system with a 30 MHz transducer (Visual Sonics, Toronto, Ontario, Canada). The 

dimensions and functional parameters of left ventricle were measured from the short axis 

and mid-ventricular view with 2D oriented and M-mode imaging.

Heart explant culture

Hearts were dissected out at E11.5, atria separated and discarded from the ventricles, which 

were washed three times and then co-cultured on mouse OP9 stromal cells in 24 well plates 

for 7 days, in 500 µl of α-MEM (GIBCO/Invitrogen) containing 20% fetal bovine serum 

(Hyclone), 1% penicillin/streptomycin. The media was exchanged every 48 hours. For the 

rescue experiments, the Runx1 null hearts were co-cultured with CD45+ cells which were 

FACS-sorted from yolk sac of the wild-type littermate embryos. Approximately 5000 

CD45+ cells were used for each Runx1 null heart, corresponding approximately to 2–3% of 

total number of yolk sac cells from each wild-type embryo. After 7 days the cultures were 

stained as described above, in immunostaining section. CD31 positive areas were analyzed 

as the ratio of the area covered by vessel sprouts to the entire microscope field area in 8-bit 

black and white images using ImageJ for each dissected heart (version 1.46r, Wayne 

Rasband, NIH, USA).

Fluorescent dye tracing of epicardial cells

Embryos were dissected at the appropriate embryonic age in PBS. Next, 10 µl of 5-(and 6-) 

carboxyfluorescein diacetate succinimidyl ester (CFSE) [31] was injected into the 

pericardial cavity (CFSE, Molecular Probes, C1157) as previously described. Expansion of 

the pericardium under pressure was observed. After 10 minutes at room temperature in the 

dark, hearts were removed and washed in PBS for 5 minutes. Next, hearts were randomly 

selected for fixation in 4% paraformaldehyde/PBS or for flow cytometry.

Flow cytometry for sorting cells of mouse tissues

After harvesting hearts from mouse embryos, they were washed three times and incubated at 

37°C in a dissociation enzyme solution, pipetting every 10 minutes to a single-cell 

suspension. The enzyme solution contained 1% Penicillin/Streptomycin (Invitrogen, 

15140-122), 10%Fetal Bovine Serum (Hyclone), collagenase 2mg/ml (Worthington, 

CLS-2), dispase 0.25mg/ml (Gibco, 17105-041), DNAase I (Invitrogen) in PBS. The cells 

were analyzed and sorted by a BD FACSAria with the rat anti-monoclonal antibody 

CD45APC (BD Pharmingen), CFSE, and 7-AAD (7-amino-actinomycinD, BD 

Biosciences), which was used to exclude non-viable cells.
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Hematopoietic colony-forming assays

Sorted cells were cultured on OP9 stromal cells for 4 days in 48-well plates in 500 ml of a-

MEM (Gibco/Invitrogen) containing 20% fetal bovine serum (Hyclone), 1% penicillin/ 

streptomycin and supplemented with stem cell factor (SCF, 50 ng/ml), inter- leukin-3 (IL-3, 

5 ng/ml), IL-6 (5 ng/ml), thrombopoietin (5 ng/ml) and Flt-3 ligand (Flt-3L, 10 ng/ml) as 

previously described [32]. The cells were then dissociated mechanically from stroma by 

transfer pipette and filtered to remove the stromal cells (celltreck). The filtered cells were 

transferred into 1.5 ml methylcellulose with SCF, IL-6, IL-3 and EPO (MethoCult 3434, 

Stem Cell Technologies) supplemented with thrombopoietin (5 ng/ml) to determine 

multilineage potential. Colonies were scored 7–10 days later.

Gelatinase assay

Net matrix metalloproteinase activity (MMP) in heart tissue of embryonic E12.5 wild-type 

and Runx1 null hearts was determined using the EnzCheck Gelatinase Assay according to 

manufacturer’s instructions (Mocular Probes; Eugene, OR). MMP activity is reported as the 

rate of fluorescence increase over two hours normalized to the negative control containing 

DQ gelatin and reaction buffer with no extracted proteins from the heart tissue. Clostridium 

collagenase at a final concentration of 0.2 U/ml was used as a positive control.

Gene expression analysis by qRT-PCR

RNA was extracted from sorted cells using RNeasy Micro kit (Qiagen) according to 

manufacturer’s instructions. RNA was reverse-transcribed into cDNA using the iScript 

cDNA synthesis kit (BioRad). qRT-PCR was performed using Lightcycler 480 SYBR Green 

I (Roche Applied Science). Forward and reverse primer sequences are summarized in 

Supplementary Table 1.

Statistics

Values are reported as mean ± SEM. P was calculated using the Student’s ttest. A P value < 

0.05 was considered statistically significant. All calculations were performed using Prism 6 

(GraphPad, La Jolla, CA).

RESULTS

Runx1 null embryos exhibit defective cardiac development and hypoplastic coronary 
vessels

Runx1 is a key regulator for definitive hematopoiesis expressed in and required for 

hemogenic endocardium. Recent report suggests that endocardial cells display hemogenic 

potential at around E8.5–10.5 [32]. Consistently, analyses of Runx1-lacZ embryos revealed 

that Runx1 is expressed in the endocardium, particularly in the cushion endocardium, where 

CD41+ hemogenic endocardial cells are enriched [32] (Supp Fig. 1). There are CD31+ cells 

in the endocardium, that also are Runx1 positive (Supp Fig. 1a, arrows). A subset of 

epicardial cells are also positive for lacZ (Supp Fig. 1). To examine whether endothelial 

cells in the epicardial/subepicardial layer display hemogenic activity, the epicardial cells of 

embryonic hearts at E11.5 were selectively labeled with CFSE injected into pericardial 
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cavity (Supp Fig. 2A) and FACS-sorted for CFSE+/CD31+/CD41−/CD45− population. This 

endothelial population from epicardium does not include endocardial cells as CSFE dye 

labels only one or two cell layers of the epicardium (see also ref. [31] for sorting strategy; 

Supp Fig. 2B). Colony assay from this population showed no blood colony formation (Supp 

Fig. 2C), suggesting that, despite the fact that blood island-like structure develops in the 

epicardium at around E11.5, coronary endothelial cells are not hemogenic at least at this 

stage.

To examine the role of hematopoietic cells during coronary development, we first employed 

Runx1 mutant model. Runx1 null mice are embryonically lethal at around E12.5 with 

complete absence of definitive hematopoiesis [23, 24], and thus being used as a model for 

hematopoietic ablation [22]. Runx1 null embryos showed normal overall size and 

morphology, except for subcutaneous hemorrhages in the head at E11.5 as reported [22] 

(Supp Fig. 3A). Absence of definitive hematopoiesis in Runx1 null mice was confirmed by 

FACS analysis of the yolk sac for CD45 (Supp Fig. 3B). Although CD45+ hematopoietic 

cells are already identified in the wild-type heart at this stage [20, 21] (Figure 1A and B), 

Runx1 mutants showed no CD45 positive cells in the heart (Figures 1A and B). 

Interestingly, whole mount staining of E12.5 heart revealed that Runx1 null mice have an 

underdeveloped coronary plexus when compared to the wild-type (Figure 1C, first row, and 

1D). Section staining confirmed that coronary vessels are smaller in the ventricular free wall 

(Figure 5B first row) and interventricular septum (Figure 5B second row) of Runx1-null 

embryos when compared to comparable regions in wild-type. In addition, morphological 

analysis by H&E staining of Runx1 null mice at E12.5 (Figure 1C, bottom row) revealed a 

thin compact myocardium and absence of ventricular septum when compared to wild-type 

(Figure 1E). These data suggest that Runx1 is required for the proper formation of coronary 

vessels during cardiogenesis, either cell-autonomously or non-autonomously.

Vav1-Cre; R26-DTA (VD) mice exhibit abnormal hypoplastic coronary vessels and absence 
of atrial septum

As Runx1 is expressed in the endocardial cells and a subset of epicardial cells, (Supp Fig. 1), 

Runx1 mutant data (Figure 1) do not distinguish whether Runx1 is required in cell 

autonomous fashion in the heart or non-autonomously in the existing hematopoietic cells via 

their interaction with coronary capillary. To test the latter possibility, we employed Vav1-

Cretg; R26DTA/+ (VD) embryos in which Vav1+ hematopoietic cells were ablated by 

overexpression of Diphtheria toxin A [29]. Vav1 is a small GTPase that is specifically 

expressed in the hematopoietic cells [33]. Vav1-Cre labels 68% of hematopoietic cells at 

around E11.5 [28]. Importantly, analyses of Vav1-Cretg; R26YFP reporter/+ revealed that there 

is no YFP expression in the CD31 expressing cells in the endothelium or coronary vessels 

(Supp Fig. 4 arrowhead and arrow) [34], suggesting that CD31+ endocardial cells do not 

express Vav1 at E14.5 or any earlier stage. Therefore, ablating Vav1+ cells does not 

primarily affect CD31 positive cells in the endocardium or myocardium. VD mice are 

embryonically lethal at around E15.5, allowing the analyses of the role of hematopoietic 

cells on coronary development beyond E12.5 when Runx1 mutants die. At E14.5, VD 

embryos were normal in overall size, but exhibited subcutaneous edema (Figure 2D). As 

expected, VD heart showed significant reduction in the number of CD45+ cells by 
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immunostaining (Figure 2A and B). H&E staining revealed a large atrial septal defect in VD 

(Supp Fig. 5, arrowhead) versus wild-type embryos (Supp Fig. 5, arrow), although 

ventricular septum and compact layer are well developed (Figure 2C second row). 

Interestingly, whole mount CD31 staining revealed that major coronary vessels of VD hearts 

are smaller and taper down half way to the length of the heart (Figure 2C first row, black 

arrowheads), when compared to wild-type hearts (Figure 2C first row, white arrowheads and 

E), the stem of the coronary artery appears to be comparable in both wild-type hearts and VD 

hearts (Figure 2C, first row, white and black arrows). In addition, coronary plexus was less 

dense in VD hearts (Figure 2C third row and F). These data suggest that ablation of 

hematopoietic progenitor cells in the VD model leads to aberrant coronary vessel formation.

Vav1 mutant embryos have reduced cardiac systolic function

In order to evaluate the functional consequence of abnormal development of coronary 

vasculature, we performed echocardiographic studies on wild-type and VD embryos at 

E14.5. No arrhythmia or ventricular dilatation were detected during the procedure. However, 

left ventricular ejection fraction (EF) and fractional shortening (FS) were significantly 

reduced in VD (Figure 3A, B). These data suggest that VD embryos have reduced cardiac 

systolic function.

Ventricular explant cultures of Runx1 null and VD hearts exhibit reduced CD31 positive 
sprouting and endothelial networking

It is possible that the coronary phenotypes described above could be a result rather than a 

cause of potential hemodynamic abnormalities secondary to abnormal hematopoiesis. To 

exclude this possibility, we performed ex-vivo experiments. Ventricles were explanted from 

Runx1 null and VD embryos and control wild-type embryos at E11.5, and cultured for 7 days 

on OP9 feeder cells, which support the growth of both hematopoietic cells [35] and 

cardiomyocytes [36]. After 7 days, the cultures were stained for the endothelial marker 

CD31 (Figure 4A and C). The area covered by CD31 positive endothelial sprouting and 

networks were analyzed, showing a reduced network in Runx1 null (Figure 4B) and VD 

explants (Figure 4D). Furthermore, co-culture of Runx1 null explants with CD45+ cells 

leads to the rescue of the CD31 positive endothelial sprouting when compared to wild-type 

explants (Supplementary Figure 6). These data suggest that ablation of hematopoietic 

progenitors resulted in hypoplastic coronary vasculature independently from potential 

hemodynamic alteration.

Epicardial EMT is adversely affected in the absence of hematopoietic progenitor cells

Epicardial EMT is crucial for proper coronary development [9]. To explore how deficiency 

of definitive hematopoiesis impacts the coronary growth, we examined the marker 

expression in the two mouse models. First, immunofluorescence staining for vimentin, a 

marker for mesenchyme, revealed that its levels are reduced in Runx1 null mice as compared 

to wild-type (Figure 5A and B). The reduction in the number of mesenchymal cells suggests 

that EMT is adversely affected in Runx1 null mice. Reduced numbers of vimentin positive 

cells are also observed in the free left ventricular wall of the VD embryos at E14.5 (Figure 

5C) when compared to wild-type. Therefore, we proceeded with FACS sorting of epicardial 
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cells to analyze mRNA levels of EMT factors in E12.5 Runx1 mutant embryos and E14.5 

VD embryos. qRT-PCR for Wt1, a marker of epicardial cells, shows that our FACS sorting 

successfully separates the epicardial cells (Supp Fig. 2B). Next, qRT-PCR of Runx1 and VD 

epicardial cells shows a marked decrease of Vimentin, Snail2, and Twist1 (Figure 5D). 

Snail1, a key transcription factor known to affect EMT, appears not to be affected (data not 

shown). This is consistent with prior studies showing that the EMT process in epicardial 

cells is independent of Snail1 [37]. E-cadherin (a marker for epithelial identity) or Notch 

signaling genes (Jagged1, Delta3, Delta4 and Hey1; involved in EMT and coronary 

development [38] [39]) showed no significant change in the mutant samples (data not 

shown). Expression level of Hif1a was not increased, suggesting that such abnormalities of 

coronary vessels are not secondary to hypoxia (data not shown). Furthermore, in order to 

determine if changes in MMP activity may affect the coronary growth in the Runx1 null 

heart, we analyzed the MMP activity of these hearts and compared them to wildtype hearts. 

The MMP activity in the Runx1 null heart is similar to the activity in wild-type hearts 

(Supplementary Figure 6). Together, absence of hematopoietic progenitor cells leads to a 

decrease of epicardially derived mesenchymal cells.

DISCUSSION

Circulatory system has evolved to support the growth and homeostasis of the organisms. 

The induction of cardiac, vascular and hematopoietic lineages is mutually linked during the 

formation of organs. The hematopoietic cells are not just passengers passively transferred 

through the vascular conduit, but substantially involved in the development and repair of the 

organs through paracrine factors [22, 40–43]. The process of coronary formation is no 

exception. Our study demonstrates a role of hematopoietic progenitor cells for proper 

epicardial EMT and subsequent coronary vessel development. In Runx1 null mice, we 

observed defective plexus formation and structural heart defects, which precede coronary 

connections to the aorta, suggesting that such abnormalities are unlikely to be secondary to 

any hemodynamic alterations. Furthermore, our explant cardiac culture data show reduced 

CD31+ sprouting in mutant explants, therefore such findings are not likely secondary to 

hemodynamic abnormalities.

Previous studies have shown that hematopoietic progenitors play an inductive role in 

angiogenic sprout of dorsal aorta [22, 39]. One possible mechanism is the induction of EMT 

by the presence of hematopoietic progenitor cells. A direct role of Runx1 in the upregulation 

of mesenchymal markers in the epicardial cells and facilitation of EMT cannot be ruled out 

from this study. Furthermore, it has been suggested that endocardial cells play a role in 

coronary development [17]. Our results suggest that a subset of endocardial cells express 

Runx1. As a result, we cannot exclude a non-hemogenic direct role of Runx1 in coronary 

development via the endocardium. However, aberrant epicardial EMT occurs when 

hematopoiesis is affected by ablating Vav1 expressing cells, suggesting that hematopoietic 

cells play an inductive role during the EMT process. This is most likely through the secreted 

factor(s), although the origin and the nature of such hematopoietic cells are also yet to be 

identified. Reassuringly, co-culturing of mutant hearts with CD45+ cells rescues the CD31+ 

sprouting in the mutant hearts. It is well established that epicardial cells give rise to coronary 

smooth muscle cells. Epicardial cells upregulate mesenchymal markers (such as vimentin), 
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delaminate, and migrate in the subepicardial space [7, 10, 44]. These cells then differentiate 

into smooth muscle as well as adventitial cells of coronary arteries. Consistent with these 

events, we observed a reduction of vimentin in the hematopoietic progenitor cell deficient 

mice. In addition to defective EMT, our observations of the reduction of vimentin-positive 

cells could also be secondary to abnormal proliferative activity or cellular survival of 

vimentin-positive mesenchymal cells, although our data suggests that this process is not 

mediated by any alterations in MMP activity. In accordance with prior studies [37], Snail1, a 

transcription factor closely involved in EMT, does not appear to participate in epicardium to 

mesenchymal transition. In our study, Snail2 and Twist1 are downregulated in the absence 

of hematopoietic cells. The role of Snail2 in epicardial EMT is controversial [37, 45]. This 

could be due to the different embryonic time points and techniques used [37]. Several 

studies have suggested that Snail2 is an essential component during Twist1 mediated EMT 

[10, 46]. The addition of hematopoietic component will contribute to the deeper 

understanding of the coronary development.

Coronary collaterals to the jeopardized myocardium mitigate myocardial infarction and 

improve the survival. Whereas the anti-angiogenic therapies have potential promise for 

treatment of certain cancers and of age-related macular degeneration, the pro-angiogenic 

therapy for coronary and peripheral artery diseases have not so far proven successful, 

indicating the complexity of the regulation of the blood vessel growth. Numerous studies in 

animal models of myocardial infarction/heart failure and clinical trials has shown the 

therapeutic benefit of cytokines and growth factors [47] including colony-stimulating factors 

(G-CSF and GM-CSF) [48–54], VEGFA [55–57], FGF [58–60], stem cell factor (SCF) [61–

63], etc. However, to date, randomized, controlled clinical trials have not reproduced the 

efficacy observed in pre-clinical and small-scale clinical investigations. Nevertheless, the 

list of promising cytokines continues to grow, with the precise mechanism of the biological 

effects of pleiotropic cytokines and growth factors left unknown. The fact that only a few of 

the cytokine receptors are expressed in the cardiomyocytes or coronary vessels raises the 

possibility that these cytokines may exert cardioprotective effects through hematopoietic 

cells. Further identification and characterization of the signaling pathways from cells 

originating from the hematopoietic progenitors can help us not only understand the tightly 

regulated process of coronary development but also engineer new avenues for the treatment 

of ischemic heart disease and anomalous coronary arteries, by charting new frontiers in the 

induction of new coronary vessels.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• We studied the role of hematopoietic progenitor cells on the coronary 

development.

• Mice lacking hematopoietic progenitor cells have hypoplastic coronary vessels.

• These cells are not merely passengers, but substantially involved in coronary 

growth.
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Figure 1. Runx1 mutant embryos show defects in cardiac development and coronary formation
(A) Representative CD45 staining of E12.5 Runx1-null embryos. No CD45+ cells are 

identified in the mutants. (B) Quantification of the number of CD45+ cells per high power 

field section (n=6). (C) Whole mount CD31 staining and H&E staining of E12.5 hearts. 

Coronary plexus formation is adversely affected in Runx1 null embryos (first row) when 

compared to wild-type embryos. H&E staining shows thin myocardium and ventricular 

septal defect (second row). (D) Quantification of the coronary plexus in the interventricular 

surface (boxed area in C; n=6). The density of the coronary plexus is reduced in Runx1 

mutants. (E) Quantification of the thickness of ventricular free wall (n=6). Mutants show 

significantly thinner myocardium.

Scale bars: A, 0.1 mm. C, 1 mm. * p < 0.05.
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Figure 2. VD embryos shows abnormal hypoplastic coronary vessels and structural heart defects
(A) Representative CD45 staining of E14.5 VD embryos. Markedly reduced CD45+ cells are 

identified in the treated embryos. (B) Quantification of the number of the CD45+ cells per 

high power field section (n=5). (C) Whole mount CD31 staining, H&E staining, and section 

CD31 immunofluorescence staining of E14.5 hearts. Coronary plexus and major coronary 

vessels are adversely affected in the VD embryos (first row) when compared to wild-type 

embryos. H&E staining shows intact ventricular septum and myocardium (second row). 

Section CD31 immunostaining shows smaller coronary vessels (bottom row) in the VD 
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embryos. (D) Representative E14.5 VD and wild-type embryos. VD embryos are of 

comparable size as wild-type embryos but exhibit subcutaneous edema (arrow). (E) 

Quantification of the relative length of the major coronary vessels in the wild-type hearts 

(white arrowheads in C) and VD hearts (black arrowheads in C) (n=5). (F) Quantification of 

the coronary plexus. The density of the coronary plexus is reduced in VD embryos (n=5).

Scale bars: A, 0.1 mm. C (first and second row), 2 mm. C (bottom row), 0.1 mm. * p < 0.05.
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Figure 3. VD embryos reveal reduced cardiac function
(A) Representative 2D images and M-mode analysis of E14.5 embryos. VD hearts show 

reduced systolic function (n=4). (B) Quantification of the ejection fraction (EF), fractional 

shortening (FS) and heart rate. The EF and FS are significantly reduced in the VD 

embryonic hearts (n=4). *p < 0.05
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Figure 4. Runx1 and VD heart explants show reduced endothelial sprouting
(A) Representative ventricular explants from Runx1 mutant embryos. Sprouting of CD31+ 

cells is reduced in the mutants. (B) Quantification of the CD31+ sprouting area from Runx1 

mutants (n=6). (C) Representative ventricular explants from VD embryos. CD31+ sprouting 

is reduced in the VD explants. (D) Quantification of the CD31+ sprouting area from VD 

explants (n=5).

Scale bar: 1 mm. * p < 0.05.
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Figure 5. Hematopoietic deficient embryos show EMT defect
(A) Representative vimentin (green) and CD31 (red) staining of E12.5 Runx1 mutant 

embryos. Markedly reduced vimentin staining is observed in the mutants (n=5). (B) High 

magnification of vimentin (green) and CD31 (red) staining of E12.5 Runx1 mutant embryos. 

The reduction of vimentin is observed throughout, including the lateral ventricular wall and 

interventricular septum as well (n=5). (C) Representative vimentin (green) and CD31 (red) 

staining of E14.5 VD embryos The reduction of vimentin is observed in VD hearts and it is 

associated with smaller size CD31+ vessels (n=4). (D) qRT-PCR of vimentin, snail2, and 

twist1. mRNA levels of vimentin, snail2, and twist1 are markedly downregulated in the 

epicardial cells of the E12.5 Runx1 mutant hearts (n=5) and E14.5 VD hearts (n=4).

Scale bars: two left columns, top row 1 mm, bottom rows and two right columns 0.1 mm. * 

p < 0.05.
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