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SUMMARY

Coronary heart disease damages the trabecular myocardium, and the regeneration of trabecular
vessels may alleviate ischemic injury. However, the origins and developmental mechanisms

of trabecular vessels remain unknown. Here, we show that murine ventricular endocardial

cells generate trabecular vessels through an “angioEMT” mechanism. Time course fate

mapping defined a specific wave of trabecular vascularization by ventricular endocardial cells.
Single-cell transcriptomics and immunofluorescence identified a subpopulation of ventricular
endocardial cells that underwent endocardial-mesenchymal transition (EMT) before these cells
generated trabecular vessels. Ex vivo pharmacological activation and /n7 vivo genetic inactivation
experiments identified an EMT signal in ventricular endocardial cells involving SNAI2-TGFB2/
TGFBR3, which was a prerequisite for later trabecular-vessel formation. Additional loss- and
gain-of-function genetic studies showed that VEGFA-NOTCHL signaling regulated post-EMT
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trabecular angiogenesis by ventricular endocardial cells. Our finding that trabecular vessels
originate from ventricular endocardial cells through a two-step angioEMT mechanism could
inform better regeneration medicine for coronary heart disease.

In brief

Lu et al. identify two waves of coronary-vessel formation at trabecular and compact myocardium
of the murine heart. Their work finds that trabecular vessels arise from ventricular endocardial
cells and characterizes a two-step angioEMT mechanism underlying the process that may inform
better regeneration medicine for coronary heart disease.
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INTRODUCTION

The coronary circulation supplies blood to the heart muscle. Disrupted coronary circulation
leads to ischemic heart disease that is often confined to the subendocardial layer of

the left ventricular wall. This layer consists of trabecular myocardium.2:3 Hence, the
targeted rebuilding of coronary circulation at the trabecular myocardium, i.e., regeneration
of trabecular vessels, may represent a promising cell therapy for coronary heart disease,
which remains as the leading cause of death worldwide.*® However, little is known on
how trabecular vessels are formed during development. This lack of knowledge has limited
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our ability to design an effective and cell-type-specific therapy for coronary heart disease
through regenerating trabecular vessels following the developmental paradigm.6.7

Coronary vessels at compact myocardium are derived from ventricular endocardial cells,8-12
sinus venous endothelial cells (ECs),13 and proepicardial cells.1415 These progenitor

cell populations give rise to compact coronary vessels in a spatially complementary

manner through distinct mechanisms.8:9:11.16-18 |n contrast, the developmental origins

and mechanisms of trabecular vessels remain unknown. In this study we addressed this
knowledge gap using an integrated approach of cell lineage tracing, single-cell RNA
sequencing (ScCRNA-seq) analysis, ex vivo coronary angiogenesis assays, and /17 vivo gain-
and loss-of-function validations.

We found two (i.e., first and second) waves of coronary vascularization at compact and
trabecular myocardium, respectively, by ventricular endocardial cells. We identified a
previously unknown endocardial-mesenchymal transition (EMT) mechanism through which
a subset of ventricular endocardial cells is primed before they generate trabecular vessels by
angiogenesis. We further characterized a sequential signaling event involved in snai family
zinc finger 2 (SNAI2)-transforming growth factor beta receptor 2 (TGFB2)/transforming
growth factor beta receptor 3 (TGFBR3) during EMT and vascular endothelial growth
factor-A (VEGFA)-notch receptor 1 (NOTCH1) during subsequent angiogenesis, which is
required for the second wave of coronary-vessel formation at trabecular myocardium. Our
finding that trabecular vessels originate from ventricular endocardial cells through a two-
step angioEMT (angiogenesis following EMT) mechanism could inform better regeneration
medicine for coronary heart disease.

Formation of trabecular vessels requires myocardial VEGFA

To characterize coronary-vessel formation at trabecular myocardium, we performed double
immunostaining on serial sections of mouse embryonic heart from embryonic day (E)

14.5 to E18.5 using antibodies against a panendothelial marker expressed by the coronary
endothelium and ventricular endocardium (PECAM1) and an endothelial protein expressed
by angiogenic cells (VEGFR3).910 We found that few if any coronary plexuses were present
at trabecular myocardium before E16.5 (Figure 1A). In contrast, coronary plexuses began to
emerge at trabecular myocardium around E16.5-17.5; these newly formed trabecular vessels
expressed VEGFR3 and expanded quickly, leading to significantly increased vascular
density at trabecular myocardium around birth (Figures 1A and 1B). The vascular expansion
was accompanied by thickening of the trabecular myocardium. The high level of VEGFR3
expression in these forming trabecular vessels suggests that angiogenic proliferation drives
trabecular-vessel formation in the perinatal heart.

As hypoxia induces angiogenesis during vascular development!®-21 and myocardial
hypoxia is intimately associated with developmental coronary angiogenesis at compact
myocardium,89 we investigated hypoxia at trabecular myocardium of the developing heart
using hypoxia-probe staining.22 endomucin (EMCN) was co-stained to mark the ventricular
endocardium to visualize trabecular and compact myocardium. No hypoxic signaling was
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detected at trabecular myocardium before E16.5 (Figures 1C and 1D). In contrast, we
detected hypoxic signaling at trabecular myocardium from E17.5 to 2 days post-natal (P2),
which increased over time (Figures 1C and 1D). The coordinated myocardial hypoxia

and coronary plexus formation at trabecular myocardium suggest that trabecular-vessel
development is dependent on the hypoxia-regulated VEGFA signaling.8:9:11

We tested this hypothesis by timed deletion of Vegfain the myocardium through

crossing the 7rnt2MerCreMer geleter23 with the floxed V&gfa mouse.24 We inactivated Vegra
expression by administrating tamoxifen at E17.5 when trabecular myocardium became
hypoxic. We examined the myocardial Vegfanull heart (Vegf#KO hereafter) at P7 and found
that the Vegfa*KO heart became severely hypoxic, especially at trabecular myocardium,
compared with the littermate control heart ( Vegfa” (Figures 1E-1H and S1A). Further
PECAM1 immunostaining identified significantly reduced density of coronary vessels

at both trabecular and compact myocardium of the Vegf#<O heart compared with the
control Vegfa” heart (Figures 11-1L and S1B). The decrease was more pronounced

at trabecular myocardium. This demonstrates that trabecular-vessel formation requires
myocardial VEGFA signaling and suggests that reduced trabecular vascularization escalates
hypoxia at trabecular myocardium.

Ventricular endocardial cells give rise to trabecular vessels

Previous studies have shown that coronary vessels at compact myocardium have developed
before coronary circulation begins at E14.5 and they arise from the progenitor cells at the
sinus venous endothelium!3 around E9.5 and the ventricular endocardium® around E11.5.
However, the developmental origins of trabecular vessels were not specifically examined in
these studies. Therefore, we performed a lineage tracing analysis of ventricular endocardial
cells using the inducible endocardial Cre line Ajpr3©"eERT2 10 Ajpr3is predominantly
expressed in the entire ventricular endocardium from E10.5 to E16.5, as shown by
immunostaining using antibodies against natriuretic peptide receptor 3 (NPR3) (Figure S2).

We labeled ventricular endocardial cells by the administration of tamoxifen to dams at
E10.5, when sinus-venosus-derived coronary progenitors had already migrated onto the
surface of the ventriclel3 but ventricular endocardial cells had yet to undergo coronary
angiogenesis.® We then examined E16.5 heart by costaining for the lineage marker GFP and
the endothelial marker platelet/endothelial cell adhesion molecule 1(PECAML). The result
showed that GFP-labeled progenies of E10.5 ventricular endocardial cells contributed to
entire coronary vessels at the interventricular septum and part of coronary vessels at compact
myocardium of the ventricles (Figures 2A and 2B).

In contrast, when we induced the labeling at E12.5, GFP-expressing progenies of E12.5
ventricular endocardial cells were found in coronary vessels at the interventricular septum of
E16.5 heart, but not in coronary vessels at compact myocardium of the ventricles (Figures
2C and 2D). This is consistent with our immunostaining observations (Figures 1A and 1B),
showing no sign of coronary-vessel formation at trabecular myocardium by E16.5. These
results support that a subset of ventricular endocardial cells is committed to the coronary
endothelial fate before E12.5.8 Njpr3°"®ERT2 induced at E10.5 may label some epicardial
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cells; however, this does not interfere with lineage tracing analysis of ventricular endocardial
cells, as epicardial cells labeled by Ajpr3°®ERT2 do not become coronary ECs.10.15.25

Because trabecular vessels emerged after E16.5 (Figures 1A and 1B), we next examined

P7 hearts following the labeling of ventricular endocardial cells at E10.5, and we found

that progenies of E10.5 ventricular endocardial cells contributed to entire coronary vessels
at trabecular myocardium (Figures 2E and 2F). Trabecular vessels completely labeled by
GFP were clearly separated from the coronary vessels at compact myocardium, which

were partially labeled by GFP. This labeling pattern suggests that after E16.5, trabecular
vessels likely arise directly from ventricular endocardial cells. This is supported by the
observation that ventricular endocardial cells labeled at E12.5 give rise to entire trabecular
vessels but have no contribution to vessels developed at compact myocardium (Figures 2G
and 2H). Lineage tracing results from E16.5 and P7 hearts labeled at E10.5 and E12.5,
respectively, demonstrate two waves of coronary-vessel formation by ventricular endocardial
cells (Figure 21). The first wave of coronary plexuses occurs at compact myocardium around
E10.5, performed by earlier ventricular endocardial cells that give rise to part of compact
myocardium vessels. The second wave of coronary plexuses occurs after E16.5 at trabecular
myocardium by later ventricular endocardial cells that generate entire trabecular vessels.

Characterization of the second-wave progenitor cells in ventricular endocardium

To determine when second-wave progenitor cells in ventricular endocardium are
committed to trabecular vessels, we labeled ventricular endocardial cells with GFP in the
Npr3CreERT2: pogfSGFP empryos at different stages from E10.5 to E16.5. When inducing
GFP labeling with tamoxifen at E10.5 or E11.5, GFP-labeled progenies of ventricular
endocardial cells were found in all trabecular vessels expressing PECAM1 and some
coronary vessels at compact myocardium of P7 hearts (Figures 3A, 3B, S3A, and S3B).

In contrast, when inducing GFP labeling at E12.5, GFP-labeled progenies of ventricular
endocardial cells were found in all trabecular vessels of P7 hearts, but few if any coronary
vessels in compact myocardium (Figures 3C and S3C). The contribution of GFP-labeled
progenies of E13.5-E14.5 ventricular endocardial cells to trabecular vessels of P7 hearts was
gradually decreased (Figures 3D, 3E, S3D, and S3E), suggesting reduced potential for the
endocardial-to-endothelial fate change. By E16.5, ventricular endocardial cells largely lost
this potential as few GPF-labeled progenies derived from ventricular endocardial cells were
present in trabecular vessels (Figures 3F and S3F).

Quantitative analysis of the lineage data confirmed that the potential for commitment to
the trabecular-vessel fate by ventricular endocardial cells was downregulated from E12.5
to E16.5 and limited to this window (Figure 3G). This is consistent with our previous
observations that ventricular endocardial cells of E17.5 hearts have completely lost their
angiogenic potential to form coronary vessels.19 In contrast, the commitment of ventricular
endocardial cells to coronary vessels at compact myocardium was restricted to the earlier
developmental stage, E10.5-E12.5 (Figure 3H). The overall commitment of ventricular
endocardial cells to coronary vessels at the entire left ventricle was reduced from E10.5 to
E16.5 (Figure 3I).
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To visualize the second wave of coronary-vessel formation by ventricular endocardial

cells, we chose to label ventricular endocardial cells at E12.5 by AjprC™ERTZ These cells
exclusively contributed to trabecular vessels from the second wave but did not participate

in the first wave that gave rise to coronary vessels at compact myocardium. We examined
the forming trabecular vessels of the perinatal heart by GFP-labeled progenies derived

from E12.5 ventricular endocardial cells. In E16.5 heart, all GFP-labeled cells were located
within ventricular endocardium, and few if any GFP-labeled cells were present in coronary
vessels at compact or trabecular myocardium expressing PECAML1 (Figure 3J). In the
E17.5 heart, some GFP-labeled trabecular vessels began to emerge at the base of trabecular
crypts (Figure 3K, arrowheads). The number of GFP-labeled vessels increased and expanded
toward the center of trabecular crypts by E18.5 (Figure 3L, arrowheads). From PO to P7, the
number of GFP-labeled trabecular vessels increased continuously and some extended into
the newly compacted myocardium from the trabeculae (Figures 3M, 3N, S3G, and S3H).

Quantitative analysis of the developmental lineage data showed increased density of GFP-
labeled trabecular vessels over time from E16.5 to P7 (Figure 30) and increased proportion
of second-wave-generated vessels in entire coronary vessels of the left ventricle (Figure
3P). The lineage tracing results demonstrate that a subset of ventricular endocardial cells

is committed to the trabecular-vessel fate between E12.5 and E16.5, and these progenitor
cells vascularize trabecular myocardium only after E16.5, likely in response to the hypoxic
myocardium occurring at birth.

Sequential EMT and angiogenesis actions by ventricular endocardial cells

Because the potential of ventricular endocardial commitment to the trabecular-vessel fate is
developmentally reduced from E12.5 to E16.5, we performed scRNA-seq analysis on E12.5,
E13.5, E14.5, and E15.5 hearts. For each stage, we obtained 4,073-9,092 cells of high
quality after strict quality control and filtering (Figures S4A and S4B). We integrated the
cells from all four stages, including duplications for E13.5, E14.5, and E15.5 and clustered
them based on their similar gene expression profiles (Figure 4A). The analysis identified an
EC cluster based on the high expression of endothelial markers Cah5and Pecam1 (Figures
4B and S4C). We also identified cell clusters for cardiomyocytes (CMs) (Figure S4D),
cardiac fibroblast and mesenchyme (Figure S4E), and macrophages (Figure S4F).

To focus on ECs, we further clustered the EC cluster into six subclusters and determined
the marker genes for each subcluster. This allowed us to identify cluster 1 as valve ECs
(Cldni1t; Wnt4"), cluster 2 as coronary ECs (Fabp4t; DII4), and cluster 5 as lymphatic
ECs (Lyvel*; Prox1*), whereas clusters 0, 3, and 4 were identified as endocardial cells
expressing endocardial genes Ajpr3and Adgrgé. Cluster 0 is the main endocardial cell
cluster, whereas cluster 3 is a proliferating endocardial cell cluster (Figures 4D, S4G,

and S4H), and cluster 4 has a small number of cells (<3% of the total endocardial cells
(Figure S4l). However, these cells formed a distinct cluster by unbiased clustering analysis,
suggesting unique functions.

Because we found that ventricular endocardial cells were the progenitor source of trabecular
vessels, we next compared cluster 0 and 4 endocardial cells along with cluster 2 coronary
ECs. We found that cluster 4 cells showed lower expression of endocardial markers Npr3
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and Adgrgé when compared with cluster O (Figure 4D). We further noticed that cluster 4
expressed a group of key EMT regulatory genes such as Snai2, Sox9, and Tbx20, which
were not expressed by most of endocardial cells, i.e., cluster 0, or coronary ECs, i.e., cluster
2 (Figure 4D). Comparing expression profiles of endocardial and coronary endothelial
marker genes and essential EMT regulatory genes in cluster 0 and 4 endocardial cells and
cluster 2 coronary ECs indicated that EMT was a unique function of cluster 4 (Figure 4E).

As the transforming growth factor beta (TGF-p) pathway plays a key role in EMT, we
examined the expression of ligands and receptors of TGF-p signaling and found that

Tgfb1 was expressed in coronary endothelium (cluster 2) and endocardium (clusters O

and 4); Tgfb2was expressed in CMs and endocardial cell clusters (clusters 0 and 4);

and Tgfb3was specifically expressed in cluster 4 endocardial cells (Figure 4F). Among

the TGF-B receptors, 7gfbrl was expressed in cardiomyocytes and cluster 4 endocardial
cells, Tgfbr2was expressed in both endocardial and coronary ECs, and 7gfbr3was
specifically expressed in endocardial cells (clusters 0 and 4) (Figure 4F). Further ligand-
receptor interaction analysis using CellChat28 supported strong 7gfb2- Tgfbr2/3 interactions
between cardiomyocytes (CMs) and endocardial cells (clusters 0 and 4), and TgfbI- Tgfbrl/2
interactions between coronary ECs (cluster 2) and endocardial cells (cluster 4) (Figure 4G).
These findings suggest that TGF-p-dependent EMT via myocardial TGF-p2-endocardial
TGF-BR2/3 occurs in a subset of chamber endocardial cells.

We next performed the pseudotime trajectory analysis among endocardial clusters 0 and 4
and coronary endothelial cluster 2. We found that endocardial cluster 4 was an intermediated
state between endocardial cells (cluster 0) and coronary ECs (cluster 2) (Figure 5A).

Further differential expression analysis of endocardial cells (between clusters 0 and cluster
4) identified the regulatory EMT genes (76x20,27 Gsn,28 Sox9,2° and Twist130) were
upregulated in cluster 4 endocardial cells when compared with cluster 0 (Figure S4J). On
the other hand, endocardial genes (Apr3, Plvap, and Emcn) were downregulated in cluster 4
when compared with cluster 0 endocardial cells (Figure S4J).

Because of the small cell numbers in cluster 4 that prevented us from more comprehensive
analysis, we overcame this limitation by comparing the main endocardial cells (cluster 0)
among the four stages from E12.5 to E15.5 to further identify the developmental potential of
endocardial commitment to the trabecular-vessel fate. Differential gene expression analysis
over these time points showed that genes involved in EMT were downregulated, whereas
genes involved in angiogenesis were upregulated from E12.5 to E15.5 (Figures 5B and 5C).
Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analyses for the genes significantly downregulated from E12.5 to E15.5 showed that RNA
splicing and cell cycle were among the most highly enriched functions, reflecting the
maturation of ventricular endocardial cells (Figure 5D). Notably, EMT was also among the
enriched functions, including known the EMT genes 7gfbr3and Tbx20 (Figures 5D and
5E).

We therefore sought to validate the potential role of EMT in the formation of trabecular
vessels. We first examined the expression of Tgfbr3in E12.5, E14.5, and E16.5 hearts by
immunostaining, as it is required for coronary-artery formation.3! Our results confirmed
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that 7gfbr3was specifically expressed in ventricular endocardium, which was consistent
with the above results from the TGF-B-signal ligand-receptor interaction analysis (Figure
4F). Importantly, its expression was indeed rapidly downregulated in E14.5 and totally
diminished by E16.5 (Figure 5F), as shown by both the percentage of TGFBR3-expressing
cells (Figure 5G) and the expression intensity of TGFBR3 in individual cells (Figure 5H).
We further examined the expression of 7wist1, Snail, and Snai2, which encode important
EMT transcription factors30:32-34 and found that only SNAI2 was expressed in ventricular
endocardial cells (Figures 51, S5A, and S5B). Similarly, the percentage of SNAI2-expressing
endocardial cells and the expression intensity of SNAI2 in individual ventricular endocardial
cells were decreased from E12.5 to E16.5 (Figures 5J and 5K). In addition, the expression
of other common EMT markers such as ACTA2, PDGFRB, and VIMENTIN (VIM) was
decreased in ventricular endocardial cells from E12.5 to E16.5 (Figures S5C-S5K).

GO and KEGG pathway-enrichment analysis for the developmentally upregulated genes

in cluster 0 from E12.5 to E15.5 showed that angiogenesis was a top enriched

function, supported by upregulated expression of GataZand 7gfbr2 (Figures 5L and

5M). Expression of Gata2, a transcriptional factor essential for angiogenesis,3® was
examined by immunostaining. GATA binding protein 2 (GATA2) was expressed by some
ventricular endocardial cells of E12.5 heart (Figure 5N), but the percentage of GATA2-
expressing ventricular endocardial cells and the expression intensity of GATAZ2 in individual
endocardial cells were significantly increased from E12.5 to E16.5 (Figures 50 and 5P).
Furthermore, as NOTCH signaling is a well-known negative regulator of angiogenesis,36-38
we examined the expression of NOTCHL1 intracellular domain (NICD) and found that the
percentage of NICD-expressing ventricular endocardial cells and the expression level of
NICD in individual ventricular endocardial cell were significantly decreased from E12.5 to
E16.5 (Figures 5Q-5S).

These observations demonstrate developmentally regulated functional changes in ventricular
endocardial cells, especially downregulated EMT and upregulated angiogenesis that precede
formation of trabecular vessels. Importantly, EMT by ventricular endocardial cells has not
been recognized previously and is distinct from EMT by valve endocardial cells at E9.5-
E11.5, which is critical for valvulogenesis.3%-42 Hence, we named EMT by ventricular
endocardial cells at E12.5 angioEMT for its potential involvement in generating the
angiogenic progenitor cells required for trabecular-vessel formation.

Ventricular endocardial cells form trabecular vessels by angioEMT

To test this angioEMT hypothesis, we performed an ex vivo coronary-sprouting assay using
the left ventricle isolated from E12.5 heart (Figure 6A). The ventricular endocardial cells
were labeled by GFP in BmxCTeER; R265GFP embryos induced by tamoxifen at E11.5.
BmxCTeER was used as it specifically labeled ventricular endocardial cells (Figure S6A). The
left ventricle explants were cultured in a 3D Matrigel with or without recombinant TGFB2
treatment as ligand-receptor analysis suggested that only the TGFB2 ligand interacted with
the TGFBR3 receptor expressed by ventricular endocardial cells (Figure 4G). We carried
out both dose-dependent and time course experiments using recombinant TGFB2 at the
concentration of 10 ng/mL for 1 day or 2 ng/mL for 3 days, and TGFB2 treatment
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was followed by recombinant VEGFA treatment at 10 ng/mL (Figure 6A). GFP-labeled
sprouting cells from ventricular endocardial cells and the formation of GFP-labeled vascular
networks were examined at days 3, 6, and 9 after the TGFB2 treatment. The results

showed that at day 3, few GFP-labeled sprouting cells emerged from control ventricular
explants without TGFB2 treatment, while significant GFP-labeled sprouting cells arose
from ventricular explants treated with TGFB2 at the 10 ng/mL concentration for one day

or 2 ng/mL for 3 days (Figures 6B and 6C). Subsequent VEGFA treatment supported
angiogenesis by GFP-labeled sprouting cells to form elaborate vascular networks from day 6
to day 9, whereas control explants generated few vascular branches upon VEGFA treatment
(Figures 6B and 6D). This supports that TGFB2 primes ventricular endocardial cells for
angiogenesis through EMT.

To determine if angioEMT is the priming mechanism involving TGF-@ signaling, we
examined the expression of TGFBR3 in ventricular endocardium of E12.5 hearts of Snari2
germline null embryos,*3 as TGFBR3 and SNAI2 were both highly expressed in ventricular
endocardial cells and developmentally downregulated from E12.5 to E15.5 (Figures 5F-5K).
We found that TGFBR3 expression in ventricular endocardial cells was reduced in E12.5
SnafZ null hearts (Figures S6B-S6D), suggesting that angioEMT by ventricular endocardial
cells at E12.5 was regulated by SNAI2-TGFBR3 signaling. Trabecular vessels in P7 Snai2
null hearts carrying Ajpr3CeERT2; R261SGFP \were also examined. We found that P7 Snai2
null hearts had a significantly reduction in GFP-labeled trabecular vessels derived from
ventricular endocardial cells marked at E12.5 compared with control (wild-type) hearts
(Figures S6E and S6F). Quantitative analysis showed that GFP-labeled trabecular-vessel
density and the percentage of trabecular vessels in the left ventricle were significantly
decreased (Figures S6G and S6H).

To exclude potential earlier EMT defects in Snai2 nulls, which might complicate the
trabecular-vessel phenotype and to link SNAI2-dependent angioEMT to TGF- signaling,
we applied the TGF-B inhibitor, SB431542,%4 to pregnant dams of Ajpr3TeERT2 R 265SGFP o
three consecutive days at E12.5, E13.5, and E14.5. The pregnant dams also had induced
GFP labeling of ventricular endocardial cells by tamoxifen at E12.5. P7 hearts from
pregnant dams treated with SB431542 had reduced formation of trabecular vessels by
GFP-labeled progenies derived from E12.5 ventricular endocardial cells compared with P7
control hearts from PBS-treated pregnant dams (Figures S61 and S6J). Quantitative analysis
confirmed that trabecular-vessel density and the percentage of trabecular vessels in the left
ventricle were significantly decreased (Figures S6K and S6L).

Snai2 germline deletion or SB431542 treatment might inhibit the global EMT affecting
multiple tissues or organs, thereby complicating the analysis of the specific trabecular-vessel
phenotype. We thus overcame this limitation by specific deletion of 7gfbr3in the ventricular
endocardium by crossing 7gfbr3-floxed mice*® with AjprCeERTZ -R26ISGFP mice. We
induced Tgfbr3deletion at E12.5 when it was highly expressed in ventricular endocardial
cells, some of which took the trabecular coronary fate. 7gfbr3deletion resulted in reduced
trabecular vascular networks in P7 7gfor%O heart compared with control hearts (Figures
6E and 6F). Quantitative analysis showed that trabecular-vessel density and the percentage
of trabecular vessels in the left ventricle were significantly reduced (Figures 6G and 6H).
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These observations from pharmacological and genetic studies demonstrate that angioEMT
by ventricular endocardial cells is required for trabecular-vessel formation.

NOTCHL1 regulates angiogenesis to form trabecular vessels

Our previous study showed that NOTCH1 signaling is required for the first-wave formation
of coronary vessels at compact myocardium by ventricular endocardial cells through
angiogenesis.® Therefore, we sought to determine if NOTCH1 signaling played a similar
role in the second wave of coronary angiogenesis that gives rise to trabecular vessels. To
this end, we overexpressed NICD to suppress angiogenesis by progenies of ventricular
endocardial cells via crossing R26"N1/CD mice8 with Npord©eERT2 mice. We induced
NICD overexpression at E12.5 in ventricular endocardial cells and their trabecular coronary
endothelial progenies by tamoxifen and found that NICD overexpression inhibited the
formation of trabecular vessels in P7 NICD heart compared with that in control hearts
(Figures 7A and 7B). Quantitative analysis showed that trabecular-vessel density and the
percentage of trabecular vessels in the left ventricle were significantly reduced (Figures 7C
and 7D).

The overactivation of NOTCH1 signaling can suppress EMT by valve endocardial cells.47:48
Therefore, we examined this possibility by studying the expression of TGFBR3 and found
that its expression was not altered in the NICD-overexpressing ventricular endocardial cells
at E13.5 (Figures STA-S7C). Conversely, as SNAI2 might regulate NOTCHL1 signaling to
control EC activation and angiogenesis,*® we examined NICD expression in Snai2null
hearts and found that its expression remained at the same level in the Snai2 null ventricular
endocardial cells at E14.5 (Figures STD-S7F). Together with the VEGFA findings (Figures
1 and S1), these observations support a sequential TGF- and VEGFA-NOTCHL1 signaling
cascade that regulates angioEMT by ventricular endocardial cells and the subsequent second
wave of coronary angiogenesis by the post-EMT ventricular endocardial cells to form
trabecular vessels.

DISCUSSION

Trabecular myocardium of the left ventricle, located underneath the endocardium, is the
most frequently damaged heart muscle by ischemia in coronary heart disease.? Hence,
regeneration of trabecular vessels is inevitably needed to effectively relieve the ischemic
insult to trabecular myocardium. However, little is known regarding how trabecular vessels
are formed during development, which is essential for devising cell-type-specific strategies
for the regeneration of trabecular vessels. In this study, we addressed this important
knowledge gap and provided several lines of evidence demonstrating that trabecular
vessels are derived from a subset of ventricular endocardial cells through a previously
unrecognized angioEMT mechanism regulated by sequential SNAI2-TGFB2/TGFBR3 and
VEGFA-NOTCH1 signaling.

First, we employed a time course lineage tracing strategy to precisely show that
ventricular endocardial cells are the major embryonic source of trabecular vessels. In
contrast, coronary vessels at compact myocardium are known to have three embryonic
origins in the ventricular endocardium,8-1012 the sinus venous endothelium,!3 and the
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proepicardium.4.15 Specifically, our lineage tracing analysis clearly identified two distinct
waves of developmental coronary vascularization in the ventricle wall by the angiogenic
cells derived from ventricular endocardium. The first wave was characterized by a subset
of ventricular endocardial cells labeled at E10.5 that gave rise to a significant portion of
coronary vessels at compact myocardium of both ventricles, especially the left ventricle,

at E16.5 when no vessels were present at trabecular myocardium. The second wave was
defined by a subset of ventricular endocardial cells labeled at E12.5, which generated entire
vessels at trabecular myocardium after E16.5 and did not contribute to new vessels at
compact myocardium.

Second, our time course lineage tracing identified a developmentally regulated angiogenic
potential for ventricular endocardial cells to become trabecular vessels from E12.5 to

E16.5 and loss of potential by E16.5 (Figure 7E). During this developmental window,

the progenitor cells were located within the ventricular endocardium and only underwent
angiogenesis after E16.5 when trabecular myocardium became hypoxic (Figure 7E). Third,
by scRNA-seq analysis and immunofluorescence validation, we found that decreased
angiogenic potential was accompanied by decreased EMT and increased angiogenesis
function in ventricular endocardial cells (Figure 7E). The two waves of coronary
vascularization in this study are different from the previously described three waves of
coronary angiogenesis, focused on angiogenic cells from different origins and/or locations.>0
Our study highlights definitively, for the first time, two waves of coronary vascularization by
ventricular endocardial cells.

Lastly, we carried out ex vivo pharmacological treatment and /7 vivo loss- or gain-of-
function genetic alteration to document a previously unknown “two-step” angioEMT
mechanism. Ventricular endocardial cells first underwent EMT regulated by SNAI2-TGFB2/
TGFBR3 signaling to become angiogenic fated progenitors for trabecular vessels and then
were activated by VEGFA-NOTCHL1 signaling to undergo the second wave of coronary
angiogenesis to form trabecular vessels (Figure 7F). Interestingly, a recent study reported
that BMP2, a key EMT regulator,4”>1 promotes the first wave of coronary angiogenesis by
ventricular endocardial cells stimulated by VEGFA.12 The synergistic functions of BMP2
and VEGFA during the first wave of coronary angiogenesis appear to be different from the
two-step sequential functions of the SNAI2-TGFB2/TGFBR3 and VEGFA-NOTCH1 during
the second wave of coronary angiogenesis.

Although the potential of ventricular endocardial cells to form coronary vessels is totally lost
postnatally during normal development and neonatal heart regeneration? or is very limited
after birth,52 recent studies have demonstrated a phenomenon of formation of new trabecular
vessels by ventricular endocardial cells in the injured adult heart overexpressing VEGFB

in CMs%3 or VEGFR? in ventricular endocardial cells.>* These observations support the

idea that adult ventricular endocardial cells may keep some potential to differentiate into
coronary vascular ECs under certain genetically altered and/or pathological conditions. Our
results advocate angioEMT as a potential therapeutic target to reactivate the potential of
ventricular endocardial cells in the damaged adult heart to regenerate new trabecular vessels.
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Limitations of the study

In this study, we did not test whether the developmental angioEMT program can be
reactivated in ventricular endocardial cells in the adult heart—for example, after ischemic
heart attack—to revascularize the diseased heart; this is a direction for further investigation.
Future studies are also required to characterize the distinction between the earlier and later
ventricular-endocardial-to-coronary-endothelial transition during the two waves of coronary
angiogenesis.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to the lead contact, Bin Zhou (bin.zhou@einsteinmed.edu).

Materials availability—The materials used and generated in this study are available from
the lead contact upon reasonable request with a completed Materials Transfer Agreement.

Data and code availability—scRNA-seq data have been deposited at “GEO
database:GSE205394”. Microscopy data reported in this paper will be shared by the lead
contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—Miice were used in this study. Mouse housing and experiments were performed
according to the protocol approved by the Institutional Animal Care and Use Committee
(IACUC) of Albert Einstein College of Medicine. Mice were maintained under specific
pathogen-free conditions in mouse rooms with a 12 h/12 h light/dark cycle at 22°C under
~55% humidity. Mice received sterile autoclaved water and a standard diet for rodents.
Noontime on the day of detecting vaginal plugs was designated as E0.5, and morning

on the day of observing newborns was designated as PO. For embryo generation, female
mice at the age of ~4 months and male mice at the age of 3—6 months were used.

Embryos were isolated and neonates were collected at different stages and inspected to
determine expected developmental ages. Age-matched embryos and neonatal mice of both
sexes were grouped according to genotype during experiments. The previous described
Vegfal’24 TpfMerCreMer 23 ppraCreERT210 poglsGFP56 BmyCreER 55 Spajo~/=43 Ty 345
R26/NIICDAE mouse lines were used in this study.

METHOD DETAILS

All procedures were performed under protocols approved by the IACUC of Albert Einstein
College of Medicine.

Lineage tracing analysis—The Npr3“"®ERTZ mice or Bmx“"eER mice were bred with
the R26™GFP reporter mice. Tamoxifen (100 mg/kg) was given to pregnant female mice
by oral gavage to induce reporter gene expression. The Npr3“eERTZ - 26/SGFF mice were
bred with the Snaiz™~, Tgfbor3™” R265NCD mice to respectively induce reporter gene
expression under gene deletion or overexpression background at a desired time point, and
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wildtype littermates from the same dam which received tamoxifen (100 mg/kg) treatment as
controls. The 7nMerCreMer mice were bred with the Vegfa” mice. The pregnant dams were
given tamoxifen (100 mg/kg) by oral gavage to induce gene deletion at E17.5. Following
induction, embryos or neonates from the same litter were sacrificed at indicated time points,
and the hearts were isolated and analyzed in subsequent experiments.

Immunofluorescence staining—Preparation of paraffin sections and immunostaining
were carried out as described.10 Briefly, embryonic hearts were freshly isolated in PBS,
fixed in 4% PFA at 4°C for 2 h to overnight according to developmental stages, washed

in PBS, dehydrated through a serial of gradient ethanol, cleared in xylene and embedded

in paraffin with orientation for front or transverse sections. The hearts were then sectioned
at a 6pm thickness, and tissue sections were mounted on positive charged slides. The heart
tissue sections were then baked overnight at 40°C and deparaffinized in xylene, rehydrated
by a serial of gradient ethanol, and antigen retrieved before immunofluorescence staining.
The tissue paraffin sections were blocked with 5% normal horse or goat serum for 1

h at room temperature and incubated with primary antibodies in blocking buffer at 4°C
overnight. Then the tissues were incubated with secondary antibodies conjugated with the
Alexa fluorescence dyes for 1 h at room temperature. Fluorescence micrographs were taken
on a Zeiss Observer Z1 microscope or a Leica SP5 confocal microscope. Three to six hearts
were analyzed for each genotype, and quantifications were carried out in a blinded fashion
using the ImageJ 1.48v software.

Preparation of frozen sections and immunostaining were carried out as described.10 Briefly,
embryonic or neonatal hearts were freshly isolated in PBS, fixed in 4% PFA at 4°C

for 1-3 h according to developmental stages, washed in PBS, soaked in 15% and 30%
sucrose sequentially, and embedded in the optimal cutting temperature (OCT) compound
with orientation for front or transverse sections. The hearts were then sectioned at an 8um
thickness, mounted on positive charged slides, post-fixed in 1:1 cold ethanol and acetone
solution for 5 min and stored at —80°C. The heart tissue sections were air dried for 45

min before immunofluorescence staining. The frozen sections were blocked with 5% normal
horse or goat serum for 1 h at room temperature and incubated with primary antibodies in
blocking buffer at 4°C overnight. Then the tissues were incubated with secondary antibodies
conjugated with the Alexa fluorescence dyes for 1 h at room temperature. Fluorescence
micrographs were taken on a Zeiss Observer Z1 microscope or a Leica SP5 confocal
microscope. Three to six hearts were analyzed for each genotype, and quantifications were
carried out in a blinded fashion using the ImageJ 1.48v software.

Detection of myocardial hypoxia—Hypoxia in embryonic hearts was detected using
Hypoxyprobe Kit (Hypoxyprobe Inc, HP1-100Kit). The pregnant female mice were injected
with Hypoxyprobe ™1 through intraperitoneal (IP) at a concentration of 60 mg/kg body
weight. After 90 min pulse, the hearts were isolated and processed for frozen section as
described above. The hypoxic tissue was then detected by immunofluorescence staining with
Hypoxyprobe antibodies (1:100) in blocking buffer at 4 °C overnight and then donkey anti-
mouse Alexa Fluor 488 (Thermo Fisher Scientific, A-21202, 1:200) secondary antibodies
for 1 h in blocking buffer at room temperature. The stained heart tissues were photographed
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using a Zeiss Observer Z1 microscope or a Leica SP5 confocal microscope. Three to six
hearts were analyzed for each genotype. Quantifications were carried out in a blinded
fashion using the ImageJ 1.48v software.

Left ventricular explant culture—Left ventricular explant culture was performed

and adapted as previously described.8 Hearts were isolated in cold PBS from E12.5
BmxCTeER -R2655GFP embryos which were tamoxifen induced at E11.5. After removal of
the atrium, the right ventricle, and septum of the heart, the left ventricle was rinsed with
PBS twice to remove circulating cells, placed on the surface of pre-casted basement
membrane matrix (200 pl/well) (BD Matrigel, growth factor reduced) in Nunc 4-well
plates, and then sandwiched by adding an additional 150 pl of Matrigel. The Matrigel was
prepared by addition of an equal volume of Endothelial Cell Growth Basal Medium (R&D,
Cat# CCMO029) with or without a testing growth factor, including Vegf120 (R&D, Cat#
494-VE-025) and Tgfb2 (R&D, Cat# 7346-B2-005). The final concentration of Vegf120
growth factor in the cultures was 10 ng/ml and Tgfb2 growth factor in the cultures was 2
ng/ml or 10 ng/ml, respectively. Heart explants were cultured at 37°C for up to nine days.
The features of angiogenesis including transmural migration, sprouting, and endothelial
networking were examined and photographed.

Antibodies—EMCN (Santa Cruz, sc-65495, 1:100), GFP (Abcam, ab6673, 1:500),
PECAML1 (BD Pharmingen, 550274, 1:100), NPR3 (Santa Cruz, sc-515449, 1:100), IB4
(Sigma, L-2140, 1:50), VEGFR3 (R&D, AF743, 1:100), SNAI2 (Cell Signaling, 95858,
1:100), TGFBR3 (R&D, AF242-PB, 1:100), GATA2 (R&D, AF2046, 1:100), and NICD
(Cell Signaling, 4147S, 1:100) were used. The secondary antibodies used in the study
included donkey anti-rat Alexa Fluor 488 (Thermo Fisher Scientific, A-21208, 1:200),
donkey anti-rat Alexa Fluor 594 (Thermo Fisher Scientific, A-21209, 1:200), donkey anti-
rabbit Alexa Fluor 488 (Thermo Fisher Scientific, A-21206, 1:200), donkey anti-rabbit
Alexa Fluor 568 (Thermo Fisher Scientific, A-10042, 1:200), donkey anti-goat Alexa Fluor
488 (Thermo Fisher Scientific, A-11055, 1:200), donkey anti-goat Alexa Fluor 594 (Thermo
Fisher Scientific, A-11058, 1:200), donkey anti-mouse Alexa Fluor 488 (Thermo Fisher
Scientific, A-21202, 1:200), and Fluorescein Avidin DCS (Vector Laboratories, A-2011,
1:50).

Single-cell RNA-Seq protocol

Sample preparation: Two to five whole hearts from E12.5, E13.5, E14.5 and E15.5 were
isolated in cold PBS and dissociated into single cells with 2mg/ml Papain (Brainbits) at 37
°C for about 2 to 5 min depending on the embryonic stage. Single cell suspensions were
filtered through a 70um strainer. Single cells were washed in cold PBS and counted using
a hemocytometer. 10,000 single cells in each sample were loaded onto the 10X Chromium
Controller and cDNA libraries were prepared using the 10X Chromium Next GEM Single
cell 3’ Kit v2 according to the manufacturer’s instruction (10X Genomics). The cDNA
libraries were then sequenced by an Illumina NextSeq 500. Second duplicates for E13.5,
E14.5 and E15.5 stage were obtained using the same method.
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Processing and alignment of sequencing data: Raw scRNA-seq data was processed using
the 10x Genomics CellRanger software, with default parameters and mapped to the mouse
reference genome (GRCm38) (version 3.1.0).

Processing count data—Analysis of the sSCRNA-seq count data for each dataset was
performed using the Seurat (v4.2.0) package in R.%7 Quality control filtering metrics were
applied, by filtering out cells with less than 1,800 and greater than 6,000 detected genes.
Additionally, cells with more than 30% of reads mapped to mitochondrial genes were
filtered out. Counts were log-transformed and normalized, and highly variable genes were
identified using default setting. The normalized data was scaled by linear transformation and
dimensional reduction using principal component analysis (PCA) was conducted.

Integration of individual datasets—Integration anchors were determined using
FindIntegrationAnchors (dims=1:25) in Seurat. The dataset was then integrated and

scaled using IntegrateData() and ScaleData(), respectively. PCA was performed and
Uniform Manifold Approximation and Projection (UMAP) dimensionality reduction was
conducted using RunUMAP (dims=1:35). Cell clusters were determined by FindNeighbors
(dims=1:35) and FindClusters() with a resolution of 1.5. Differential expression between
clusters was performed to find cluster markers, and the cell type of each cluster was
determined using known marker genes.

Re-clustering of endothelial cells—Clusters from the integrated dataset expressing
pan-endothelial marker genes were taken. Data for the endothelial clusters was then

scaled and PCA was performed. The k-nearest neighbors of each cell and clustering

was performed by FindNeighbors (dims=1:35) and FindClusters() resolution of 0.1,
respectively. T-distributed Stochastic Neighbor Embedding (tSNE) dimensionality reduction
was conducted using RunTSNE (dims=1:25). Cell type of each cluster was determined by
differential expression of marker genes.

Ligand-receptor interaction analysis: Cell—cell interactions were inferred by CellChat
(v1.1).26 The default mouse CellChat database was altered to include Tgfb2 -
(Tgfbr2+Tgfbr3) as it was not included in the database. The default setting in CellChat
was used to identify interaction for all cardiomyocyte clusters, coronary endothelial cluster
and endocardium cluster 0 and 4.

Average expression: Plots showing average expression were generated by performing range
standardization on the expression of each gene of interest. Data for genes in the same
process were grouped for LOESS curve fitting and visualization of the data was generated
with ggplot2 (v3.3.5).

Ordering cells along developmental trajectory: The endocardial cluster 0 and 4 and
endothelial cluster 2 were subjected to trajectory inference using the DiffusionMap
function of Destiny(v3.8.1).%8 Normalized log-counts of each cell were used as input to
run DiffusionMap() and compute inferred diffusion component eigenvectors. Diffusion
component eigenvectors were then ranked to calculate diffusion pseudotime (dpt). Cells
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from Cluster O, 2, and 4 were plotted along this expected differentiation trajectory in Figure
5A.

Differential expression analysis: Differentially expressed (DE) genes within cluster 0
were determined using edgeR (v3.36.0). DE genes were determined between stage E12

and each of the three later stages, E13, E14, and E15. The smallest p-value from the

three comparisons was used with an adjusted p-value < 0.01 for significance. Differentially
expressed genes (DEGs) between cluster 0 and cluster 4 were determined by FindMarkers()
with parameters such that positive avg_log2FC indicates genes upregulated in cluster 4.

Gene ontology enrichment analysis: Gene set enrichment analysis was performed with the
clusterProfiler (v 4.2.2) package using g < 0.05 as a cutoff. Similar gene ontology (GO)
terms were grouped to simplify redundant functions with rrvgo (v.1.6.0).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics and reproducibility—No statistical methods were used to predetermine
sample size. Student’s t-test (two-tailed) was used for statistical difference between
groups, assuming unequal variance from three to six samples (i.e., hearts) in independent
experiments. Numbers of animals used are described in the corresponding figure legends.
Normality was assumed and variance was compared between groups. Sample size

was determined based upon previous experience in the relevant experiments described
previously. The investigators were not blinded to the group allocation during experiments,
but the outcome assessment was blinded. All numerical data were presented as mean = SD
and Pvalue of <0.05 was considered as significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. TGF-B signaling regulates the endocardial-coronary endothelial fate change

. VEGFA-NOTCH1 signaling drives trabecular coronary-vessel formation by

Highlights
Trabecular coronary vessels arise from ventricular endocardial cells

Trabecular coronary vessels are formed by a two-step angioEMT mechanism

via endocardial-mesenchymal transition

angiogenesis

Dev Cell. Author manuscript; available in PMC 2023 November 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Luetal.

Page 22

VEGFR3/PECAM1
Relative vessel W

density in trabecular

o

EMCN/Hypoxia probe

o

b B 9,0 50N
é\&c\%@%&&%. R

332

Control  Vegfa®ko

- F_ 47 P00t J 157 P00t
S (] .

£ ‘E 3 3 3
. 3 N 85 10
I 32 4 @ 52 05
o ¥ S o x g
© £ © ]
= 0 =

& £

L o 0&0 s
5 X
g <
= H 20, peoot 4 L
- 3 . o 3B

r ~ 28

815 @8
s &8 + 28
& £c 10 & g<
Q > Q T2
£ £2 £ 3%
S g £ 05 S €5
o i o 3

0.0
S
& &L
Q@

Figure 1. Myocardial Vegfa is required for trabecular-vessel formation
(A and B) Immunofluorescence (IF) shows increased density of (A) PECAM1-expressing

(red) and (B) VEGFR3-expressing (green) coronary vessels at trabecular myocardium from
E14.5 to P2 (n = 4 hearts for each stage. Dashed line separates trabecular and compact
myocardium).

(C and D) IF shows increased hypoxia signaling intensity (red) at trabecular myocardium
from E14.5 to P2. EMCN (green) labels ventricular endocardium (n = 5 hearts for each
stage. Dashed line separates trabecular from compact myocardium).
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(E-H) IF shows greater increase in the hypoxia signaling intensity (green) at trabecular
myocardium (E and F) compared with the hypoxia intensity at compact myocardium (G and
H) of P7 heart after inducing myocardial V&gfa deletion (VegfaKO) at E17.5 (iE17.5) (n = 4
hearts for control and n = 6 hearts for Vegfa<0).

(I-L) IF shows greater decrease in the density of PECAM1-expressing coronary vessels
(red) at trabecular myocardium (I and J) compared with the density of coronary vessels

at compact myocardium (K and L) of P7 heart after inducing myocardial Vegfa deletion
(Vegf#KO) at E17.5 (iE17.5) (n = 4 hearts for control; n = 6 hearts for VegfXO).

Scale bars: 100 um. Error bars: SD. Statistical analysis was performed using two-tailed
unpaired Student’s t tests. See also Figure S1.
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Figure 2. Ventricular endocardial cells give rise to trabecular vessels

(A) IF for PECAML (red) and GFP (green) shows GFP-labeled progenies derived from
E10.5 (iE10.5) ventricular endocardial cells in ventricular endocardium and PECAM1-
expressing coronary vessels at the left and right (to a lesser degree) ventricular wall and
interventricular septum of E16.5 heart.

(B) Schematic shows GFP-labeled coronary vessels derived from E10.5 ventricular
endocardial cells in the left ventricle of the E16.5 heart.

(C) IF for PECAML1 (red) and (green) shows GFP-labeled progenies derived from E12.5
(iE12.5) ventricular endocardial cells in ventricular endocardium of E16.5 heart, but not the
PECAM1-expressing coronary vessels at both ventricular walls.

(D) Schematic shows the absence of GFP-labeled coronary vessels derived from E12.5
ventricular endocardial cells in the left ventricle of E16.5 heart.

(E) IF for PECAML (red) and GFP (green) shows GFP-labeled progenies derived from
E10.5 (iE10.5) ventricular endocardial cells in ventricular endocardium, coronary vessels at
both ventricular walls, and interventricular septum of P7 heart.
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(F) Schematic shows the presence of GFP-labeled coronary vessels derived from E10.5
ventricular endocardial cells at trabecular and compact myocardium of P7 left ventricle.
(G) IF for PECAML (red) and GFP (green) shows the presence of GFP-labeled trabecular
vessels derived from E12.5 (iE12.5) ventricular endocardial cells at both ventricular walls of
P7 heart.

(H) Schematic shows GFP-labeled coronary vessels derived from E12.5 ventricular
endocardial cells at trabecular but not at compact myocardium of P7 left ventricle.

(1) Schematic of two waves of coronary-vessel formation at the left ventricular wall by
ventricular endocardial cells.

Scale bars: 1,000 um. Dashed line separates trabecular myocardium (Tra) from compact
myocardium (Com). (A), (C), (E), and (G) are representative of three individual hearts for
each staining. See also Figure S2.
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Figure 3. Characterization of second-wave coronary-vessel formation by ventricular endocardial
cells through time course lineage analysis

(A-F) IF for PECAML1 (red), GFP (green), and DAPI (blue) shows GFP-labeled coronary
vessels derived from E10.5 (A), E11.5 (B), E12.5 (C), E13.5 (D), E14.5 (E), or E16.5

(F) ventricular endocardial cells in P7 left ventricle. Dashed line separates trabecular and
compact myocardium.

(G-I) Quantitative analysis of the percentage of GPF-expressing/PECAM1-expressing
coronary vessels at trabecular (G), compact myocardium (H) and entire left ventricular wall
(1) (n =4 hearts for TAM at E10.5; n = 5 hearts for all other stages).
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(J-N) IF for PECAML1 (red) and GFP (green) shows GFP-labeled coronary vessels derived
from E12.5 (iE12.5) ventricular endocardial cells at trabecular myocardium of E16.5 (J),
E17.5 (K, arrowheads), E18.5 (L, arrowheads), PO (M), or P2 (N) heart.

(O and P) Quantitative analysis shows the relative density of GPF-expressing and PECAM1-
expressing coronary vessels at trabecular myocardium (O) and the percentage of GPF-
expressing/PECAM1-expressing coronary vessels at the left ventricle (P) (n = 4 hearts for
each stage).

Scale bars: 200 um for (A-F); 1,000 um for (J-N). Error bars: SD. Statistical analysis was
performed using two-tailed unpaired Student’s t tests. See also Figure S3.
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Figure 4. Characterization of ventricular endocardial and coronary endothelial cells
(A) Uniform manifold approximation and projection (UMAP) plot shows 38 clusters

identified from the integrative and clustering analysis of single cells from E12.5, E13.5,
E14.5, and E15.5 hearts. Duplications were performed for E13.5, E14.5, and E15.5 hearts.
(B) Feature plot highlights endothelial/endocardial cells, as marked by strong expression of
endothelial marker Cahb.

(C) t-distributed stochastic neighbor embedding (tSNE) plot shows six endothelial/
endocardial cell (EC) clusters.

(D) Violin plots show the expression of the top maker genes in individual EC clusters.
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(E) Standardized average expression profiles of genes in the three functional groups in two
endocardial cell clusters (clusters 0 and 4) and one coronary endothelial cell cluster (cluster
2). Cluster 4 is featured with highly expressed EMT genes.

(F) Violin plots show the expression of genes encoding TGF-f ligands and receptors in
cardiomyocytes (CMs), endocardial cells (clusters 0 and 4) and coronary vessels (cluster 2).
(G) Chord plot shows TGF-B ligand-receptor interactions among cardiomyocytes (CM),
endocardial cells (clusters 0 and 4), and coronary vessels (cluster 2). See also Figure S4.
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Figure 5. Developmentally regulated genes in ventricular endocardial cells involving EMT and
angiogenesis

(A) Pseudotime trajectory analysis of endocardial cell clusters 0 and 4, and coronary
endothelial cell cluster 2 shows cluster 4 as intermediate between main endocardial cells
and coronary endothelial cells.

(B) Volcano plot shows developmentally downregulated (E12.5 > E13.5 > E14.5 > E15.5,
blue) or upregulated (E12.5 < E13.5 < E14.5 < E15.5, red) genes in cluster 0 endocardial
cells.

(C) Standardized average expression profiles of EMT and angiogenesis genes from E12.5 to
E15.5 in cluster 0 endocardial cells.

(D) Enriched GO terms and pathways for developmentally downregulated genes from E12.5
to E15.5 in cluster 0 endocardial cells.

(E) Heatmap shows the relative expression in E13.5-E15.5 compared with E12.5 for genes
in the EMT GO term.
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(F-H) IF shows significantly decreased TGFBR3 expression (red) (F), TGFBR3-expressing
cell percentage (G), and TGFBR3 expression intensity (H) in EMCN-expressing (green)
ventricular endocardial cells from E12.5 to E16.5 (n = 5 hearts for each stage).

(1I-K) IF shows significantly decreased SNAI2 expression (red) (1), SNAI2-expressing cell
percentage (J), and SNAI2 expression intensity (K) in EMCN-expressing (green) ventricular
endocardial cells from E12.5 to E16.5 (n = 5 hearts for each stage).

(L) Enriched GO terms and pathways for developmentally upregulated genes from E12.5 to
E15.5 in cluster 0 endocardial cells.

(M) Heatmap shows the relative expression in E13.5-E15.5 compared with E12.5 for genes
in the angiogenesis GO term.

(N-P) IF shows significantly upregulated GATA2 expression (red) (N), GATA2-expressing
cell percentage (O), and GATA2 expression intensity (P) in EMCN-expressing (green)
ventricular endocardial cells from E12.5 to E16.5 (n = 5 hearts for each stage).

(Q-S) IF shows significantly downregulated NICD expression (red) (Q), NICD-expressing
cell percentage (R), and NICD expression intensity (S) in EMCN-expressing (green)
ventricular endocardial cells from E12.5 to E16.5 (n = 5 hearts for each stage).

Scale bars: 100 um. Error bars: SD. Statistical analysis was performed using two-tailed
unpaired Student’s t tests. See also Figure S5.
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Figure 6. Ventricular endocardial cells form trabecular vessels by angioEMT
(A) Schematic shows Matrigel coronary angiogenesis assays using E12.5 left ventricular

explants (rv, right ventricle; lv, left ventricle; dashed line indicates the sliced left ventricle
for explant culture).

(B, top panel, and C) Show significantly induced angiogenic sprouting by GFP-expressing
descendants from BmxC€ER marked ventricular endocardial cells at E11.5 after TGFB2
treatment at day 3 culture.

(B, middle and bottom panels, and D) Show significantly promoted angiogenesis by GFP-
expressing descendants from BmxC"®ER marked ventricular endocardial cells at E11.5 and
formation of GFP-expressing vascular networks (asterisks) following subsequent VEGFA
treatment at day 6-9 culture (n = 4 hearts for each group).

(E-H) IF shows significantly decreased trabecular-vessel density (G) and percentage of
GPF-expressing (green)/PECAM1-expressing (red) coronary vessels at the left ventricle (H)
of P7 Tgftr&XO hearts.

Scale bars: 1,000 um for (E); 100 um for (B) and (F). Error bars: SD. Statistical analysis was
performed using two-tailed unpaired Student’s t tests. See also Figure S6.
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Figure 7. Two-step angioEMT model of trabecular-vessel formation by ventricular endocardial
cells

(A-D) IF shows significantly decreased trabecular-vessel density (C) and percentage of
GPF-expressing (green)/PECAM1-expressing (red) coronary vessels at the left ventricle

(D) of P7 overexpressing NICD hearts. Simultaneous overexpression of NICD and GFP
labeling of ventricular endocardial cells were achieved by induction of Njpr3</eETRZ at E12.5
(iE12.5) (n =5 hearts for each group).

(E and F) Diagram illustrating a two-step angioEMT model. (E) Ventricular endocardial
cells form trabecular vessels by a unique EMT process, regulated by SNAI2-TGFB2/
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TGFBR3 signaling, to become angiogenic fated progenitors. (F) These cells are
subsequently activated by VEGFA-NOTCHL1 signaling to undergo the second wave of
coronary angiogenesis to form trabecular vessels.

Scale bars: 1,000 um for (A); 200 um for (B). Error bars: SD. Statistical analysis was
performed using two-tailed unpaired Student’s t tests. See also Figure S7.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-EMCN Santa Cruz Cat# sc-65495; RRID: AB_2100037
Anti-GFP Abcam Cat# ab6673; RRID: AB_305643
Anti-PECAM1 BD Pharmingen Cat# 550274; RRID: AB_393571
Anti-NPR3 Santa Cruz Cat# sc-515449; RRID: AB_2927802
Anti-1B4 Sigma Cat# L-2140; RRID: AB_2313663
Anti-VEGFR3 R&D Cat# AF743; RRID: AB_355563
Anti-SLUG Cell Signaling Cat# 9585S; RRID: AB_2239535
Anti-SNAIL Cell Signaling Cat# 3879S; RRID: AB_2255011
Anti-TWIST1 Santa Cruz Cat# SC-81417; RRID: AB_1130910
Anti-TGFBR3 R&D Cat# AF242-PB; RRID: AB_354417
Anti-GATA2 R&D Cat# AF2046; RRID: AB_355123
Anti-N1ICD Cell Signaling Cat# 4147S; RRID: AB_2153348
Anti-HP1 Hypoxyprobe Inc Cat# HP1-100Kit; RRID: AB_2811309
Anti-aSMA Abcam Cat# ab32575; RRID: AB_722538
Anti-PDGFRB Abcam Cat# ab32570; RRID: AB_777165
Anti-VIM Abcam Cat# ab92547; RRID: AB_10562134

Alexa Fluor-568 donkey anti-mouse 1gG
Alexa Fluor-568 donkey anti-goat 19G
Alexa Fluor-488 donkey anti-goat 19gG
Alexa Fluor-594 donkey anti-rat 1gG
Alexa Fluor-488 donkey anti-rat IgG
Alexa Fluor-568 donkey anti-rabbit IgG
Alexa Fluor-488 donkey anti-rabbit 1gG

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific

Cat# A10037; RRID: AB_2534013
Cat# A11057; RRID: AB_2534104
Cat# A11055; RRID: AB_2534102
Cat# A21209; RRID: AB_2535795
Cat# A21208; RRID: AB_2535794
Cat# A10042; RRID: AB_2534017
Cat# A21206; RRID: AB_2535792

Chemicals, peptides, and recombinant proteins

Recombinant VEGFA120 R&D Cat# 494-VE-025
Recombinant TGFB2 R&D Cat# 7346-B2-005
Endothelial Cell Growth Basal Medium R&D Cat# CCM029
Tamoxifen Sigma Cat# T5648-1G
Matrigel® Growth Factor Reduced Corning Cat# 354230
Papain Brainbits Cat# pap

Critical commercial assays

Chromium Single Cell 3' v2 10x Genomics Cat# CG00052

Deposited data

Deposited raw data files for Single-cell RNA-

seq

This paper

GEO: GSE205394
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Organisms/strains

VegrA™ Gerber et al.24 N/A
TnfMerCreMer Yan et al.23 N/A
Npr3creerT2 Luetal.l0 N/A

BmxCreER Ehling et al.5 N/A

R2656FP Miyoshi et al.6 N/A

Slug= Jiang et al.*3 N/A

Tgfor3” Lietal.% N/A
R267NIICD Murtaugh et al 46 N/A

Software and algorithms

ImageJ
GraphPad Prism 8

Leica SP5 confocal microscope and imaging
software

Cell Ranger (version 3.1.0)
Seurat

ggplot2 (3.3.0)

CellChat

edgeR

clusterProfiler

Destiny

Rrvgo

NIH
GraphPad software

Leica

10x Genomics
Butler et al.5”
N/A

Jin et al. 26
N/A

N/A

Angerer et al.58

N/A

https://imagej.nih.gov/ij/
https://www.graphpad.com/scientific-software/prism/

https://www.leica-microsystems.com/products/confocal-
microscopes/p/leica-tcs-sp5/)

www.10xgenomics.com/

www.satijalab.org/seurat/

https://ggplot2.tidyverse.org

https://github.com/sqgjin/CellChat
https://bioconductor.org/packages/release/bioc/html/edgeR.html

https://bioconductor.org/packages/release/bioc/html/
clusterProfiler.html

https://www.bioconductor.org/packages/release/bioc/html/
destiny.html

http://www.bioconductor.org/packages/release/bioc/html/
rrvgo.html
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