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The mechanisms that promote the generation of new coronary vasculature during cardiac homeostasis and after injury
remain a fundamental and clinically important area of study in the cardiovascular field. Recently, it was reported that
mesenchymal-to-endothelial transition (MEndoT) contributes to substantial numbers of coronary endothelial cells after
myocardial infarction. Therefore, the MEndoT has been proposed as a paradigm mediating neovascularization and is
considered a promising therapeutic target in cardiac regeneration. Here, we show that preexisting endothelial cells mainly
beget new coronary vessels in the adult mouse heart, with essentially no contribution from other cell sources through cell-
lineage transdifferentiation. Genetic-lineage tracing revealed that cardiac fibroblasts expand substantially after injury, but
do not contribute to the formation of new coronary blood vessels, indicating no contribution of MEndoT to
neovascularization. Moreover, genetic-lineage tracing with a pulse-chase labeling strategy also showed that essentially all
new coronary vessels in the injured heart are derived from preexisting endothelial cells, but not from other cell lineages.
These data indicate that therapeutic strategies for inducing neovascularization should not be based on targeting
presumptive lineage transdifferentiation such as MEndoT. Instead, preexisting endothelial cells appear more likely to be
the therapeutic target for promoting neovascularization and driving heart regeneration after injury.
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Introduction
Coronary artery disease, manifested by acute myocardial infarc-
tion and, subsequently, end-stage heart failure, is the leading 
cause of mortality worldwide (1). Rapid regeneration of new 
coronary blood vessels is essential for prolonging survival of 
the injured myocardium (2). Unraveling new sources of vascu-
lar endothelial cells in the heart provides important insights 
into therapeutic deployment for cardiac regeneration (3). One 
paradigm in the field for promoting neovascularization is gen-
eration of new blood vessels through lineage conversion from 
other types of differentiated cells (4). Fibroblasts are regarded 
as terminally differentiated cells, and excessive new fibroblasts 

are accumulated after tissue injury, such as myocardial infarc-
tion (5, 6). With the advent of reprogramming technology that 
introduces exogenous transcription factors, these differentiated 
fibroblasts could be reprogrammed into functional endothelial 
cells in vitro, which are capable of mediating neovascularization 
in tissue-engineered vessels and ischemic tissues (7, 8). Whether 
endogenous fibroblasts or mesenchymal stromal cells (MSCs) 
contribute to endothelial cells after tissue injury remains enig-
matic. Recently, it has been reported that resident fibroblasts 
generate a substantial number of endothelial cells in the heart 
after injury (9). In this study, approximately 30%–40% fibro-
blasts contribute to new coronary endothelial cells in the injured 
myocardium (9). This in vivo cell-lineage conversion facilitates 
cardiac repair in mouse heart injury models, and the cell plas-
ticity of fibroblasts may represent a novel therapeutic target for 
cardiac repair and regeneration (10). The cell-lineage conversion 
or fate-switch model for new blood vessel formation represents 
an important paradigm for the potential therapeutic target for 
enhancing cardiac neovascularization.

The mechanisms that promote the generation of new coronary vasculature during cardiac homeostasis and after 
injury remain a fundamental and clinically important area of study in the cardiovascular field. Recently, it was 
reported that mesenchymal-to-endothelial transition (MEndoT) contributes to substantial numbers of coronary 
endothelial cells after myocardial infarction. Therefore, the MEndoT has been proposed as a paradigm mediating 
neovascularization and is considered a promising therapeutic target in cardiac regeneration. Here, we show that 
preexisting endothelial cells mainly beget new coronary vessels in the adult mouse heart, with essentially no 
contribution from other cell sources through cell-lineage transdifferentiation. Genetic-lineage tracing revealed 
that cardiac fibroblasts expand substantially after injury, but do not contribute to the formation of new coronary 
blood vessels, indicating no contribution of MEndoT to neovascularization. Moreover, genetic-lineage tracing with a 
pulse-chase labeling strategy also showed that essentially all new coronary vessels in the injured heart are derived 
from preexisting endothelial cells, but not from other cell lineages. These data indicate that therapeutic strategies 
for inducing neovascularization should not be based on targeting presumptive lineage transdifferentiation such 
as MEndoT. Instead, preexisting endothelial cells appear more likely to be the therapeutic target for promoting 
neovascularization and driving heart regeneration after injury.
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Figure 1. COL1A2+ fibroblasts do not adopt the endothelial cell fate after injury. (A) Models explaining new vessel sources: MEndoT and self-expansion. 
CoECs, coronary endothelial cells. (B) Z-stack confocal images of heart sections stained for tdTomato, PECAM, and PDGFRA. Col1a2-CreER R26R- tdTomato 
mice were treated with tamoxifen 2 weeks before analysis. YZ indicates signals from dotted lines on Z-stack images. Yellow arrowheads indicate 
PDGFRA+tdTomato+ fibroblasts; white arrowheads indicate PECAM+tdTomato– endothelial cells. (C) Immunostaining for tdTomato, PDGFRA, and PECAM 
on sections of postinjury hearts. tdTomato+ cells express fibroblast marker PDGFRA+ (yellow arrowheads), but not endothelial cell marker PECAM (white 
arrowheads). (D) Flow cytometric analysis of percentage of PECAM+ endothelial cells labeled by Col1a2-CreER transgene (tdTomato+). (E) Immunostaining 
for VE-CAD and tdTomato on sections of injured heart. tdTomato+ cells (yellow arrowheads) are close to, but were not identified as VE-CAD+ endothelial 
cells (white arrowheads) in the injured heart. (F) Immunostaining for VEGFR2 and tdTomato on heart sections perfused with FITC-labeled BS1 lectin. 
tdTomato+ cells (yellow arrowheads) are not VEGFR2+lectin+ vascular endothelial cells (white arrowheads). Scale bars: 100 μm. Each image is representative 
of 4 individual hearts.
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showed that very rare tdTomato+ cells were found in the PECAM+ 
endothelial cell population before and after injury (n = 4, Figure 
1D). One reasonable explanation for the presence of rare tdTo-
mato signal could be autofluorescent background. Additionally, 
costaining for tdTomato and VE-cadherin (VE-CAD) showed that 
there were no tdTomato+VE-CAD+ endothelial cells in the injured 
heart (0 out of 7,966 tdTomato+ cells counted, Figure 1E). We also 
systematically injected the fluorescent-labeled Bandeiraea sim-
plicifolia (BS1) lectin into the Col1a2-CreER R26R-tdTomato mice 
before sacrifice and then performed immunostaining on heart 
sections for tdTomato and VEGFR2. The prelabeled tdTomato+ 
fibroblasts did not adopt the VEGFR2+ or lectin+ endothelial cell 
fate (Figure 1F). Collectively, our results contradicted the previ-
ous lineage-tracing experiments showing that approximately 
30%–40% of labeled fibroblasts were found to adopt an endothe-
lial cell fate (9), raising concerns about the therapeutic efficacy of 
MEndoT in driving heart regeneration after injury.

COL1A2+ fibroblasts labeled by knockin Cre do not contribute to 
coronary endothelial cells. While we failed to repeat the MEndoT 
process, it remained possible that the Col1a2-CreER transgene 
used in our study may not be exactly the same as that in the origi-
nal study, possibly due to silence of transgene or copy number loss 
after multiple passages. To address the MEndoT by Col1a2 endog-
enous promoter, we generated Col1a2-2A-CreER knockin allele, in 
which CreER (17) was targeted into the translational stop codon of 
Col1a2 and linked with the endogenous Col1a2 transcript by a short 
sequence that encodes self-cleaving 2A peptide (Figure 2A). To 
determine the fate of fibroblasts before and after injury, we crossed 
Col1a2-2A-CreER with the R26R-tdTomato reporter line (16) to 
trace COL1A2+ fibroblasts. To trace whether these fibroblasts gen-
erated endothelial cells, we treated mice with tamoxifen and col-
lected hearts for analysis. Col1a2-2A-CreER–labeled cells expanded 
significantly after injury (Figure 2, B and C). Prior to injury induc-
tion, Col1a2-2A-CreER labeled PDGFRA+ fibroblasts, but not the 
PECAM+ or VE-CAD+ endothelial cells (Figure 2, D and E, before 
injury). To determine whether MEndoT contributed substantially 
to blood vessels after injury, we performed fate-mapping studies 
on Col1a2-2A-CreER R26R-tdTomato hearts after IR injury. Z-stack 
confocal images of injured heart sections showed that tdTomato+ 
cells did not express the endothelial cell marker PECAM (0 out of 
6,384 tdTomato+ cells counted, n = 4), but still expressed the fibro-
blast marker PDGFRA in the border zone, infarcted region, and 
remote regions, respectively (Figure 2, D and F, after injury and 
Supplemental Figure 2, A and C). Similarly, costaining for tdTomato  
and VE-CAD confirmed that there was no tdTomato+VE-CAD+ 
endothelial cell found in the injured heart (0 out of 6,947 tdTo-
mato+ cells counted, Figure 2, E and F, and Supplemental Figure 2, 
B and D). We also costained sections with tdTomato and another 
fibroblast marker, DDR2 (9), and found that most tdTomato+ cells 
were DDR2+ (Figure 2G), indicating the maintenance of fibroblast 
cell fate after injury. Our flow cytometric analysis showed that 
tdTomato+ cells did not contribute to new PECAM+ endothelial 
cells after injury (n = 4, Figure 2H). Collectively, these lineage-trac-
ing results contradicted the previous conclusion that fibroblasts 
contribute to a substantial number of endothelial cells after injury 
(9), raising concerns about the therapeutic efficacy of MEndoT in 
driving heart regeneration after injury.

During the process of cardiac repair, cardiac fibroblasts are key 
players and their proliferation is often accompanied by recruitment 
of blood vascular endothelial cells (6, 11–13). Ubil et al. showed that 
a substantial number of cardiac fibroblasts contribute to coronary 
vessels through mesenchymal-to-endothelial transition (MEndoT) 
in the injured heart (9). This surprising lineage conversion, if cor-
rect, may shed light on development of a potential therapeutic target 
for enhancing cardiac neovascularization, exerting broad impact in 
the field of vascular biology and cardiac regeneration. However, 
previous studies using other genetic tools demonstrate that resident 
fibroblast lineages mainly mediate cardiac fibrosis (5, 6), suggesting 
that most fibroblasts adopt fibroblast cell fate after cardiac injury. 
The substantial contribution of fibroblasts to coronary endothelial 
cells in the infarcted myocardium (~30%–40% of fibroblasts) is in 
contradiction to previous studies (5, 6). Since the MEndoT findings 
are highly influential in the cardiovascular field, presenting a new 
paradigm for therapeutic neovascularization (9, 10), we believe that 
it is important to reassess this MEndoT process and the contribution 
of fibroblasts to coronary vessels if conflicting data exist. Here, we 
generated new genetic tools that specifically targeted these differ-
ent cell lineages, with the aim of systematically addressing whether 
and to what extent the cell transdifferentiation process (such as 
MEndoT) or self-expansion of coronary endothelial cells contrib-
utes to cardiac neovascularization after injury (Figure 1A).

Results
COL1A2+ fibroblasts labeled by transgene Cre do not contribute 
to coronary endothelial cells. We first established a myocardial 
ischemia-reperfusion (IR) injury model (9). By Sirius red stain-
ing of serial sections from IR hearts, we found significant fibro-
sis after IR injury (Supplemental Figure 1; supplemental mate-
rial available online with this article; https://doi.org/10.1172/
JCI93868DS1), validating the success of our injury model. To 
test whether preexisting fibroblasts contributed to new coronary 
endothelial cells, we used the Col1a2-CreER (where Col1a2 indi-
cates collagen type I α 2 chain) transgene line used in the original 
report (9). COL1A2 is a fibroblast marker, and the Col1a2-CreER 
transgene has been used previously to mark fibroblasts (14, 15). 
We crossed the Col1a2-CreER line with the same reporter line 
used in the original report, R26R-tdTomato (16), to trace the 
fate of fibroblasts. In addition, we adopted the same strategy 
for tamoxifen treatment and analyzed results at the same time 
points as previously described (9). Tamoxifen-induced Cre-
loxP recombination removes loxP flanked transcriptional stop 
cassette, irreversibly marking COL1A2+ fibroblasts and all their 
descendants by td Tomato. As genetic labeling is permanent and 
heritable, we could detect tdTomato+ endothelial cells in injured 
heart when prelabeled COL1A2+ fibroblasts gave rise to coronary 
endothelial cells. Prior to injury induction, Col1a2-CreER labeled 
PDGFRA+ fibroblasts but not PECAM+ endothelial cells (Figure 
1B). To determine whether MEndoT contributes substantially to 
blood vessels after injury, we performed fate-mapping studies 
on Col1a2-CreER R26R-tdTomato heart after IR injury. Z-stack 
confocal images of injured heart sections showed that tdTomato+ 
cells did not express the endothelial cell marker PECAM (0 out of 
8,247 tdTomato+ cells counted, n = 4), but still expressed the fibro-
blast marker PDGFRA (Figure 1C). Our flow cytometric analysis 
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Figure 2. COL1A2+ fibroblasts do not contribute to coronary endothelial cells after cardiac injury. (A) Schematic figure showing strategy for generation 
of Col1a2-2A-CreER allele. (B and C) Whole-mount fluorescence images showing tdTomato in hearts before or after injury. (D and E) Immunostaining 
for tdTomato, PDGFRA, and PECAM (D) or VE-CAD (E) on sections of injured heart. Boxed regions are magnified in bottom panels. Arrowheads point to 
tdTomato+PDGFRA+PECAM– (D) or tdTomato+PDGFRA+VE-CAD– cells (E). XZ indicates signals from dotted line in Z-stack images. (F) Quantification of 
the percentage of tdTomato+ cells in different lineages (PDGFRA+, PECAM+, or VE-CAD+ cell populations). Data are represented as mean ± SEM. n = 4. (G) 
Immunostaining for tdTomato and DDR2 on heart sections before or after injury. (H) Flow cytometric analysis of the percentage of tdTomato+ endothelial 
cells. FSC-H, forward scatter–height. Scale bars: 200 μm (B, C); 100 μm (D, E, G).
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Figure 3. PDGFRA+ fibroblasts do not contribute to coronary endothelial cells after cardiac injury. (A) Schematic figure showing strategy for generation 
of Pdgfra-DreER allele. (B) Schematic figure showing genetic-lineage–tracing strategy for PDGFRA+ cells by Dre-rox recombination. (C and D) Flow cyto-
metric analysis of the percentage of tdTomato+ fibroblasts (C) or tdTomato+ endothelial cells (D). (E) Whole-mount fluorescence image showing tdTomato 
in hearts before and after injury. (F–J) Immunostaining for tdTomato, PDGFRA, PECAM, or VE-CAD on sections of injured heart. Boxed regions in F are 
magnified in G–J. Arrowheads point to tdTomato+PDGFRA+PECAM– (G, H) or tdTomato+PDGFRA+VE-CAD– cells (I and J). YZ indicates signals from dotted 
line in Z-stack images in G–J. (K) Quantification of the percentage of tdTomato+ cells in different lineages (PECAM+, VE-CAD+, or PDGFRA+ cell popula-
tions). Data are represented as mean ± SEM. n = 4. Scale bars: 200 μm (E); 100 μm in (F–J).
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PDGFRA+ fibroblasts do not contribute to new coronary endo-
thelial cells. We next employed the widely used fibroblast marker 
PDGFRA to drive inducible recombinase for lineage tracing. We 
inserted a cDNA encoding Dre and strogen receptor (ER) fusion 
protein into the endogenous Pdgfra start codon to generate Pdgfra- 
DreER allele (Figure 3A). Like the Cre-loxP system, Dre is a het-
erospecific recombinase that specifically targets rox sites (18, 
19). Dre-rox recombination removes rox-flanked transcriptional 
stop cassette, resulting in permanent expression of tdTomato and 
irreversible labeling of all descendants (20, 21) (Figure 3B). We 
crossed Pdgfra-DreER to the R26R-rox-tdTomato reporter line 
(22) and treated adult Pdgfra-DreER R26R-rox-tdTomato mice 
with tamoxifen to induce PDGFRA+ cell labeling. Flow cytomet-
ric analysis of isolated fibroblasts or endothelial cells showed that 
approximately 50% of PDGFRA+ fibroblasts without a distinct 
population of PECAM+ endothelial cells were tdTomato+ (Figure 
3, C and D), suggesting that Pdgfra-DreER efficiently and specifi-
cally labeled fibroblasts, but not endothelial cells. After injury, 
we rarely detected any tdTomato+ endothelial cells, indicating 
that PDGFRA+ fibroblasts did not contribute to endothelial cells 
in the injured heart (Figure 3D). One reasonable explanation 
for the presence of the rare tdTomato signal could be autofluo-
rescent background. Whole-mount fluorescence view of hearts 
showed a significant increase in tdTomato+ cells after injury (Fig-
ure 3E), indicating that injury induced expansion of the Pdgfra-
DreER–labeled cells. Before injury, immunostaining for PECAM 
or VE-CAD with PDGFRA on heart sections showed that 52.11% 
± 2.91% of PDGFRA+ fibroblasts were tdTomato+ and that all 
PECAM+ or VE-CAD+ endothelial cells were tdTomato– (Sup-
plemental Figure 3). After cardiac injury, excessive tdTomato+ 
cells accumulated in the infarct region (Figure 3, E and F), and 
immunostaining of sections showed that these tdTomato+ cells 
still expressed PDGFRA and did not differentiate into PECAM+ 
or VE-CAD+ endothelial cells (Figure 3, G–J). Magnified Z-stack 
confocal image analysis revealed that tdTomato+ cells were close 
to and sometimes attached to endothelial cells, but not exactly 
colocalized with endothelial cell markers in the heart (Figure 3, 
G–J). This result was verified in over 500 heart sections from 4 
Pdgfra-DreER R26R-rox-tdTomato mice after injury. Microscopic 
quantification of the labeling percentage of endothelial cells or 
fibroblasts showed that 0%, 0%, and 51.22% ± 5.47% of PECAM+, 
VE-CAD+, and PDGFRA+ cells were tdTomato+, respectively (n = 
4, Figure 3K). Our data demonstrated that PDGFRA+ fibroblasts 
expanded to generate more fibroblasts, but did not contribute to 
new blood vessels in the injured heart.

Sox9+ mesenchymal cells do not contribute to endothelial cells. 
We next traced the fate of mesenchymal cells using indepen-
dent tools with an attempt to score for MEndoT during cardiac 
injury. Previous studies showed that cardiac-resident fibroblasts 
are largely derivatives of epicardial cells (5) and that the mesen-
chymal cell marker Sox9 is an important component of PDGF 
receptor–mediated signaling during epicardial epithelial-to-
mesenchymal transition (EMT) (23). We, therefore, generated a 
Sox9-CreER knockin allele, in which a cDNA encoding Cre and 
ER fusion protein was inserted into the Exon3 of Sox9 gene by 
internal ribosome entry site (IRES) linking Sox9 and CreER. We 
crossed Sox9-CreER with R26R-tdTomato reporter line and test-

ed whether this new line could be utilized for tracing mesenchy-
mal cells in MEndoT study. When the Sox9-CreER R26R-tdTo-
mato mice were treated with tamoxifen at the adult stage before 
injury, Sox9-CreER efficiently labeled the PDGFRA+ fibroblast 
population (88.54% ± 3.77%, n = 4) without labeling endothelial 
cells marked by PECAM (0 out of 8,216 cells counted, Figure 4, 
A and B). Before injury, these Sox9-CreER–labeled cells were not 
VE-CAD+ endothelial cells (Supplemental Figure 4A). We next 
utilized the Sox9-CreER line to determine whether the labeled 
Sox9+ fibroblasts contributed to endothelial cells after cardiac 
injury. We found a significant expansion of tdTomato+ cells in the 
injured region 7 days after cardiac injury (Figure 4C). By immu-
nostaining on injured heart sections, we found that most of the 
PDGFRA+ fibroblasts were tdTomato+ (82.48% ± 4.24%, n = 4), 
but negative for PECAM (0 out of 10,378 cells counted, Figure 
4D) and VE-CAD (0 out of 9,479 cells counted, Supplemental 
Figure 4B) in the border region of injured hearts. We obtained 
similar results in both infarct and remote regions of injured 
hearts (Supplemental Figure 4, C and D). Flow cytometric analy-
sis showed that Sox9-CreER labeled over 85% PDGFRA+ fibro-
blasts after tamoxifen induction (Figure 4E). Similarly, these 
tdTomato+ fibroblasts did not contribute to a distinct PECAM+ 
endothelial cell population before and after injury (Figure 4F). 
Moreover, we detected a significant increase in the percentage 
of proliferating Sox9+ fibroblasts after injury compared with the 
uninjured heart (EdU+tdTomato+ cell percentage: 0.28% ± 0.12% 
vs. 18.85% ± 2.08%; Ki67+tdTomato+ cell percentage: 0.33% ± 
0.12% vs. 23.51% ± 0.98%, before and after injury, respectively, 
n = 4; Figure 4, G and H). Taken together, these data suggest that 
Sox9+ fibroblasts proliferated to generate more fibroblasts with-
out contribution to endothelial cells in the injured heart.

TCF21+ fibroblasts or POSTN+ myofibroblasts do not generate 
new endothelial cells. To further address whether MEndoT hap-
pened in vivo, we utilized 2 additional independent tools based 
on the transcription factor 21 (Tcf21) and periostin (Postn) genes. 
Recent studies showed that Tcf21-MerCreMer specifically labels 
fibroblasts in developing and adult hearts (24, 25). We per-
formed lineage tracing by generating Tcf21-MerCreMer R26R-
GFP mice in an IR model. Immunostaining for GFP and PECAM 
showed that there was no GFP+ endothelial cell in hearts before 
and after injury (Supplemental Figure 5A). It has been reported 
that periostin is highly expressed in the activated cardiac fibro-
blasts or myofibroblasts of the injured heart, which are derived 
from tissue-resident fibroblasts of the TCF21 lineage, but not 
endothelial cells (6, 11). We also used Postn-MerCreMer R26R-
GFP for lineage tracing of myofibroblasts in injured heart and 
did not detect any GFP+ endothelial cells (Supplemental Figure 
5B). Flow cytometric analysis of labeled endothelial cells also 
confirmed that there were rarely any endothelial cells derived 
from either the TCF21+ or POSTN+ cell lineage (Supplemental 
Figure 5, C and D). Collectively, the above data based on 6 dif-
ferent fibroblast-associated genetic tracing tools indicated that 
fibroblasts proliferated and expanded after injury, but did not 
mediate cardiac neovascularization through MEndoT.

Preexisting endothelial cells contribute to neovascularization 
almost exclusively. It is possible that these Cre lines may not label 
all cardiac fibroblasts so that a subset of the unlabeled fibro-
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Figure 4. Cardiac fibroblasts expand after injury without giving rise to endothelial cells. (A and C) Whole-mount fluorescence view of Sox9-CreER 
R26R-tdTomato hearts before (A) and after injury (C). Inserts indicate bright-field view of hearts. (B and D) Immunostaining for tdTomato, PDGFRA, 
and PECAM on heart sections before (B) and after injury (D). XZ and YZ indicate signals from dotted lines on Z-stack images. Yellow arrowheads 
indicate PDGFRA+tdTomato+ fibroblasts; white arrowheads indicate PECAM+tdTomato– endothelial cells. (E) Flow cytometric analysis of percentage 
of tdTomato+ cells in PDGFRA+ cell population. (F) Flow cytometric analysis of tdTomato+ cells in PECAM+ endothelial cells from heart before or after 
injury. (G) Immunostaining for tdTomato and EdU or Ki67 on heart sections before or 3 days after injury. Arrowheads indicate proliferating tdTomato+ 
cells. (H) Quantification of percentage of proliferating tdTomato+ cells. Data are represented as mean ± SEM. n = 4. *P < 0.05, 2-tailed Student’s t test. 
Scale bars: 1 mm (A, C); 100 μm (B, D, G).
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number of cardiac fibroblasts contributed to blood vessels after 
injury (9), there should be a reasonable number of unlabeled 
new coronary vessels derived from these unlabeled fibroblasts, 
resulting in dilution of the vascular labeling efficiency in the 
injured hearts (Figure 5A). If the labeling efficiency in coro-
nary vessels remained relatively constant after injury, we could 
interpret that to mean that cardiac fibroblasts did not contribute 
significantly to coronary vessels after injury (Figure 5A). Three 
different lineage-tracing models for coronary endothelial cells 
via inducible Cre were therefore examined in this study: Cdh5-
CreER (27), Apln-CreER (where Apln indicates apelin) (28), and 

blasts may undergo MEndoT to generate new blood vessels after 
injury. If MEndoT did contribute significantly to neovasculariza-
tion of the injured heart, as previously reported in a study where 
approximately 30%–40% of fibroblasts adopted the endothelial 
cell fate (9), there should be a substantial number of fibroblast-
derived endothelial cells infiltrated into the preexisting coronary 
vasculature. To independently address this issue, we designed a 
series of new experiments via “pulse-chase” genetic fate-map-
ping (26). Expression of the inducible Cre in endothelial cells 
enabled us to genetically and specifically label preexisting ves-
sels, but not cardiac fibroblasts, before injury. If a substantial 

Figure 5. Establishment of pulse-chase strategy for labeling of coronary endothelial cells. (A) Schematic figure showing the pulse-chase experimental 
strategy for measuring refreshment of nonvascular cells. (B) Experimental design for tamoxifen induction, myocardial IR, and tissue analysis. wk, post-
natal weeks. (C) Immunostaining for tdTomato and PDGFRA on tissue sections shows that these Cre lines do not label fibroblasts before injury. Each 
image is representative of 4 individual samples. Scale bars: 100 μm.
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We next used these 3 endothelial inducible Cre lines to trace 
coronary endothelial cells in the injured heart. To trace them with 
a high efficiency, we tried different tamoxifen induction strate-
gies that ranged from embryonic and neonatal to adult stages. 
We finally adopted 3 optimized tamoxifen induction strategies 
for Cdh5-CreER, Apln-CreER, and Fabp4-CreER (Figure 5B) that 
could achieve high efficiency of labeling. At week 10, all mice were 
subjected to an IR injury model, and heart samples were collected 
at 1 or 2 weeks after injury for analysis (Figure 5B). One important 
condition for interpretation of the “pulse-chase” experiments is 
that the labeling of coronary endothelial cells is specific without 

Fabp4-CreER (where Fabp4 indicates fatty acid–binding protein 
4) (29). Cdh5 (encoding VE-CAD) is a specific endothelial cell 
marker (27). Apln is a specific marker for vascular endothelial 
cells (30, 31), and Apln-CreER has been utilized to mark vascu-
lar endothelial cells (32, 33). Fabp4 is expressed in adipocytes of 
fat tissue and is also highly enriched in vascular endothelial cells 
(34–36). To further prove the vascular endothelial specificity of 
FABP4, we performed immunostaining for FABP4 with VE-CAD 
or PDGFRA. Immunostaining data demonstrated that FABP4 
was specifically expressed in VE-CAD+ endothelial cells, but not 
PDGFRA+ fibroblasts of the heart (Supplemental Figure 6).

Figure 6. Coronary vessels in the injured heart are derived from preexisting coronary vessels. (A, C, E, G) Immunostaining for tdTomato and PECAM or 
VE-CAD on heart sections before and after injury. Arrowheads indicate labeled endothelial cells (tdTomato+PECAM+ or tdTomato+VE-CAD+). (B, D, F, H) 
Quantification of the percentage of tdTomato+ endothelial cells (ECs) in PECAM+ or VE-CAD+ endothelial cells in hearts before injury and 7 or 14 days after 
injury. Data are represented as mean ± SEM. n = 4. ANOVA test was used. Scale bars: 50 μm.
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tant insights into therapeutic deployment for cardiac regeneration. 
In this study, we observed that almost no coronary vessels arose 
from cardiac fibroblasts, and we did not observe any significant 
conversion of nonendothelial cells into endothelial cells after inju-
ry (Figure 7). Resident fibroblasts mainly mediated cardiac fibrosis 
after injury without contributing to new coronary endothelial cells. 
Only preexisting coronary endothelial cells begot new coronary 
vessels in the adult mouse heart, with essentially no contribution 
from other cell sources through cell-lineage transdifferentiation.

The evidence supporting MEndoT is largely based on trac-
ing experiments by Col1a2-CreER and fibroblast-specific 1 (FSP1) 
transgene (9). This Col1a2-CreER transgene is generated by plac-
ing cDNA encoding CreER under the promoter of Col1a2 and is 
reported to target resident fibroblasts specifically (14). We also 
obtained the same line used for MEndoT as previously reported 
(9) and found that fibroblasts labeled by the Col1a2-CreER trans-
gene did not contribute to any endothelial cells. The exact reason 
of failing to recapitulate MEndoT using the same line in our study 
remains unclear. We reason that direct comparison could be unfair 
because the transgene might have been silenced or the copy num-
ber might have been changed when the same mouse line was bred 
in different laboratories. We then generated a Col1a2-2A-CreER 
knockin line in this study to reassess MEndoT after cardiac injury. 
Consistent with the previous report (9), Col1a2-2A-CreER labeled 
fibroblasts but not endothelial cells before injury. However, we did 
not detect any labeled coronary endothelial cells after injury and 
therefore questioned whether MEndoT was a presumptive mecha-
nism for neovascularization after injury. The second tool used to 
support MEndoT is FSP1-mediated lineage tracing (9). The use 
of Fsp1-Cre for fibroblast labeling is problematic, as FSP1 is also 
expressed by endothelial cells in situ in addition to fibroblasts, 
consistent with the previous study (37). Moreover, since Fsp1-Cre 
contains the constitutive Cre, any endothelial cells reactivating 
FSP1 expression after injury would also be genetically labeled. 
Therefore, increased labeling of endothelial cells by Fsp1-Cre lin-
eage tracing could not solely demonstrate fibroblast-to-endotheli-
al cell transition. These data need to be interpreted with caution, 
given caveats of genetic-lineage tracing (38, 39).

Our genetic-tracing study of coronary endothelial cells showed 
that they proliferated and expanded substantially after injury and 
that there was not any significant dilution of vascular labeling after 
injury. These data demonstrated that virtually all coronary endo-
thelial cells after injury were derived from preexisting coronary 

“ectopic” labeling of any fibroblasts at baseline. We therefore 
performed immunostaining for tdTomato and PDGFRA on heart 
sections before injury and found that these tdTomato+ cells were 
not PDGFRA+ in over 500 heart sections from 4 Cdh5-CreER 
R26R-tdTomato, 4 Apln-CreER R26R-tdTomato, and 4 Fabp4-
CreER R26R-tdTomato mice, respectively (Figure 5C), which is in 
contrast to the fibroblast-specific lineage-tracing models (Col1a2-
CreER, Col1a2-2A-CreER, Pdgfra-DreER, Sox9-CreER, Tcf21-Mer-
CreMer, or Postn-MerCreMer).

We next performed immunostaining for tdTomato with 
PECAM or VE-CAD and found that almost all coronary endo-
thelial cells were tdTomato+ in Cdh5-CreER R26R-tdTomato, 
Apln-CreER R26R-tdTomato, or Fabp4-CreER R26R-tdTomato 
heart samples, demonstrating that these CreER lines specifically 
and efficiently labeled coronary vascular endothelial cells before 
injury (Figure 6, A, C, E, and G). We next examined tissue samples 
from injured hearts. Using all these inducible Cre lines, we did not 
detect any significant dilution of the PECAM+ or VE-CAD+ coro-
nary vessel labeling in the injury border zone at day 7 or 14 after 
injury (n = 4, Figure 6, A–H), suggesting that nonendothelial cell 
lineages including fibroblasts did not contribute significantly to 
new coronary vessels after injury. Neither did we observe signifi-
cant labeling in the sham-treated or injured hearts without tamox-
ifen treatment (Supplemental Figure 7A). Moreover, we obtained 
similar results via immunostaining for additional endothelial cell 
markers BS1 lectin and VEGFR2 (Supplemental Figure 7, B–D). 
In the remote region of the injured heart, we did not find any sig-
nificant dilution of endothelial cell labeling (Supplemental Fig-
ure 8). In the injured heart, we detected a significant increase in 
Ki67+tdTomato+ or EdU+tdTomato+ endothelial cells (Supplemen-
tal Figure 9), indicating expansion of coronary endothelial cell–
mediated cardiac neovascularization after injury. Taken together, 
these data demonstrate that most coronary vessels in the injured 
hearts were derived from the preexisting coronary vessels, but not 
from the nonendothelial cells through cell transdifferentiation, 
such as fibroblasts via MEndoT process.

Discussion
To date, 2 different models have been proposed to explain the for-
mation of new vasculature in a damaged heart, namely expansion 
of preexisting vessels and cell transdifferentiation from other lin-
eages, such as fibroblasts through MEndoT. Elucidating the sourc-
es for neovascularization after cardiac injury would provide impor-

Figure 7. Preexisting coronary endothelial cells but not fibroblasts contribute to blood vessels after injury. (A) Image showing coronary endothelial cells 
(CoECs) and fibroblasts in the adult heart. Epi, epicardium. (B) Image showing contribution of different lineages to coronary endothelial cells after injury.
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of the Col1a2 gene, following endogenous Col1a2 by the self-cleaving 
peptide 2A sequence. For the Pdgfra-DreER allele, a cDNA encoding 
DreERT2 recombinase was inserted after the translational stop codon 
of the Pdgfra gene, as previously described (48). All mice were main-
tained on an ICR/C57BL6/J-mixed background. Tamoxifen (1 mg) 
(Sigma-Aldrich) was injected intraperitoneally for 10 days to induce 
Cre-mediated recombination in Col1a2-CreER R26R-tdTomato mice 
as previously described (9). For other inducible Cre lines, tamoxifen 
(Sigma-Aldrich) was dissolved in corn oil (20 mg/ml) and admin-
istered by oral gavage before injury or in sham operations (0.1–0.15 
mg tamoxifen/g mouse body weight). Specifically, Col1a2-2A-CreER 
R26R-tdTomato, Pdgfra-DreER R26R-rox-tdTomato, Sox9-CreER 
R26R-tdTomato, and Cdh5-CreER R26R-tdTomato were treated with 
tamoxifen 5 times within 10 days at 6 to 8 weeks old. Two weeks fol-
lowing cessation of tamoxifen, these mice were subjected to IR cardiac 
injury (described below). For Tcf21-MerCreMer and Postn-MerCreMer, 
Cre recombinase activity was induced with tamoxifen citrate–contain-
ing chow at a treatment dosage of 400 mg/kg−1 (Envigo, TD.130860). 
Tcf21-MerCreMer R26R-GFP mice received TAM food for 2 weeks prior 
to injury and then stopped at time of injury until the mice were har-
vested 2 weeks later. Sham-treated mice were also given tamoxifen for 
2 weeks, then given a sham surgical procedure, and again, hearts were 
removed 2 weeks later. Postn-MerCreMer R26R-GFP mice received 
TAM food subsequent to the IR surgery continuously for the follow-
ing 2 weeks of reperfusion until harvest. After 2 weeks of reperfusion, 
mice were sacrificed by CO2 asphyxiation and the harvested hearts 
were washed in sterile PBS and either fixed and processed for histol-
ogy or digested and analyzed with flow cytometry as described below. 
For Apln-CreER R26R-tdTomato mice, tamoxifen was administered 
at E10.5, P1, and P4 to increase its labeling efficiency, and mice were 
subjected to IR cardiac injury at 10 weeks old. For Fabp4-CreER R26R-
tdTomato mice, tamoxifen was administered at E13.5, P1, and P4 to 
increase its labeling efficiency, and mice were subjected to IR cardiac 
injury at 10 weeks old. In this study, both male and female mice were 
included in all experiments.

Cardiac injury model. Myocardial IR cardiac injury was performed 
in adult mice as described previously (9). Mice (both male and female), 
8 to 10 weeks old, were randomly allocated to the sham or IR cardiac 
injury group. Investigators performing surgeries and sample analy-
sis were blinded to mouse genotype and treatment. Anesthesia was 
induced by tracheal intubation and administration of 2% isoflurane 
gas, while the core temperature of the animal was maintained by place-
ment upon a 37°C water-heated pad. The ventilator respiratory rate 
was set between 120 and 130, and the respiratory volume to 0.3–0.5 
ml. Upon reaching a surgical plane of anesthesia, the isoflurane con-
centration was adjusted to 1.5%. We confirmed the mice were ready for 
surgery by pain reflex reaction (lack of response to hind limb toe pinch). 
The limbs were then fixed in place, and chest skin was disinfected. A 
vertical 1- to 1.5-cm incision was made at the sternum, and then a blunt 
dissection of the muscle and fascia was performed to avoid injuring the 
blood vessels. After making an approximately 1-cm incision between 
the third and fourth intercostal ribs, the chest was expanded to approxi-
mately 0.8-cm wide. Then the left anterior descending (LAD) branch 
of the coronary artery was ligated with an 8-0 suture, and a 0.1-cm hose 
was inserted in between the suture and the LAD ligated site during 
ligation. The ligation was judged as successful when the heart showed 
signs of cyanosis. After 30 minutes, the LAD coronary artery was reper-

endothelial cells and that nonendothelial cell lineage minimally 
contributed to coronary endothelial cells. One caveat for interpre-
tation of these dilution experiments would be that a small number 
of nonendothelial cells could have differentiated into endothelial 
cells (<1%) and our experimental strategy was not sensitive enough 
to reveal its contribution. This possibility could not be excluded by 
our current lineage-tracing system. Nevertheless, since we have 
labeled most endothelial cells and these labeled cells still con-
stituted a similar percentage of endothelial cells after injury, we 
interpret that endothelial cells contributed to most, if not all, neo-
vascularization in the injured heart. One may ask whether cardiac 
stem cells such as Kit+ cells, Sca1+ cells, or epicardial progenitors 
contribute to new coronary endothelial cells after cardiac injury. As 
for Kit+ cells, genetic-lineage–tracing studies showed that Kit-Cre 
labels a substantial number of endothelial cells in the normal heart 
and that those cells expand to generate more coronary endothelial 
cells after injury (40–42). Whether Kit+ nonendothelial cells could 
give rise to new vessels remains to be detected by new genetic tools 
that could distinguish Kit+ nonendothelial cells from Kit+ endothe-
lial cells before injury. Nevertheless, our dilution study suggested 
that even if Kit+ nonendothelial cells generate new endothelial 
cells, the number is restricted so that it is minimal. Previous stud-
ies suggest that Sca1+ cells are regarded as cardiac progenitor cells 
that form multiple lineages in adult heart (43), and lineage-tracing 
studies show that Sca1-derived cells are most endothelial cells in 
the normal heart (44). Our endothelial cell–tracing study sug-
gests that these Sca1+ endothelial cells might expand after injury 
and that Sca1+ nonendothelial cells minimally contributed to coro-
nary endothelial cells. It is also possible that, during injury, mature 
endothelial cells respond to ischemic microenvironment and reex-
press progenitor markers such as c-Kit and Sca1. Adult epicardial 
progenitors were reported to contribute significantly to fibroblasts 
after injury and rarely to coronary endothelial cells (45), which is 
consistent with our endothelial tracing study.

In this study, we utilized 6 different genetic tracing tools to 
label fibroblasts, but were unable to recapitulate the role of MEn-
doT in vascular regeneration. Additional data based on 3 indepen-
dent endothelial cell–specific inducible Cre lines supported the 
conclusion that preexisting coronary endothelial cells were the 
major source for cardiac neovascularization after injury (Figure 7). 
Our work suggests that caution should be used in attempting to 
develop clinical applications solely based on the cell-lineage con-
version paradigm for treatment of cardiac diseases. On the other 
hand, our data suggested that preexisting vessels appeared more 
likely to be the therapeutic target for promoting neovasculariza-
tion and driving heart regeneration after injury.

Methods
Mice. Col1a2-CreER transgene (14), Tcf21-MerCreMer (24), Postn-
MerCreMer (6), Cdh5-CreER (27), Apln-CreER (28), Fabp4-CreER 
(29), R26R-tdTomato (16), R26R-rox-tdTomato (22), and R26R-GFP 
(46) mouse lines were previously described. Sox9-CreER was gener-
ated by homologous recombination using CRISPR/Cas9 methods 
(21). A cDNA encoding IRES-CreERT2-polyA cassette was intro-
duced into the Hpa1 site within the 3′-UTR of Sox9 exon3, as previ-
ously described (47). For Col1a2-2A-CreER allele, a cDNA encoding 
CreERT2 recombinase was inserted into the translational stop codon 
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80 mg/kg body weight. After 5 to 10 minutes, the hearts were dis-
sected and ligated to the perfusion fluid–filled aortic cannula. The 
hearts were perfused with perfusion buffer (137 mM NaCl, 4 mM KCl, 
0.33 mM NaH2PO4, 1 mM MgCl2, 10 mM HEPES, 5 mM taurine, 10 
mM BDM, and 10 mM glucose, pH 7.4) at a flow rate of 4 ml/min for 
about 5 minutes until the effluents became clear. Then the hearts were 
perfused with digestion buffer (perfusion buffer containing 0.2 mg/
μl collagenase II and 0.16 mg/μl Protease XIV) for 15 to 20 minutes 
at the same flow rate. When the hearts became pale and swelling, the 
digested hearts were transferred to transfer buffer (perfusion buf-
fer containing 0.5 mg/ml BSA) and minced by forceps and filtered 
through a 70-μm strainer. The isolated cells were centrifuged for 3 
minutes at 20 g to separate out the pellets that contained cardiomyo-
cytes, and then the supernatant containing noncardiomyocytes was 
centrifuged as pellets at 500 g for 10 minutes at 4°C; the pellets were 
subsequently resuspended in transfer buffer for further analysis.

Flow cytometry. Flow cytometric analysis was performed as previ-
ously described (50). Isolated noncardiomyocytes were treated with 
red blood cell lysis buffer (eBioscience) for 5-10 minutes at room 
temperature to lyse red blood cells. After that, remaining cells were 
incubated with anti-mouse CD16/CD32 to block endogenous Fc for 5 
minutes at room temperature. After this, cells were stained with anti-
bodies including CD45-FITC (11-0451, eBioscience), PDGFRA-APC 
(17-1401, eBioscience), PECAM-PE-Cy7 (25-0311, eBioscience), or 
PECAM-APC (17-0311, eBioscience) for 30 minutes at 4°C. Then the 
cells were treated with DAPI to stain the dead cells. Finally, the cells 
were resuspended with 300 μl isolation buffer. We analyzed stained 
cells on a MoFlo Astrios Flow Cytometer System (Beckman Coulter), 
BD LSR II, or BD FACSCanto II Flow Cytometer System, and obtained 
data were analyzed by FlowJo software (TreeStar).

Statistics. All data were determined from 4 independent samples 
and presented as mean ± SEM. Statistical comparisons between data sets 
were made with analysis of normality and variance, followed by a 2-sid-
ed unpaired Student’s t test for comparing differences between 2 groups 
and ANOVA test for over 2 groups. P < 0.05 was considered significant. 
All mice were randomly assigned to different experimental groups.

Study approval. This study was carried out in strict accordance 
with the recommendations set forth in the Guide for the Care and Use 
of Laboratory Animals of the CAS. The protocol was approved by the 
IACUC of the Institute for Nutritional Sciences and the Institute of 
Biochemistry and Cell Biology, Shanghai Institutes for Biological Sci-
ences, CAS. All efforts were made to minimize animal suffering.
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