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BACKGROUND: Whether the adult mammalian heart harbors cardiac 
stem cells for regeneration of cardiomyocytes is an important yet 
contentious topic in the field of cardiovascular regeneration. The putative 
myocyte stem cell populations recognized without specific cell markers, 
such as the cardiosphere-derived cells, or with markers such as Sca1+, 
Bmi1+, Isl1+, or Abcg2+ cardiac stem cells have been reported. Moreover, 
it remains unclear whether putative cardiac stem cells with unknown or 
unidentified markers exist and give rise to de novo cardiomyocytes in the 
adult heart.

METHODS: To address this question without relying on a particular stem 
cell marker, we developed a new genetic lineage tracing system to label 
all nonmyocyte populations that contain putative cardiac stem cells. 
Using dual lineage tracing system, we assessed whether nonmyocytes 
generated any new myocytes during embryonic development, during 
adult homeostasis, and after myocardial infarction. Skeletal muscle was 
also examined after injury for internal control of new myocyte generation 
from nonmyocytes.

RESULTS: By this stem cell marker–free and dual recombinases–mediated 
cell tracking approach, our fate mapping data show that new myocytes 
arise from nonmyocytes in the embryonic heart, but not in the adult heart 
during homeostasis or after myocardial infarction. As positive control, our 
lineage tracing system detected new myocytes derived from nonmyocytes 
in the skeletal muscle after injury.

CONCLUSIONS: This study provides in vivo genetic evidence for 
nonmyocyte to myocyte conversion in embryonic but not adult heart, 
arguing again the myogenic potential of putative stem cell populations 
for cardiac regeneration in the adult stage. This study also provides a new 
genetic strategy to identify endogenous stem cells, if any, in other organ 
systems for tissue repair and regeneration.
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During myocardial infarction (MI) or heart attack, 
a large number of cardiomyocytes die after de-
privation of oxygen, resulting in progression of 

life-threatening heart failure. Although cardiomyocytes 
could proliferate to generate new cardiomyocytes in 
the adult mammalian heart, their slow turnover rate is 
insufficient to compensate for the significant cell loss 
after MI.1–4 Because adult cardiomyocytes rarely prolif-
erate, identification of the endogenous cardiac stem 
cells (CSCs) that possess myogenic potential will pro-
vide clinical benefits for heart regeneration.5 By defini-
tion, the endogenous CSCs are multipotent cells that 
can differentiate into specialized cell types of the heart, 
including de novo cardiomyocytes.

Recent advances appear to show that adult CSCs 
could differentiate into new cardiomyocytes, holding 
great potential in the development of cardiac regen-
erative medicine.6,7 However, there is a lack of consen-
sus on whether endogenous CSCs exist in the adult 
mammalian heart. For instance, the myogenic poten-
tial of c-Kit+ cells remains controversial.8–13 Ellison et al9 
reported that adult c-Kit+ cells were endogenous CSCs 
that differentiated into new cardiomyocytes after myo-
cardial damage, and were necessary and sufficient for 
functional cardiac regeneration. On the other hand, 
other studies indicated that c-Kit+ cells minimally, if at 
all, contributed to new cardiomyocytes.10–12 This refu-
tation of c-Kit+ cells as myocyte stem cells casts skepti-
cism on the stem cell paradigm for cardiac regenera-
tion. Whether the results from c-Kit+ cell studies can be 
extrapolated to the cardiac stem cell field, or whether 

other putative CSC populations exist, remains elusive 
and untested.

In addition to the debate over the myogenic poten-
tial of c-Kit+ stem cells, CSCs labeled by other markers, 
such as Sca1+, Bmi1+, Isl1+ and ABCG2+, have been pro-
posed to give rise to cardiomyocytes for cardiac repair 
and regeneration.14–17 Whether these CSCs are bona 
fide stem cells that generate cardiomyocytes should 
be readdressed rigorously by genetic lineage tracing 
experiments. Proving the existence of each reported 
CSC population requires new genetic tools that target 
specific promoters. Moreover, there could be other pu-
tative CSCs with unknown or unidentified molecular 
markers that generate new cardiomyocytes in the adult 
heart, such as the cardiosphere-derived cells.18 Never-
theless, direct evidence to either support or refute the 
existence of endogenous CSCs is lacking, and an un-
equivocal conclusion on this contentious issue is impor-
tant in further development of potential cardiovascular 
regenerative medicine.

Current research on cell fate mapping of endog-
enous CSCs largely relies on the conventional genetic 
lineage tracing technology that utilizes the promoters 
of specific markers expressed by CSCs. However, some 
proposed stem cell markers are nonspecific to puta-
tive CSCs,12,19–21 as they are also expressed by cardio-
myocytes. It remains technically challenging to trace 
all of the previously reported putative CSCs (eg, Bmi1, 
Sca1, Isl1, Abcg2, etc.) to understand their myogenic 
potential. In addition, conventional lineage tracing re-
quires Cre expression under a known or characterized 
marker/gene promoter. However, for putative CSCs 
with unknown or unidentified markers, conventional 
lineage tracing is unable to trace them, which could 
hardly be overcome by the single marker–based lin-
eage tracing platform. To trace putative CSCs with-
out specific markers, we generated a new system 
that is capable of tracing all nonmyocyte populations 
that contain putative CSCs. This new genetic lineage 
tracing system is unbiased for studying new sources 
of cardiomyocytes, as it does not rely on a particular 
stem cell marker. We used this system to investigate 
the existence of endogenous CSCs during tissue de-
velopment, during homeostasis, and after injury. The 
establishment of this unique tracing approach is also 
valuable to resolve similar questions in other organ 
systems.

METHODS
Please refer to expanded methods in the online-only Data 
Supplement for details. The data, analytic methods, and study 
materials will be made available to other researchers for pur-
poses of reproducing the results or replicating the procedure. 
The newly generated genetic mouse strains in this study will 
be available in Bin Zhou’s laboratory at Chinese Academy 
of Sciences and the Biomodel Organism Co Ltd, Shanghai, 

Clinical Perspective

What Is New?
• Generation of a marker-free lineage tracing approach 

for nonmyocytes during homeostasis and after car-
diac injuries.

• Nonmyocytes do not convert to new cardiomyo-
cytes during adult cardiac homeostasis and myo-
cardial infarction.

• All cardiomyocytes in injured myocardium are 
derived from preexisting cardiomyocytes.

What Are the Clinical Implications?
• Our study indicates the lack of myogenic potential 

of putative Sca1+, Bmi1+, Isl1+, Abcg2+, or other 
stem cell populations for cardiac regeneration in 
the adult stage.

• Myocytes are the main cellular source for cardiac 
regeneration.

• This new genetic system provides an unprec-
edented strategy to readdress the contribution of 
putative adult stem cells to tissue repair and regen-
eration of multiple organ systems.
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China. Detailed methods are provided in the online-only Data 
Supplement.

Mice
The care and use of animals were in accordance with the 
guidelines of the Institutional Animal Care and Use Committee 
of the Institute of Biochemistry and Cell Biology and Institute 
for Nutritional Sciences, Shanghai Institutes for Biological 
Sciences, Chinese Academy of Sciences. The R26-DreER, Isl1-
CreER, Vim-CreER, and Postn-CreER mouse lines were gen-
erated by homologous recombination using CRISPR/Cas9. 
Generation of IR1, IR3, NR1, Tnnt2-Dre, Tnnt2-Cre, Actb-Cre, 
and Tnni3-Dre is reported previously.13 R26-rtTA, tetO-Cre, 
aMHC-MerCreMer, Npr3-CreER, Myh11-CreER, Sox9-CreER, 
Pdgfrb-CreER, Cdh5-CreER, NG2-CreER, and Wt1-CreER 
mouse lines were reported previously.22–31

Immunostaining
Immunostaining was performed as according to previous 
protocols.32 Briefly, hearts and other organs were collected 
and washed in cold PBS to remove excessive blood, and then 
hearts or other tissues were fixed in 4% polyformaldehyde at 
4°C. After washing in PBS several times, hearts or other tissues 
with fluorescence reporters were observed and photographed 
using Zeiss stereomicroscope (Zeiss AXIO Zoom. V16). Hearts 
and other tissues were then dehydrated in 30% sucrose in PBS 
at 4°C until tissues were fully penetrated. Cryosections of tis-
sues were then collected and blocked with PBS supplemented 
with 0.2% triton X-100 and 5% normal donkey serum for 30 
minutes at room temperature, followed by primary antibody 
incubation at 4°C overnight. Detailed first antibody informa-
tion including manufacturer, catalog number and dilution 
could be found in the online-only Data Supplement. After 
developing with secondary antibodies, images were acquired 
by Zeiss stereomicroscope (Zeiss AXIO Zoom. V16), Zeiss con-
focal laser scanning microscope (LSM 880), or Olympus con-
focal microscope (FV1000, FV1200). The image data were 
analyzed by ImageJ (National Institutes of Health) software.

Statistics
Data were presented as means±standard error of the mean 
(SEM). No test was performed to analyze the difference 
between groups that contained negative data throughout 
this study.

RESULTS
Generation of a New Tracing System for 
Labeling Nonmyocytes
To test whether there are any putative CSCs in non-
myocytes, we generated a novel system that labels all 
nonmyocyte lineages. We took advantage of the ex-
clusive dual reporter line, interleaved reporter, IR1,13 
in which 2 loxP and rox sites were interleaved so that 
either Dre-rox or Cre-loxP recombination would re-
move the substrate of the other recombination system, 
resulting in an exclusive and permanent labeling of a 

cell (either ZsGreen or tdTomato, Figure  1A). We will 
use this new system to label myocytes and nonmyo-
cytes by 2 distinct genetic tracing markers (Figure 1A). 
First, we generated the Tnnt2-Dre;R26-iCre;IR1 mouse 
line for labeling both cardiac troponin T (Tnnt2)+ myo-
cytes and Tnnt2– nonmyocytes: Tnnt2-Dre first labeled 
myocytes that expressed Dre; and on doxycycline (Dox) 
treatment, R26-iCre (R26-rtTA;TRE-Cre) then labeled all 
cell types except myocytes (Figure 1B). This dual trac-
ing system allowed permanent labeling of myocytes by 
tdTomato and nonmyocytes by ZsGreen, respectively. 
We tested the specificity of this tracing system by ex-
amining individual heart sections of the Tnnt2-Dre;IR1 
mouse. Our results of immunostaining showed that td-
Tomato+ cells were exclusively cardiomyocytes express-
ing the sarcomere protein troponin I (TNNI3, Figure I in 
the online-only Data Supplement) without expression of 
other lineage markers (Figure II in the online-only Data 
Supplement), indicating that Tnnt2-Dre specifically and 
efficiently labeled cardiomyocytes via IR1. To label non-
myocytes efficiently, we treated the R26-iCre;IR1 mice 
with Dox at various time points. We observed labeling 
of almost all cells in multiple tissue sections examined 
(Figure III in the online-only Data Supplement) and con-
firmed negligible leakiness of R26-iCre in the absence 
of Dox treatment (Figure IV in the online-only Data 
Supplement).

We first tested the efficacy of this tracing system to 
examine the nonmyocyte to myocyte conversion in the 
embryonic heart, as nonmyocytes such as the Isl1+ sec-
ond heart field progenitors residing dorsal to the Mlc2a+ 
first heart field progenitors contribute to myocytes of 
the right ventricle (Figure 1C).33,34 Induction of tamoxi-
fen at E8.0 in the Isl1-CreER;R26-tdTomato mouse line 
labeled the right ventricle at E13.5 (Figure 1D), consis-
tent with previous findings.33 We then injected Dox to 
label the nonmyocytes in the Tnnt2-Dre;R26-iCre;IR1 
mouse line at E8.0 and found the tdTomato+ heart and 
ZsGreen+ cells in other tissues at E8.5 (Figure 1E). We 
next collected E13.5 heart and examined the cell fate 
conversion of second heart field progenitors to myo-
cytes of the right ventricle (Figure 1F). Indeed, immu-
nostaining for tdTomato, ZsGreen, and the myocyte 
marker TNNI3 of E13.5 heart sections showed that 
the majority of myocytes in the right ventricle were Zs-
Green+ (Figure 1F), demonstrating that this new tracing 
system efficiently detect nonmyocyte to myocyte con-
version in the developing heart.

Nonmyocytes Did Not Contribute to 
Myocyte in the Adult Heart (Strategy 1)
We next used Tnnt2-Dre;R26-iCre;IR1 to trace cardio-
myocytes and nonmyocytes simultaneously in the adult 
heart. Dox treatment resulted in Cre expression ubiq-
uitously in all types of cells (Figure 1B). Because Tnnt2-
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Dre–mediated Dre-rox recombination labeled myo-
cytes as tdTomato before Dox treatment, induced Cre 
expression in myocytes did not further label myocytes 
by ZsGreen (Figure 1A and 1B). Immunostaining for td-
Tomato, ZsGreen, and TNNI3 on adult heart sections 
showed that tdTomato+ cells are TNNI3+ cardiomyo-
cytes, whereas ZsGreen+ cells are not TNNI3+ cardiomy-
ocytes (Figure 1G). Examination of dissociated cardio-
myocytes from Tnnt2-Dre;R26-iCre;IR1 heart confirmed 
that there was no ZsGreen+ cardiomyocyte (Figure 1H). 
Our system therefore labeled myocytes and nonmyo-
cytes with two distinct genetic tracers (Figure 1I).

We next used this tracing system to test whether 
nonmyocytes (trans) differentiate into myocytes in the 

adult heart. If this happens, the new myocytes derived 
from nonmyocytes would be ZsGreen+. After Dox treat-
ment, we induced MI in Tnnt2-Dre;R26-iCre;IR1 mice 
by ligation of left anterior descending coronary artery 
(Figure 2A). At 2 to 4 weeks after injury, we examined 
whether there was nonmyocyte to myocyte conversion 
in the injured hearts by immunostaining for ZsGreen, 
tdTomato, and TNNI3. As a control, we performed sham 
operation and examined heart tissues to see whether 
there was any ZsGreen+ cardiomyocyte. Immunostain-
ing for tdTomato, ZsGreen, and TNNI3 on heart sections 
showed that there was no ZsGreen+TNNI3+ cardiomyo-
cyte (Figure 2B). We next examined the MI tissue to see 
whether cardiac injury unlocks the myogenic potential 

Figure 1. Genetic labeling of nonmyocytes by Tnnt2-Dre;R26-iCre;IR1 strategy. 
A, Strategy for labeling myocytes and nonmyocytes by Tnnt2-Dre;R26-iCre;IR1. B, Inducible nonmyocyte labeling by doxycycline (Dox) induced Cre-loxP recom-
bination using R26-iCre (R26-rtTA;TRE-Cre). C, In situ hybridization of Mlc2a and Isl1, respectively, show 1st (red) and 2nd (green) heart fields. D, The Isl1+ cell 
lineage (tdTomato) mainly contributes to the right ventricle at E13.5 of Isl1-CreER;R26-tdTomato. Tamoxifen was induced at E8.0. E, Whole-mount epifluorescence 
image for E9.0 Tnnt2-Dre;R26-iCre;IR1 embryo. Dox was induced at E8.0. h, heart. F, Immunostaining for tdTomato, ZsGreen, and TNNI3 on E13.5 Tnnt2-Dre;R26-
iCre;IR1 heart. Dox was induced at E8.0. LV indicates left ventricle; and RV, right ventricle. G, Immunostaining for tdTomato, ZsGreen, TNNI3, and DAPI on adult 
heart section. Tissue samples were collected 2 weeks after Dox treatment. XZ indicates signals from dotted lines on Z-stack images. Scale bars, 100 μm. H, Bright-
field and fluorescence images of dissociated myocytes from adult mouse heart. Scale bars, 100 μm. I, Cartoon image showing labeling of nonmyocytes (green) 
and myocytes (red) distinctively by Tnnt2-Dre;R26-iCre;IR1.
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of nonmyocytes. In the infarcted myocardium, we did 
not detect a single ZsGreen+tdTomato– cardiomyocyte 
after examination of >600 sections from 5 Tnnt2-
Dre;R26-iCre;IR1 hearts (Figure 2C). We also confirmed 
by flow cytometry (Figure 2D) and fluorescent microsco-
py (Figure 2E) that no ZsGreen+ cardiomyocyte could be 
observed in the dissociated cardiomyocytes of MI hearts 
of the Tnnt2-Dre;R26-iCre;IR1 mice. Moreover, reverse 

transcription–polymerase chain reaction (RT-PCR) of the 
dissociated cardiomyocytes showed mRNA expression 
of tdTomato but not ZsGreen (n=5, Figure 2F). Our data 
indicated that nonmyocytes did not contribute to myo-
cytes after cardiac injury in the adult heart.

We also examined the cell fate conversion of non-
myocytes to myocytes in skeletal muscle after injury 
that served as a positive control for our experiments. 

Figure 2. Analysis of nonmyocyte to myocyte conversion by Tnnt2-Dre;R26-iCre;IR1 strategy. 
A, Schematic figure showing experimental procedures. B, Immunostaining for tdTomato, ZsGreen, and TNNI3 on sham heart section. C, Immunostaining for tdTo-
mato, ZsGreen, and TNNI3 on MI heart sections. XZ indicates signals from dotted lines on Z-stack images. D, Flow cytometric analysis of cardiomyocytes isolated 
from sham or MI hearts. E, Fluorescence images of dissociated cardiomyocytes from MI heart. F, Reverse transcription–polymerase chain reaction (RT-PCR) of 
ZsGreen or tdTomato in dissociated cardiomyocytes. DNA is included as positive control for ZsGreen PCR;1 to 5 are 5 tissue samples. G, Whole-mount fluorescence 
images of TA muscle and immunostaining for tdTomato and ZsGreen on sections of sham or BaCl2-treated muscles. Arrowheads indicate ZsGreen+tdTomato– new 
myocytes. Insets are bright-field images. Scale bars, 1 mm in G (whole-mount pictures); 100 μm in others. Each image is a representative of 5 individual samples.
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In the normal skeletal muscle (sham), we detected 
tdTomato+ZsGreen+ myocytes (Figure 2G), which could 
be attributable to cell fusion of nonmyocytes and myo-
cytes in skeletal muscle. We performed BaCl2 injection 
into the tibial anterior (TA) muscle of Tnnt2-Dre;R26-
iCre;IR1 limbs. Whole-mount fluorescence view of TA 
muscle showed weak tdTomato and strong ZsGreen 
expression after injury, indicating ablation of tdTomato+ 
myocytes after BaCl2 treatment and subsequent re-
placement by ZsGreen+ cells (Figure 2G). In the injured 
TA muscle, we detected ZsGreen+tdTomato– myocytes 
(arrowheads, Figure  2G) compared with the sham-
operated group, indicating de novo formation of myo-
cytes from nonmyocytes. Taken together, dual lineage 
tracing by Tnnt2-Dre;R26-iCre;IR1 (Strategy 1) revealed 
the nonmyocyte to myocyte conversion in the embry-
onic heart and adult skeletal muscle, but not in the 
adult heart.

Reverse of Cre/Dre System for Labeling 
cells in the Study of Nonmyocyte to 
Myocyte Conversion (Strategy 2)
To independently validate nonmyocyte to myocyte con-
version, we generated a second dual tracing system 
which consisted of Tnnt2-Cre, a transgenic line that 
expressed Cre in myocytes,35 tamoxifen inducible R26-
DreER, and an alternative interleaved reporter IR3.13 
With IR3, we could exclusively label myocytes by Zs-
Green and nonmyocytes by tdTomato (Figure 3A). R26-
DreER;IR3 efficiently labeled the majority of cells in the 
organs examined after tamoxifen treatment (Figure VA 
in the online-only Data Supplement), consistent with 
the ubiquitously active nature of Rosa26 locus.36 There 
was sparse labeling in R26-DreER;IR3 tissues without 
tamoxifen treatment (Figure VI in the online-only Data 
Supplement), suggesting negligible leakiness. We next 
generated the Tnnt2-Cre;R26-DreER;IR3 mouse line to 
simultaneously label myocytes and nonmyocytes (Fig-
ure 3A). Examination of the E8.0 embryonic heart re-
vealed ZsGreen labeling of the primary heart tube at 
E8.0 (Figure 3B). Following tamoxifen induction at E8.0, 
a significant contribution of tdTomato+ nonmyocytes to 
myocytes was found at E13.5 in the right ventricle (Fig-
ure  3C). Immunostaining on heart sections also con-
firmed contribution of nonmyocytes to myocytes in the 
right ventricle (Figure 3D–3F). Similarly, in the adult heart 
and skeletal muscle, we examined cell fate conversion 
of nonmyocytes after MI and BaCl2 treatment, respec-
tively (Figure 3G). The nonmyocytes in Tnnt2-Cre;R26-
DreER;IR3 mouse heart were efficiently labeled (Figure 
VB in the online-only Data Supplement). Flow cytomet-
ric analysis (Figure  3H) and fluorescence microscopy 
(Figure 3I) of dissociated cardiomyocytes, respectively, 
showed that there was no tdTomato+ cardiomyocyte. 
Morphologically, these tdTomato+ cells were distinct 

from ZsGreen+ cardiomyocytes (Figure  3J). Immunos-
taining for tdTomato and TNNI3 showed that these 
tdTomato+ cells did not give rise to TNNI3+ cardiomyo-
cytes in the infarcted, border, and remote zones of MI 
hearts (Figure 3K). No tdTomato+TNNI3+ cardiomyocyte 
was detected after examination of >600 tissue sections 
from 5 Tnnt2-Cre;R26-DreER;IR3 hearts. By RT-PCR, we 
detected ZsGreen but not tdTomato mRNA from the 
dissociated cardiomyocytes (Figure 3L). In contrast, we 
could readily detect tdTomato+ZsGreen– myocytes in the 
injured TA muscle collected from the same mouse treat-
ed with tamoxifen (arrowheads, Figure  3M), but not 
from the sham-operated group. The myocytes in sham 
group were tdTomato+ZsGreen+ as a result of cell fusion 
of nonmyocytes and myocytes in the skeletal muscle. 
Taken together, our results of dual lineage tracing by 
Tnnt2-Cre;R26-DreER;IR3 also revealed nonmyocyte to 
myocyte conversion in the embryonic heart and adult 
skeletal muscle, but not in the adult heart.

Nonmyocyte to Myocyte Conversion 
Examined by Tnnt3-Dre;R26-iCre;IR1 
System (Strategy 3)
To further validate the above findings, we used an 
additional myocyte marker TNNI3 to drive Dre recom-
binase. Tnni3-Dre efficiently and specifically labeled 
myocytes but not nonmyocytes in the adult heart 
(Figure VII in the online-only Data Supplement). We 
generated the Tnni3-Dre;R26-iCre;IR1 mouse line to 
distinctively label myocytes and nonmyocytes (Fig-
ure 4A). Immunostaining for ZsGreen, tdTomato, and 
different cardiac cell lineage markers showed tdToma-
to expression in myocytes and ZsGreen expression in 
nonmyocytes (Figure VIII in the online-only Data Sup-
plement). R26-iCre efficiently labeled nonmyocytes 
such as endothelial cells, pericytes, fibroblasts, et al. 
(Figure VIII in the online-only Data Supplement). With-
out Dox treatment, no ZsGreen+ cell was observed in 
the Tnni3-Dre;R26-iCre;IR1 mouse tissues (Figure 4B). 
Two weeks after Dox treatment, we performed MI or 
BaCl2 treatment to examine whether nonmyocyte to 
myocyte conversion was possible following cardiac or 
skeletal muscle injury (Figure 4C). In the sham-oper-
ated hearts, Dox treatment led to ZsGreen labeling 
of cardiac cells, in addition to tdTomato+ myocytes 
(Figure  4D). Immunostaining for tdTomato, ZsGreen, 
and TNNI3 showed that all cardiomyocytes were td-
Tomato+ ZsGreen- (Figure  4E). After MI, there was a 
significant reduction in the number of tdTomato+ 
myocytes in the infarcted region replaced by ZsGreen+ 
nonmyocytes (Figure 4F). The dissociated cardiomyo-
cytes from MI heart were tdTomato+ZsGreen– (Fig-
ure 4G). Immunostaining for tdTomato, ZsGreen, and 
TNNI3 on MI heart sections showed that ZsGreen+ cells 
did not adopt the cardiomyocyte lineage after injury 
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(Figure  4H and 4I). By flow cytometric analysis and 
RT-PCR with dissociated myocytes, respectively, we 
did not detect any ZsGreen+tdTomato– myocyte in the 

MI heart (Figure 4J and 4K). In contrast, we detected 
ZsGreen+tdTomato– myocytes in the injured TA mus-
cle (arrowheads, Figure 4L), indicating de novo gen-

Figure 3. New myocytes derived from nonmyocytes in the embryonic but not the adult heart. 
A, Schematic figure showing Cre-loxP recombination in myocytes and Dre-rox recombination in nonmyocytes by Tnnt2-Cre;R26-DreER;IR3 strategy. B, Whole-
mount and section view of E8.0 Tnnt2-Cre;R26-DreER;IR3 heart without tamoxifen treatment. C, Whole-mount fluorescence view of E13.5 Tnnt2-Cre;R26-
DreER;IR3 heart after tamoxifen treatment at E8.0. D through F, Immunostaining for tdTomato, ZsGreen, and TNNI3 on heart sections from C. Boxed regions in D 
are magnified in E and F. G, Experimental strategy for adult heart study by myocardial infarction (MI), and skeletal muscle by BaCl2 treatment. H, Flow cytometric 
analysis of isolated cardiomyocytes from sham or MI heart. I, Image of dissociated cardiomyocytes from MI heart. J, Immunostaining for tdTomato and ZsGreen on 
MI heart section. K, Immunostaining for tdTomato and TNNI3 on MI heart sections. L, RT-PCR analysis of ZsGreen or tdTomato cDNA of cardiomyocytes. DNA is 
included as positive control for tdTomato; 1 to 5 are 5 tissue samples. M, Whole-mount fluorescence images of TA muscle and immunostaining for tdTomato and 
ZsGreen on sections of sham or BaCl2 treated muscles. Arrowheads indicate tdTomato+ZsGreen– myocytes. Insets are bright-field images. Scale bars, 1 mm in M 
(whole-mount pictures); 100 μm in others. Each image is a representative of 5 individual samples.
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eration of myocytes from nonmyocytes. In the normal 
skeletal muscle, myocytes were tdTomato+ZsGreen+ as 
a result of cell fusion of nonmyoyctes and myocytes. 
Taken together, this third lineage tracing model based 
on Tnni3-Dre;R26-iCre;IR1 independently revealed 
that there was no nonmyocyte to myocyte conversion 
in the adult heart.

Nonmyocyte to Myocyte Conversion 
Examined by NR1 System (Strategy 4)
Although our inducible Cre or Dre under the control of 
ubiquitous promoter was efficient in labeling the ma-
jority of nonmyocytes, we observed that the labeling 
efficiency was not reaching 100%. It is possible but less 

Figure 4. Nonmyocyte to myocyte conversion detected by Tnni3-Dre;R26-iCre;IR1 strategy. 
A, Schematic figure showing labeling strategy for myocytes and nonmyocytes. B, Immunostaining for tdTomato, ZsGreen, and TNNI3 on heart sections of mouse 
without Dox treatment. C, Schematic figure showing experimental strategy. D, Whole-mount fluorescence view of sham heart. E, Immunostaining for tdTomato, 
ZsGreen, and TNNI3 on sham heart section. F, Whole-mount fluorescence views of MI hearts. G, Fluorescence images of isolated cardiomyocytes. H and I, Immu-
nostaining for tdTomato, ZsGreen, and TNNI3 on MI heart section. Boxed region in H is magnified in I. J, Flow cytometric analysis of dissociated cardiomyocytes. K, 
Reverse transcription–polymerase chain reaction (RT-PCR) of genes in isolated cardiomyocytes. L, Whole-mount fluorescence images of TA muscle and immunos-
taining for tdTomato and ZsGreen on sections of sham or BaCl2-treated muscles. Arrowheads indicate ZsGreen+tdTomato– new myocytes. Scale bars, 1 mm in F, G, 
and L, whole-mount tissues; 100 μm in others. Each image is a representative of 5 individual samples.
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likely that the few unlabeled nonmyocytes generated 
new myocytes in the adult heart after injury because 
the labeling process was random during lineage trac-
ing. To achieve 100% labeling efficiency of nonmyo-
cytes, we developed the fourth strategy to label all 
mouse cells by ZsGreen, except for newly-formed myo-
cytes which were labeled by tdTomato (Figure 5A). This 
was achieved by using the nested reporter 1, NR1,13 in 
which all cells in the mouse were first labeled as ZsGreen 
after Actb-Cre-loxP recombination. Only new myo-
cytes, when formed, would switch on tdTomato after 
a secondary Tnnt2-Dre-rox recombination (Figure 5A). 
Although the Dre-rox recombination in myocytes led 
to tdTomato expression, the ZsGreen protein was still 
stable for labeling with extra time before degradation 
because the green fluorescent protein has a half-life 
of 12 to 24 hours in mammalian cells.37 Therefore, we 
expected that double positive cells could be detected 
during nonmyocyte to myocyte conversion (Figure 5A). 
To test this, we first analyzed the embryonic heart as 
previously demonstrated (Figure 5B). Indeed, we readily 
detected tdTomato+ZsGreen+ myocytes in the outflow 
tract of the E8.5 developing heart (arrowheads, Fig-
ure 5C), consistent with previous work that showed the 
second heart field progenitors differentiate into cardio-
myocytes at this stage.33 We then performed analysis of 
the adult heart by collecting heart samples at a 12-hour 
interval from 12 hours to 28 days after MI (Figure 5B). 
Immunostaining for ZsGreen, tdTomato, and TNNI3 
showed no single ZsGreen+tdTomato+ myocyte in the 
infarcted myocardium (Figure  5D). For all these 56 
time points, we did not detect any ZsGreen+tdtomato+ 
myocyte in >6000 heart sections from Tnnt2-Dre;Actb-
Cre;NR1 mouse hearts. Similarly, flow cytometric analy-
sis of dissociated cardiomyocytes showed no myocytes 
emerged from ZsGreen+ cells (Figure  5E). In contrast, 
we readily detected ZsGreen+tdTomato+ myocytes in 
the injured TA muscle (Figure 5F). The labeling percent-
age of ZsGreen in nonmyocyte lineages were 100% 
in the Tnnt2-Dre;Actb-Cre;NR1 mouse heart sections 
(Figure IX in the online-only Data Supplement). Taken 
together, our results using the fourth lineage tracing 
strategy based on Tnnt2-Dre;Actb-Cre;NR1 revealed 
that nonmyocyte to myocyte conversion could only be 
found in the embryonic but not the adult heart.

Myocyte Contribution From Different 
Cardiac Cell Lineages
In addition to cardiomyocytes in the adult heart, there 
are multiple nonmyocyte cell lineages with known mo-
lecular markers (Figure XA in the online-only Data Sup-
plement). For these different cell populations, we used 
conventional Cre drivers under the control of differ-
ent promoters such as endocardial cells, Npr3-CreER;25 
mesenchymal stromal cells or fibroblast cell lineages 

Sox9-CreER,27 Vim-CreER, and Postn-CreER (newly gen-
erated); endothelial cells, Cdh5-CreER;29 pericytes or 
smooth muscle cells, Myh11-CreER,26 Pdgfrb-CreER,28 
NG2-CreER;30 epicardial cells, Wt1-CreER31 to trace 
for the cell fate of nonmyocytes. As a control, we also 
included cardiomyocyte Cre line aMHC-MerCreMer, 
aMHC-MCM24 to trace cardiomyocytes. We treated 
these 10 mouse lines with tamoxifen and performed 
MI or sham operation 2 weeks afterward, and collected 
samples 4 weeks later after cardiac injury (Figure XB 
in the online-only Data Supplement). Immunostain-
ing for genetic marker tdTomato with cardiomyocyte 
marker TNNI3 on heart sections of these 10 mouse lines 
showed that there was no myocyte contribution from 
these different cell lineages after sham or MI except 
from preexisting cardiomyocytes (Figure XC and XD in 
the online-only Data Supplement). Our results indicated 
that all these nonmyocytes did not contribute to new 
myocytes, although the aMHC-MerCreMer tracing data 
showed that virtually all myocytes in the injured heart 
were derived from preexisting myocytes (Figure XC and 
XD in the online-only Data Supplement). Therefore, our 
results supported the myocyte-to-myocyte, but not the 
nonmyocyte to myocyte conversion model in cardiac 
regeneration.

DISCUSSION
In this study, we used a newly developed tracing tech-
nology to address whether endogenous CSCs exist in 
the developing and adult hearts. By 4 independent lin-
age tracing strategies, we provided direct genetic evi-
dence that contribution of putative stem cells to myo-
cytes only happens in the embryonic but not in the adult 
heart (Figure  5G), raising caution on the existence of 
adult CSCs during homeostasis and after injury. For the 
first 2 strategies, we used interleaved reporter lines (IR1 
or IR3) to distinctively label myocytes and nonmyocytes. 
To ensure specific and efficient labeling of myocytes, we 
used multiple constitutively active recombinase drivers 
under cardiac promoters such as TNNI3 and TNNT2. For 
induced labeling of nonmyocytes, we adopted 2 differ-
ent induction strategies via Dox or tamoxifen treatment. 
Because the interleaved reporter determines that the 
labeling of myocytes and nonmyocytes by 2 distinct re-
porters is permanent and irreversible, any new myocyte 
derived from nonmyocyte would be detected by their 
genetic labeling if this process does happen. With re-
sults from these different strategies, we did not detect 
any new myocyte derived from nonmyocyte after injury. 
Because the inducible labeling of nonmyocytes was not 
100%, we adopted the fourth strategy using the nested 
reporter. If nonmyocyte differentiates into myocyte, the 
protein of ZsGreen and tdTomato could be detected in 
the same cell during the transitional  period. However, 
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we did not detect any double positive cell from 12 hours 
to 28 days after MI, indicating no conversion of non-
myocyte to myocyte after cardiac injury.

We also included several controls for detection of 
nonmyocyte to myocyte conversion in vivo. By using 
both interleaved and nested reporter lines, we found 
contribution of stem cells to cardiomyocytes in the 

developing heart, demonstrating that nonmyocyte to 
myocyte conversion was detected by our new systems, 
consistent with the previous study.33 In addition to the 
embryonic heart, we also included an additional posi-
tive control that showed nonmyocytes contributed to 
myocytes in adult skeletal muscle of the same mouse 
after injury (Figure 5G). Taken together, similar to neo-

Figure 5. Nonmyocyte to myocyte transition examined by Tnnt2-Dre;Actb-Cre;NR1 strategy. 
A, Schematic figure showing lineage tracing strategy using Tnnt2-Dre;Actb-Cre;NR1 mouse. When ZsGreen+ nonmyocyte turns into myocyte, Dre-rox recombina-
tion leads to tdTomato expression. Both tdTomato and remaining ZsGreen protein will be detected during cell fate conversion. B, Experimental strategy for injury 
and analysis of Tnnt2-Dre;Actb-Cre;NR1 mouse or embryos. C, Whole-mount and sectional staining of the E8.5 embryo. Arrowheads indicate tdTomato+ZsGreen+ 
cardiomyocytes in the outflow tract (OFT). D, Immunostaining for tdTomato, ZsGreen, and TNNI3 on adult heart sections at the indicated time points after injury. E, 
Flow cytometric analysis of cardiomyocytes collected from MI hearts. F, Immunostaining for tdTomato and ZsGreen from skeletal muscle shows tdTomato+ZsGreen+ 
myocytes (arrowheads) after BaCl2-induced injury. G, Cartoon image showing myocytes (M) derived from putative stem cells in fetal heart or adult skeletal muscle, 
but not in the adult mouse heart. Scale bars, 100 μm. Each image is a representative of 2 individual samples.
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natal heart regeneration in mammals, our work sug-
gested that new cardiomyocytes in injured myocardium 
of the adult mouse heart were derived from preexisting 
cardiomyocytes, and mammalian cardiac regeneration 
was not mediated by de novo differentiation of endog-
enous CSCs in the adult stage. This myocyte to myocyte 
regeneration model is also evolutionally conserved as 
evidenced by heart regeneration in lower vertebrates in-
cluding the adult zebrafish.38,39 In the future, it is impor-
tant to unravel mechanisms for driving cardiac regener-
ation in the adult heart including facilitated replication 
of preexisting cardiomyocytes2,4 or forced expression of 
exogenous cardiomyocyte reprogramming factors.40–42 
Nevertheless, our novel lineage tracing system used in 
this study provided direct genetic evidence that endog-
enous CSCs exist in fetal but not in adult heart.

Our model also offered an unprecedented strategy 
to readdress the contribution of putative adult stem 
cells in tissue repair and regeneration of other organ 
systems. Indeed, it is still controversial whether adult 
stem cells or progenitor cells exist to regenerate other 
organs including hepatocytes of the liver,43,44 β-cells 
of the pancreas,45,46 or mammary tissues.47,48 Our new 
system could be a valuable tool to readdress this is-
sue without the use of known molecular markers for 
lineage tracing of stem/progenitor cells that some-
times are nonspecific or controversial. This stem cell 
marker–independent approach could also be widely 
applicable to stem cell study in other organ systems. 
Furthermore, this system can also be used as a novel 
reporter system to study reprogramming or transdif-
ferentiation of nonparachymal cells to parachymal 
cells in vivo, and to investigate cell fusion in vivo with-
out the need of cell transplantation.49,50 Altogether, 
the dual tracing system reported here will provide a 
more sophisticated and precise genetic lineage trac-
ing strategy for mapping cell fate in development, 
diseases, and regeneration.13

Conclusions
Without addressing putative myocyte stem cell popu-
lations individually, this study used marker-free lineage 
tracing strategy and provided evidence of nonmyocyte 
to myocyte differentiation in embryonic but not adult 
mammalian heart in either cardiac homeostasis or af-
ter myocardial infarction. This work also provides a 
unique system for studying the putative resident stem 
cells in other organs during development and tissue 
regeneration.
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