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ABSTRACT

Myocardial damage due to dysfunctional myocardium has been
increasing, and the prognosis of pharmacological and device-
based therapies remain poor. Isl1-expressing cells were thought
to be progenitor cells for cardiomyocyte proliferation after
specific stimuli. However, the true origin of the proliferating
myocardiac cells and the role of Isl1 in adult mammals remain
unresolved. In this study, IsI1-CreERT2 knock-in mouse model
was constructed using CRISPR/Cas9 technology. Using tamox-
ifen-inducible IsI1-CreERT/Rosa26R-LacZ system, Isl1*cells and
their progeny were permanently marked by lacZ-expression.
X-gal staining, immunostaining, and quantitative PCR were
then used to reveal the fate of IsI1*cells under physiological
and exercise conditions in mouse hearts from embryonic stage
to adulthood. IsI1*cells were found to localize to the sinoatrial
node, atrioventricular node, cardiac ganglia, aortic arch, and
pulmonary roots in adult mice heart. However, they did not act
as cardiac progenitor cells under physiological and exercise
conditions. Although Isl1*cells showed progenitor cell proper-
tiesin early mouse embryos (E7.5), this ability was lost by E9.5.
Furthermore, although the proliferation and regeneration of
heart cell was observed in response to exercise, the cells as-
sociated were not Isl1 positive.

ABBREVIATIONS

IsI1 islet-1
CRISPR  clustered regularly interspaced short palindromic
repeat
PBS Phosphate-buffered saline
PCR Polymerase chain reaction
Introduction

Cardiovascular diseases are among the most prevalent diseases
worldwide. Current treatment strategies do not address the prob-
lem of myocardial tissue loss and repair. Recent studies indicated

Zhou Y et al. Fate Tracing of Isl1+Cells... Int | Sports Med 2019; 40: 921-930

that the adult mammalian heart retains regeneration ability in nor-
mal conditions or in response to specific stimuli, such as exercise
[1-3]. However, the optimal cell types for this approach remain
elusive. Although several populations of cardiac stem cells have
been described in the mammalian heart [4], the origins and in vivo
functions of each of these remain largely unexplored.

The LIM-homeodomain transcription factor Islet-1 (IsI1), a mark-
er of cardiovascular progenitors during embryogenesis [5, 6], plays
essential roles in cell proliferation, differentiation, and survival
[7,8].1sI1 marks a cell population that makes substantial contribu-
tion to the embryonic heart, accounting for most cells in the atria,
right ventricle, specific regions of the left ventricle, and the outflow
tract during cardiac development [9, 10]. IsI1 *cells are thought to
be endogenous cardiac progenitor cells that can differentiate into
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about 2/3 of the cells needed for heart development, myocardial
cell lines, endothelial cell lines, smooth muscle cell lines, as well as
all major cell types of the cardiovascular compartment and con-
duction system [11,12].1sI1*cells, present from birth to adulthood
[13], are the only progenitor cell type found in the heart that can
be identified by a single marker, which is useful for the study of re-
lated lineages. Therefore, IsI1* cells are favorable potential endog-
enous progenitor cells for heart regeneration. However, it is not
clear whether Isl1*cells act as cardiac progenitor cells in adult
mouse hearts.

Appropriate exercise is known to enhance the function of the
heart and promote the regeneration of cardiomyocytes [14-17].
Based on their presence from embryonic development to adult-
hood and their roles in the regulation of myocardial hypertrophy
and proliferation, Isl1*cells are a potential source of endogenous
cardiomyocyte progenitor cells induced by exercise. However, the
link between exercise and the self-renewal and differentiation of
Isl1*cells has not been established.

In this study, we used the genome editing system CRISPR/Cas9
toinserta cre-ERT2 cassette with a polyA sequence into the mouse
IsIT gene by homologous recombination to determine the origin of
proliferating cells. Genetic fate-mapping of Isl1*cells in the heart
was performed using Is|1-CreERT2/Rosa26-loxP-neo-loxP-LacZ re-
porter mice. The spatial and temporal distributions of Is|1 *cells and
its progeny cells during cardiac development were studied by di-
rectional induction at various developmental periods. Histopatho-
logical analysis, real-time quantitative PCR, and immunofluores-
cence were used to examine the characteristics of progenitor cells.
Echocardiography was used to test the effects of heart function be-
fore and after physical training interference. Thus, the regenera-
tion of cardiac cells was studied at the molecular, cellular, and mor-
phological levels.

Materials and Methods

Ethics statement and animals

All animal experiments in this study were approved by the Animal
Care and Use Committee of the Shanghai Research Center for
Model Organisms (approval number SRCMO-IACUC No. 20140002).
Specific pathogen-free (SPF) C57/B6 mice were purchased from
the SLAC Laboratory Animal Corporation of the Chinese Academy
of Sciences (Shanghai, China). Rosa26-loxP-neo-loxP-LacZ trans-
genic reporter mice and Is|1-CreERT2 were supplied by the Shang-
hai Model Organisms Center, Inc (Shanghai, China). Mice were
maintained in an SPF facility under a 12-h light/dark cycle and re-
ceived free access to sterilized food and autoclaved water. Animal
welfare and experimental operations strictly abided by the regula-
tions for the control of laboratory animals. We have read and un-
derstood I]SM's ethical standards document [18] and confirm that
our study meets the ethical standards.

Mouse preparation and genotyping

The Isl1-CreERT2 knock-in mouse model was constructed using
CRISPR/Cas9 technology [19, 20]. The CreERT2-BGHpolyA expression
cassette was site-specifically inserted into the translation start codon
ATG in exon 1 of the Is/T gene (Ensembl: ENSMUSG00000042258).
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The information regarding the Isl1-CreERT2 knock-in mouse model
is described in our previous article [21]. The Is|1-CreERT2 mice were
mated with Rosa26-loxP-neo-loxP-LacZ transgenic reporter mice
(Rosa26-lacZ) to obtain IsI1-CreERT/Rosa26-LacZ mice > Fig. 1S.
The genotypes were verified by PCR and confirmed by sequencing
of the PCR products. The primers used for genotyping are listed in
(> Table 1S).

Genetic labeling of Isl1*cells

Tamoxifen (Sigma-Aldrich, St. Louis, MO, USA) was used to induce
CreERT2 translocation to the nucleus and loxP site recombination
in Is|1-CreERT/Rosa26-LacZ mice. Tamoxifen was diluted in corn oil
(Sigma-Aldrich, USA). IsI1-CreERT/Rosa26-LacZ mice (8-week old)
received intraperitoneal (i.p.) injection of tamoxifen (120 mg/kg)
every other day for three times [6]. To examine the temporal pat-
tern of Cre activity, the hearts were subjected to X-gal staining after
tamoxifen injection at different time points (1 week, 8 weeks, and
24 weeks). Pregnant mice were treated with i.p. injections of ta-
moxifen (75 mg/kg body weight) at E7.5 or E9.5 [6, 10], and em-
bryos were harvested at E14.5 and subjected to X-gal staining.

X-gal staining

All mice were electively sacrificed at various time points from week
1to week 24, as shown in > Fig. 1a, > 2a, and > 3a. The hearts were
harvested and rinsed with cold 4 % PFA and perfusion-fixed in 2%
PFA for 4 h. The fixed samples were stained overnight in X-gal (Be-
yotime Biotechnology, Shanghai, China) solution (5 mM K4Fe (CN)s,
5mM KsFe (CN)g, 2mM MgCly, 0.01 % NP-40, 0.1 % deoxycholate,
0.1% X-gal in PBS) at 37 °C [6]. The samples were paraffin-embed-
ded in Optimal Cutting Temperature compound (OCT; Thermo,
Waltham, MA, USA) for sectioning (5 pm). The nuclei were stained
using Nuclear Fast Red (Sigma-Aldrich). Images were acquired and
analyzed using Image-pro Plus 6.0 (Media Cybernetics, Rockville,
MD, USA).

Embryos were harvested in cold PBS and fixed for 1-2hin4%
PFA. To optimize tissue fixation and improve the penetration of the
X-gal substrate (Roche Molecular, Indianapolis, IN, USA), the heart
was harvested. Whole hearts were incubated in X-gal solution. For
high-resolution analysis of B-Gal activity, stained hearts were par-
affin-embedded, sectioned, and counter-stained with Nuclear Fast
Red. After X-gal staining, the hearts were cut longitudinally and
embedded in paraffin. For histology and immunohistochemistry,
the heart sections (5 pm in thickness) were processed either with
hematoxylin or forimmunostaining.

Immunostaining

The paraffin sections were blocked with Immunol Staining Block-
ing Buffer (Beyotime Biotechnology) for 1 h and then incubated
with primary antibodies (> Table 2S) overnight at 4 °C. The sec-
tions were then incubated with fluorescent-labeled secondary an-
tibodies (> Table 3S) for 1 h at room temperature (21-22 °C) after
washing with 0.25 % TritonX-100 in PBS. Nuclear DNA was stained
using 4',6-diamidino-2-phenylindole (DAPI) (Invitrogen, Carlsbad,
CA, USA). Images were acquired from three sections per sample
(n=3 per group). Positive staining signals were counted from five
visual fields (magnification, x400) per section.
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Fig. 1 Tamoxifen-induced lacZ staining of heart tissues and co-staining experiments confirmed that lacZ-positive cells are Is|1-positive. a: Experi-
mental scheme: IsI1-CreERT/Rosa26-lacZ adult mice were injected with tamoxifen every other day for 3 times. Mice hearts were dissected after a
1-week and stained with X-gal. b-d: Observation of X-gal staining of the hearts of IsI1-CreERT/Rosa26-lacZ adult mice under a stereoscope and
histological analysis of X-gal staining of heart tissues. Scale bar represents 100 um. Arrows in b, c and d indicate X-gal-positive cells within the
sinoatrial node, atrioventricular node, cardiac ganglion, outflow tract, and aortic arch. e: Immunofluorescence staining in the IsI1-CreERT/Rosa26-
lacZ adult mouse heart. Nuclei were stained using DAPI (blue). ISL1 (green) cells and lacZ (red) cells were colocalized. Scale bar represents 100 pm.
f-i: enlarged portions of E. Abbreviations: LA: left atria; LV: left ventricle; CG: cardiac ganglion; SAN: sinoatrial node; PA: pulmonary artery. N=3.

Exercise intervention

We divided 2-month old adult male Is|1-CreERT/Rosa26-LacZ het-
erozygote mice into 2 groups (9 mice/group): control (HC), and
aerobic exercise group (HA). Mice in HA underwent 8-week’s train-
ing program using small motorized animal treadmill. Aerobic ex-
ercise was carried out as follows [22]: mice from the exercise group
were subjected to 10 min of running on a motorized treadmill two
times daily for the first 3 days to adapt to experimental conditions.
Then, the running time was increased to 90 min once a day, 6 times
a week for the next 8 weeks (refer to supplementary » Table 4S).
Mice in the control group (HC) were justin a home cage with noin-
tervention. The mice were closely observed during training to avoid
injury.
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RNA extraction and quantitative PCR

Total RNA was isolated from the heart tissues of mice using TRIzol
Reagent (Thermo Fisher Scientific) according to the manufactur-
er’s instructions. The cDNA was generated from 1000 ng of RNA
with ReverTra Ace qPCR RT Master Mix (FSQ-301; Toyobo, Osaka,
Japan)in a 20 pl reaction mixture, according to the manufacturer’s
protocol. The cDNA was diluted 5-fold and 2.5 pl of the diluted tem-
plate was used in a 10 pl real-time PCR mixture with SYBR Green
(DBI-2224; DBI Bioscience, Shanghai, China). Primers used for gPCR
are shown in » Table 1S.

Statistical analysis

Results are expressed as means + standard error. Student’s t-test was
utilized to compare two means and one-way ANOVA followed by Bon-
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ferroni tests was used to compare multiple means. Statistical analy-
ses were performed using Prism v.6.0 (GraphPad Software, San Diego,
CA, USA). A value of p<0.05 was considered statistically significant.

Results

Genetic labeling of Isl1*cells in the adult mouse
heart

To investigate whether Isl1* cells exist in the adult heart, tamoxifen
was injected into 2-month-old Is|1-CreERT/Rosa26-lacZ mice every
other day for 3 times (> Fig. 1a). The heart tissues were gathered 1
week later and stained with X-gal and sliced. Tamoxifen-induced Cre/
loxP recombinant cells were detected in the heart sinoatrial node,
cardiac ganglia, aortic arch, and pulmonary roots in Is|1-CreERT/Ro-

Tamoxifen
Day1 a® Day3 a# Day5 a"

IsI7 Promoter

p !4 I’ r r“ 1 week

Rosa 26

sa26-lacZ adult mice (> Fig. 1b), consistent with previous results
[5,23,24]. The expression of CreERT2 cells in these tissues was fur-
ther confirmed by using X-gal staining in frozen and paraffin-embed-
ded sections of heart tissues from heterozygote (> Fig. 1c, d). Fur-
thermore, double immunostaining for lacZ and IsI1 showed that the
lacZ* cells co-localized with Is|1*cells (> Fig. 1e-i). The data show-
ing CreERT was co-expressed with IsI1 in Is|1-CreERT/Rosa26-lacZ
adult mouse hearts, and that the expression of CreERT2 was con-
sistent with endogenous Isl1 in these mice. Thus, we established a
system for tracing Isl1-expressing cells and their progeny cells.

Isl1+*cells are not cardiac progenitor cells in adult
mice under physiological conditions

To investigate the fate of Isl1* cells in the adult mouse heart under
normal physiological conditions, tamoxifen was injected into
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> Fig. 2 Temporal and spatial distribution of Isl1*cells and its progeny cells in the hearts of IsI1-CreERT/Rosa26-lacZ adult mice. a: Experimental
scheme: Is|1-CreERT/Rosa26-lacZ adult mice were injected with tamoxifen 3 times. Then, mice were sacrificed and hearts were dissected for analysis
after 1, 8, and 24 weeks. b: Quantification of isl1t cells in adult mice hearts after 1, 8, and 24 weeks with tamoxifen 3 times. Mean values + SEM; from
three hearts. c-h: Observation of X-gal staining of hearts of Is|1-CreERT/Rosa26-lacZ adult mice at three stages under a stereoscope and histological
analysis of X-gal staining of heart tissues of three stages. c and f: After a 1-week washout period; d and g: After an 8-week washout period; e and h:
After a 24-week washout period. CG: cardiac ganglion. Scale bar represents 100 um.
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Fig. 3 Lineage tracing of Isl1 +cells in an anaerobic exercise model. a: Experimental scheme: IsI1-CreERT/Rosa26-lacZ adult mice were injected
with tamoxifen 3 times. Then, mice were sacrificed and hearts were dissected for analysis after 8 weeks of aerobic exercise (n=9). b-c: Histological
analysis of X-gal staining of heart tissues from the exercise group and control group (normal diet and no intervention). d-i: Double immunostaining
of heart tissues for lacZ (red), HCN4 (green), and Ki67 (yellow). Nuclei were stained using DAPI (blue). Scale bars represent 100 pm. j-k: Isl1 and Cre
expression levels in each group, determined by qPCR. I: Quantification of Is|1 + cells number. Results are expressed as means + SEM.
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2-month-old IsI1-CreERT/Rosa26-lacZ male mice. Hearts were har-
vested at 1, 8, and 24 weeks after injection and stained with X-gal
(> Fig. 2a). IsI1*cells and their progeny cells were detected in the
sinoatrial node, cardiac ganglion, and pulmonary artery, and this
localization remained unchanged after 1, 8, and 24 weeks of injec-
tion (> Fig. 2c-h), indicating that localization of Is|1* cells is not af-
fected with age within the time points analyzed. Furthermore,
there were no significant differences in the lacZ* cell number and
distribution between these groups and the number of IsI1* cells did
not change significantly over time (> Fig. 2b). These results sug-
gested that Isl1*cells do not serve as cardiac progenitors in adult
heart regeneration under normal physiological conditions.

Isl1*cells in adult mouse hearts do not have the
potential for proliferation in response to exercise

To test whether IsI1*cells are progenitor cells in heart regeneration
stimulated by exercise, 2-month-old IsI1-CreERT/Rosa26R-lacZ mice
were subjected to training on a treadmill for 8 weeks of aerobic
training; littermates served as controls for each group (> Fig. 3a).
Hearts were obtained 24 h after the last day of exercise and X-gal
and immunofluorescence staining were performed. Echocardiog-
raphy, histopathological analysis, real-time quantitative PCR, and
immunofluorescence were used to determine patterns of cell
movement and morphology.

The localization and number of lacZ*cell was similar in the ex-
ercise and control groups (> Fig. 3b, c, I). Based on immunostain-
ing of heart tissues for lacZ, the sinus node marker hyperpolariza-
tion activated cyclic nucleotide-gated cation channel 4 (HCN4), and
LacZ-positive cells were located within or near the sinus node (> Fig.
3d-i). There was no significant difference between the exercise and
control groups in Isl1 and Cre expression, as indicated by gPCR
(> Fig. 3j, k). In addition, exercise did not cause significant change
in the number and distribution of lacZ*cell in the heart tissues.
Thus, our results indicated that IsI1 * cells in adult mouse hearts do
not have the potential for proliferation in response to exercise.

Cardiomyocyte proliferation in response to exercise
in adult mouse hearts

The Isl1-CreERT/Rosa26R-lacZ mice were subjected to aerobic
training for 8 weeks and hearts were removed 24 h after the last
exercise period and paraffin sections were prepared for immuno-
fluorescence staining. Confocal microscopy was used to analyze
TNNI3 (marker for heart cardiac muscle) and Ki67 (cell proliferation
marker). In response to regular intensity-controlled exercise train-
ing, Ki67 staining was detected in the cardiomyocytes in the exer-
cise group (> Fig. 4e, » Fig. S2)), but not in the control group
(» Fig. 4b). Cyclin-D1 expression measured by qPCR was also high-
er in hearts from the exercise group than in that from the control
group (> Fig. 4i). Thus, exercise promoted the proliferation of car-
diomyocytes in adult mice, suggesting that cell proliferation and
regeneration occur in the heart in response to exercise stimulation.
However, Isl1 + or LacZ staining was not carried out, and hence
whether the proliferative cells were from IsI1*could not been de-
termined.
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Isl1*cells lose cardiac progenitor properties at E9.5

To determine when Isl1*cells lose their progenitor property, ta-
moxifen was injected into pregnant dams at E7.5 or E9.5. Embryos
were harvested at E14.5 and stained with X-gal to reveal the line-
ages derived from cells expressing Isl1 at the time of injection
(» Fig. 5a). We found that IsI1* cells gave rise to the atria, the right
ventricle, and the outflow tract in the embryonic mouse heart
(» Fig. 5¢, d). Isl1 *cells had the characteristics of cardiac progeni-
tor cells in early mouse embryos (E7.5). However, when tamoxifen
induction was carried out at E9.5, only a few lacZ* cell were present
within the outflow tract (> Fig. 5f, g). IsI1* cells and their progeny
cells in the embryonic heart at E14.5 were significantly reduced
compared with those in the embryonic heartinduced at E7.5. More-
over, expression of Is|1 was decreased in the late stage of embry-
onic development. These results indicate that Isl1 + cell may lose
the role of cardiac progenitor cells by E9.5.

Discussion

Cardiomyocytes in the adult human heart can renew, with a grad-
ual decrease from 1% turnover annually at the age of 25 to 0.45 %
at the age of 75 [25]. Isl1 as a pleiotropic transcription factor requ-
lates many downstream target genes at various time points and in
different tissue types, and plays an important role in cardiac devel-
opment. Isl1 gene knockout mice suffer from cardiovascularinsuf-
ficiency and die at E10.5 [7]. The normal expression of IsI1 during
early development is necessary for the proliferation, migration, and
survival of cardiac progenitor cells. Some studies have found that
itinteracts with multiple genes, such as Gata4, Mef2c, and Nkx2.5
[26-29].

In this study, we found that Isl1* progeny cells were widely dis-
tributed in the atria, the right ventricle, and the outflow tract in
early mouse embryos (E7.5), highlighting their potential signifi-
cance in cardiac development. Previous studies have shown that
different cardiac cell types arise from common multipotent cardiac
progenitor cells during heart development. Although Isl1*cells
exist in adult heart tissues in several species, including mice, rats,
and humans [30-32], itis not clear whether these cells function as
progenitor cells in adult hearts.

IsIT nuclear LacZ (nLacZ) knock-in mice have been generated in
previous studies [5, 6, 8, 10]. Several studies have revealed that
IsI1*cells are strictly confined to certain heart structures, but there
is no evidence suggesting that Isl1* cells are cardiac progenitor cells
in adult mouse hearts. Although the Isl1-nlacZ mouse model can
be used to detect the existence of IsI1*cells, they cannot be used
to trace progeny cells produced by IsI1*cells that do not express
IsI1. Therefore, it is not an effective model for lineage tracing ex-
periments focused on cardiac stem cell differentiation.

In this study, we used the CRISPR/Cas9 genome editing system
toinsert CreERT2 into the mouse IsI1 endogenous gene promoter
for cell lineage tracing. The IsI1-CreERT/Rosa-lacZ mouse model
that we developed could be used to detect both IsI1*cells and their
progeny cells. Using this model, we found that Isl1 *cells in adult
mouse hearts were mostly located in the sinoatrial node, cardiac
ganglia, aortic arch, and pulmonary roots. We also found that
IsI1*cells do not have progenitor cell properties in adult mouse
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> Fig. 4 Exercise-induced cardiomyocyte proliferation in Isl1-CreERT/Rosa26-lacZ adult mice. Immunofluorescence staining of the IsI1-CreERT/
Rosa26-lacZ adult mouse heart after 8 weeks of intervention. a-c: control group; d-f: aerobic exercise group. Scale bar represents 100 pm. g and h
show enlarged portions of e and f. Scale bar represents 50 pm. Proliferation marker Ki67 (green) and cardiomyocyte-selective protein TNNI3 (red). i:
Cyclin-D1 expression differences between groups (determined by gPCR). Results are expressed as means+SEM; * p<0.05. N=3.

heart under physiological conditions. A previous study using myo-
cardial infarction induction model indicated that Isl1*cells were
absent in the myocardial infarction area [9]. Therefore, under nor-
mal physiological and pathological conditions, in the adult heart,
there is no evidence that Isl1*cells are progenitor cells for myocar-
dial regeneration.

Other studies have shown that exercise promotes cardiomyo-
cyte cell division in response to specific stimuli [2, 3,15, 16, 22].In
preliminary analyses, we found that regular moderate aerobic ex-
ercise could induce improvement in cardiac structure and physio-
logical function in wild-type mice and has substantial effects on
morphological indices, such as heart size, weight, ventricular wall

Zhou Y et al. Fate Tracing of Isl1+Cells... Int | Sports Med 2019; 40: 921-930

thickness, and angiogenesis [17]. It could improve the heart coef-
ficient, shorten the left ventricular short axis, and improve heart
function. Isl1 expression was elevated in the whole heart in both
the aerobic exercise group and overload exercise group [33]. There-
fore, we used exercise as a non-traumatic endogenous stimulus to
determine whether IsI1*cells act as cardiac progenitor cells in the
hearts of adult mice stimulated with exercise. Our results suggest-
ed that myocardial cell proliferation occurred after exercise. How-
ever, the proliferating cells were not from Isl1*cells. Instead, our
results suggest that IsI1*cells may lose their cardiac progenitor
properties as early as E9.5.
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> Fig. 5 Lineage analysis of Is|1-cre-expressing cells during heart development. a: Experimental scheme: Pregnant Isl1-CreERT/Rosa26-lacZ females
were divided into two groups and were injected with tamoxifen at E7.5 or E9.5. Then, the embryos were harvested at E14.5 and stained with X-gal.
b-d: Whole-mount X-gal staining view of E14.5 embryonic hearts induced at E7.5. e-g: Whole-mount X-gal staining view of E14.5 embryonic hearts
induced at E9.5. Hearts from Is|1-CreERT/Rosa26-lacZ embryos (KI) were X-gal-positive (c and f), while those in the control group were X-gal-nega-
tive (b and e, control). Arrows in D indicate X-gal-positive cells within the atria, right ventricle, outflow tract, and aortic arch. Arrows in G indicate
X-gal-positive cells within the aortic arch and outflow tract. Abbreviations: LA, Left atria; RA, Right atria; OT, outflow tract; AO, Aortic arch; LV, left

ventricle; RV, right ventricle. N=3.

Recent studies have shown that stem cells do not exist in adult
hearts of mice under normal physiological conditions which is in-
consistent with previous studies. Our results demonstrate that
Isl1*cells do not contribute to the effects of myocardial cell prolif-
eration associated with exercise, likely because the stress caused
by exercise is not sufficiently severe. Therefore, it remains unknown
whether certain Isl1*cells have the potential to contribute to pro-
liferation under more extreme conditions (such as in acute myo-
cardial infarction). In future studies, we will establish a model of
coronary artery ligation to study the role of Isl1*cells in response
to heart damage. In addition, we found that Is|1-CreERT/Rosa26-
LacZ heterozygotes have a different phenotype compared with
wild-type mice under exercise condition (data not shown). The spe-
cific mechanism will be the focus of follow-up studies.

In conclusion, our study shows that Isl1*cells hold progenitor
cell properties in early mouse embryos (E7.5), but this function is
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lost at E9.5. Importantly, IsI1*cells do not act as cardiac progeni-
tor cells under physiological conditions. Furthermore, although my-
ocardial cell proliferation occurred after exercise, the proliferating
cells were not from Isl1*cells.

Authors’ Contributions

Y. Zhou and |. Fei were responsible for conceptualization and su-
pervision; Y. Zhou and |. Fei acquired funding; M. Zhang and
Z.Wang performed investigation; . Fei and Z. Wang conceived of
the methodology; |. Shiand R. Sun designed the sgRNA and CRIS-
PR/Cas9; Y. Zhou, H. Yang, S.Yang and N. Wang analyzed the role
ofisl1 in embryonic period; Y. Zhou, H. Yang, J. Shiand S. Yang per-
formed the exercise assay. Y. Zhou, H. Yang and |. Fei performed
the data analyses; Y. Zhou wrote the original draft; and H. Yang and
]. Fei reviewed and edited the draft.

Zhou Y et al. Fate Tracing of Isl1+Cells... Int | Sports Med 2019; 40: 921-930

Downloaded by: Thieme Gruppe. Copyrighted material.



Acknowledgements

This work was supported by the National Natural Science Founda-
tion of China (Grant No.31401019, 81572776 and 31600966), the
Fund of Science and Technology Commission of Shanghai Munici-
pality (Grant No. 16DZ2280800). We thank Prof. Anthony Paréfor
(University of British Columbia) and Prof. Robert U. Newton (Edith
Cowan University) for expert advice in writing, Ms. Jiajuan Shen for
laboratory management, and Dr. Shuping Gu for technical support.
We would like to thank Editage [www.editage.cn] for English lan-
guage editing.

Conflict of Interest

Authors declare that they have no conflict of interest.

References

[1] Alves CR, Da CT, Da PN, Brum PC. Aerobic exercise training as therapy
for cardiac and cancer cachexia. Life Sci 2015; 125: 9-14

Okwose NC, Zhang |, Chowdhury S, Houghton D, Ninkovic S,
Jakovljevic S, Jevtic B, Ropret R, Eggett C, Bates M, MacGowan G,
Jakovljevic D. Reproducibility of inert gas rebreathing method to
estimate cardiac output at rest and during cardiopulmonary exercise
stress testing. Int | Sports Med 2019; 40: 125-132

Padrao Al, Nogueira-Ferreira R, Vitorino R, Carvalho D, Correia C,
Neuparth MJ, Pires M|, Faustino-Rocha Al, Santos LL, Oliveira PA,
Duarte JA, Moreira-Goncalves D, Ferreira R. Exercise training protects
against cancer-induced cardiac remodeling in an animal model of
urothelial carcinoma. Arch Biochem Biophys 2018; 645: 12-18

2

3

[4

Ellison-Hughes GM, Lewis FC. Progenitor cells from the adult heart. In:
Wolfram-Hubertus Z & Masaki L (Eds.). Cardiac Regeneration, Cardiac
and Vascular BiologySpringer; New York, USA: 2017: 19-39

Laugwitz KL, Moretti A, Lam |, Gruber P, Chen Y, Woodard S, Lin LZ, Cai
CL, Lu MM, Reth M, Platoshyn O, Yuan JX, Evans S, Chien KR. Postnatal
isl1 +cardioblasts enter fully differentiated cardiomyocyte lineages.
Nature 2005; 433: 647-653

Sun'Y, Liang X, Najafi N, Cass M, Lin L, Cai CL, Chen |, Evans SM. Islet 1
is expressed in distinct cardiovascular lineages, including pacemaker
and coronary vascular cells. Dev Biol 2007; 304: 286-296

Cai CL, Liang X, ShiY, Chu PH, Pfaff SL, Chen J, Evans S. Is|1 identifies a
cardiac progenitor population that proliferates prior to differentiation
and contributes a majority of cells to the heart. Dev Cell 2003; 5:
877-889

[5

6

[7

(8

Liang X, Zhang Q, Cattaneo P, Zhuang S, Gong X, Spann N}, Jiang C,
Cao X, Zhao X, Zhang X, Bu L, Wang G, HSV Chen, Zhuang T, Van |,
Geng P, Luo L, Banerjee |, Chen Y, Glass CK, Zambon AC, Chen J, Sun Y,
Evans SM. Transcription factor ISL1 is essential for pacemaker
development and function. | Clin Invest 2015; 125: 3256-3268

Weinberger F, Mehrkens D, Friedrich FW, Stubbendorff M, Hua X,
Muller JC, Schrepfer S, Evans SM, Carrier L, Eschenhagen T. Localization
of Islet-1-positive cells in the healthy and infarcted adult murine heart.
Circ Res 2012; 110: 1303-1310

[10] Zhuang S, Zhang Q, Zhuang T, Evans SM, Liang X, Sun Y. Expression of
IsI1 during mouse development. Gene Expr Patterns 2013; 13:
407-412

[9

Zhou Y et al. Fate Tracing of Isl1+Cells... Int | Sports Med 2019; 40: 921-930

[11] BuL, Jiang X, Martin-Puig S, Caron L, Zhu S, Shao Y, Roberts DJ, Huang
PL, Domian I}, Chien KR. Human ISL1 heart progenitors generate
diverse multipotent cardiovascular cell lineages. Nature 2009; 460:
113-117

[12] Moretti A, Caron L, Nakano A, Lam |T, Bernshausen A, Chen'Y, Qyang
Y, Bu L, Sasaki M, Martin-Puig S, Sun'Y, Evans SM, Laugwitz KL, Chien
KR. Multipotent embryonic isl1+ progenitor cells lead to cardiac,
smooth muscle, and endothelial cell diversification. Cell 2006; 127:
1151-1165

[13] Genead R, Danielsson C, Andersson AB, Corbascio M, Franco-Cereceda A,
Sylven C, Grinnemo K. Islet-1 cells are cardiac progenitors present
during the entire lifespan: From the embryonic stage to adulthood.
Stem Cells Dev 2010; 19: 1601-1615

[14] Bostrom P, Mann N, Wu |, Quintero PA, Plovie ER, Panakova D, Gupta
RK, Xiao C, MacRae CA, Rosenzweig A, Spiegelman BM. C/EBPbeta
controls exercise-induced cardiac growth and protects against
pathological cardiac remodeling. Cell 2010; 143: 1072-1083

[15] Figueiredo PA, Appell CH, Duarte JA. Cardiac regeneration and cellular
therapy: Is there a benefit of exercise? Int] Sports Med 2014; 35:
181-190

[16] Waring CD, Vicinanza C, Papalamprou A, Smith AJ, Purushothaman S,
Goldspink DF, Nadal-Ginard B, Torella D, Ellison GM. The adult heart
responds to increased workload with physiologic hypertrophy, cardiac
stem cell activation, and new myocyte formation. Eur Heart | 2014;
35:2722-2731

[17] Zhou YH]J. Advances in the research of aerobic exercise-induced
hypertrophy and cardiomyocyte proliferation. Chinese Journal of Cell
Biology 2013; 10: 1551-1558

[18] Harriss D), Macsween A, Atkinson G. Standards for ethics in sport and
exercise science research: 2018 update. Int ] Sports Med 2017; 38:
1126-1131

[19] Kleinstiver BP, Prew MS, Tsai SQ, Topkar VV, Nguyen NT, Zheng Z,
Gonzales AP, Li Z, Peterson RT, Yeh |R, Aryee MJ, Joung JK. Engineered
CRISPR-Cas9 nucleases with altered PAM specificities. Nature 2015;
523:481-485

[20] Ran FA, Hsu PD, Lin CY, Gootenberg ]S, Konermann S, Trevino AE,
Scott DA, Inoue A, Matoba S, Zhang Y, Zhang F. Double nicking by
RNA-guided CRISPR Cas9 for enhanced genome editing specificity. Cell
2013; 154: 1380-1389

[21] Zhou YH, Gu X, Yang H, Huang D, Fei |. Construction and Analysis of
CreERT2 Knock-in Mouse for Genetic Labling of Isl1+ Cardiac
Progenitor Cells by CRISPR/Cas9 Technology. Chinese Journal of Cell
Biology 2015; 10: 1406-1413

[22] Wilhelm EN, Gonzalez-Alonso |, Parris C, Rakobowchuk M. Exercise
intensity modulates the appearance of circulating microvesicles with
proangiogenic potential upon endothelial cells. Am | Physiol Heart Circ
Physiol 2016; 311: H1297-H1310

[23] Xiang Q, Liao Y, Chao H, Huang W, Liu J, Chen H, Hong D, Zou Z, Xiang
AP, Li W. ISL1 overexpression enhances the survival of transplanted

human mesenchymal stem cells in a murine myocardial infarction
model. Stem Cell Res Ther 2018; 9: 51

[24] Zhou B, von Gise A, Ma Q, Rivera-Feliciano ], Pu WT. Nkx2-5- and
IsI1-expressing cardiac progenitors contribute to proepicardium.
Biochem Biophys Res Commun 2008; 375: 450-453

[25] Bergmann O, Bhardwaj RD, Bernard S, Zdunek S, Barnabe-Heider F,
Walsh S, Zupicich |, Alkass K, Buchholz BA, Druid H, Jovinge S, Frisen |.
Evidence for cardiomyocyte renewal in humans. Science 2009; 324:
98-102

[26] Cambier L, Plate M, Sucov HM, Pashmforoush M. Nkx2-5 regulates
cardiac growth through modulation of Wnt signaling by R-spondin3.
Development 2014; 141: 2959-2971

929

Downloaded by: Thieme Gruppe. Copyrighted material.



@ Thieme

[27]

(28]

[29]

(30]

930

Colombo S, de Sena-Tomas C, George V, Werdich AA, Kapur S, MacRae
CA, Targoff KL. Nkx genes establish second heart field cardiomyocyte
progenitors at the arterial pole and pattern the venous pole through
IsI1 repression. Development 2018; 145: 1-3

Dodou E, Verzi MP, Anderson JP, Xu SM, Black BL. Mef2c is a direct
transcriptional target of ISL1 and GATA factors in the anterior heart
field during mouse embryonic development. Development 2004; 131:
3931-3942

Ma Q, Zhou B, Pu WT. Reassessment of IsI1 and Nkx2-5 cardiac fate
maps using a Gata4-based reporter of Cre activity. Dev Biol 2008; 323:
98-104

Laugwitz KL, Moretti A, Caron L, Nakano A, Chien KR. Islet1 cardiovas-

cular progenitors: A single source for heart lineages? Development
2008; 135: 193-205

(31]

(32]

(33]

Lee B, Lee S, Lee SK, Lee JW. The LIM-homeobox transcription factor
IsI1 plays critical roles in development of multiple arcuate nucleus
neurons. Development 2016 ; 143: 3763-3773

Pandur P, Sirbu 10, Kuhl S}, Philipp M, Kuhl M. Islet1-expressing cardiac
progenitor cells: A comparison across species. Dev Genes Evol 2013;
223:117-129

Zhou YH, Fei |, Yang H, Qin LL, Sun JY, Li Q. Different exercise intensity
up-regulate marker of cardiac progenitor cells and induce cardiomyo-
cytes proliferation in adult heart. China Sport Science 2018; 6: 53-59

Zhou Y et al. Fate Tracing of Isl1+Cells... Int | Sports Med 2019; 40: 921-930

Downloaded by: Thieme Gruppe. Copyrighted material.





