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Introduction

Abstract

Objective: The genetic lineage tracing method was used to ex-
amine the Epithelial-Mesenchymal Transition (EMT) process and
the contribution of epicardial cells to mesenchymal cells at various
stages of fetal heart development.

Methods: In Wt1-CreER; R26-tdTomato transgenic mice, tamoxi-
fen was utilized to promote the tagging of epicardial cells with td-
Tomato fluorescence at E10. At E11.5, E12.5, and E16.5, embryonic
hearts were harvested and photographed using confocal fluores-
cence microscopy and stereomicroscopy.

Results: According to the findings, the tdTomato+ cells at E11.5
were still in the epicardium and had not yet moved into the myocar-
dium. Epicardial cells began to separate from the epicardium and
give rise to epicardial-derived cells at embryonic day 12.5 (E12.5).
On the valve primordium, fibroblasts generated from epicardium
have been found. By E16.5, many epicardial cells had moved into
the myocardium and formed fibroblasts, mesenchymal cells, vas-
cular smooth muscle cells, as well as migrated into the ventricular
septum and valves, contributing to their growth and creation.

Conclusions: The contribution of epicardial cells to mesenchy-
mal cells during development is shown by genetic lineage tracing,
opening up possibilities and offering references for creating rele-
vant treatment approaches based on epicardial cells.

Keywords: Lineage tracing; Epithelial-to-mesenchymal transi-
tion; Valve; Heart

Heart diseases, including heart failure, myocardial infarction,
and coronary artery disease, have become significant global
health issues [1-2]. Following heart damage, activated epicardi-
um-derived cells (EPDCs) can invade the injury site, promoting
the proliferation of coronary artery endothelial cells, regenerat-
ing myocardial cells, and forming fibroblasts to maintain normal
heart function [3]. Embryonic epicardial cells possess greater
differentiation potential compared to adult epicardial cells, and
transplantation of epicardial cells derived from embryonic stem
cells has emerged as a promising therapy for various heart dis-
eases. Therefore, the use of lineage tracing systems to track the
fate of embryonic epicardial cells holds significant potential for
the treatment of heart disease [4].

The Cre-loxP system is a widely used, powerful technology
for mammalian gene editing. Concerning the mechanism of the
Cre-loxP system, a single Cre recombinase recognizes two re-
peated loxP site, then the Cre excises the loxP-flanked DNA [5].
To achieve more accurate genetic functional studies and clini-
cal applications using the Cre-loxP system,a more sophisticated

technique was required that controled the Cre activation at a
precise time and in an specific cell. An inducible Cre system is
controlled by cell-specific regulatory elements (promoters and
enhancers) and inducible way by exogenous inducers such as
tam [6].

EMT refers to epithelial cells losing their epithelial features
and acquiring mesenchymal characteristics with migratory po-
tential. EMT has been shown to be essential for both devel-
opmental and pathological processes, including embryo mor-
phogenesis, wound healing, tissue fibrosis, and cancer. Heart
formation involves a series of epithelial-mesenchymal transi-
tion and reverse EMT processes, with almost all cardiac and
non-cardiac cells generated through EMT. During heart devel-
opment, EPDCS can migrate into the myocardium and differen-
tiate into various cell types, including smooth muscle cells that
comprise the coronary artery, acute fibroblasts, and so on [7].
EPDCs also contribute to the development of the atrioventricu-
lar valves and ventricular septum, with fibroblasts derived from
the epicardium preferentially participating in the formation and
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development of the wall leaflets of the atrioventricular valve
[8-9].

The epicardium is typically distinguished by the expression of
transcription factors T-box18 (Tbx18),Wilm tumor genel(Wt1),
and Transcription factor 21(Tcf21). While Thx18 is known to be
involved in heart development, it is not essential for the for-
mation of cardiac chambers and coronary vessels and may also
be expressed in the myocardium, potentially confounding ex-
perimental results [10]. Tcf21, on the other hand, plays an im-
portant role in cell differentiation and growth processes and is
expressed in cardiac mesenchymal cells, making it a commonly
used marker in zebrafish studies [11]. In this study, we focused
on characterizing the fate of epicardial-derived cells during the
epithelial-to-mesenchymal transition in embryonic heart devel-
opment, using Wt1 to drive the Cre-LoxP system. Wt1 promotes
epicardial EMT through Wnt and retinoic acid signaling path-
ways, and its inactivation can lead to the abnormal formation
of EPDCs and affect normal heart development. Our findings
provide valuable insights into the role of epicardial cells in the
development of valvular and ventricular septa.

Materials and Methods
Animal Studies and Ethics Statement

All Animals were used in accordance with the guidelines
of the Institutional Animal Care and Use Committee of the
Institute for Nutritional Sciences, Shanghai Institutes for Bio-
logical Sciences, Chinese Academy of Sciences. The study was
approved by the Institutional Animal Care and Use Commit-
tee of Jinan University (approval number: 20220613-16). The
Wt1-CreER;R26-tdTomato knock-in mouse line was generated
by homologous recombination using CRISPR/Cas9 methods.
Wt1-CreER; Rosa26-tdTomato mice lines were maintained on a
C129/C57BL6/)-mixed background.

We administered 5mg tam (Sigma) by gavage to pregnant
mice at E10.5 to induce Cre.

Tissue Collection and Immunostaining

Mouse embryonic hearts were collected in PBS and then
washed gently to remove blood. They were then fixed in 4%
PFA for 15-60 min at 4°C depending on tissue size. After washing
several times in PBS, we used fluorescence microscopy (Leica
M205 FA/DFC 7000T) to take photographs of embryonic heart
with indicated fluorescence reporters.After that, the embryonic
hearts were dehydrated in 30% sucrose/PBS for several hours
or overnight at 4°C, and then embedded in OCT (Sakura) the
next day. Frozen sections of 6-10 um were collected on slides.
For immunostaining, tissue sections were first washed in PBS
to remove OCT, then blocked in DAPI for 30 min at room tem-
perature and then incubated with primary antibodies overnight
at 4°C. Primary antibodies against the following proteins and
dilution were used:Wtl (Abcam,ab89901;1:200), a-smooth
muscle actin (aSMA) (Abcam, ab5694; 1:500), platelet-derived
growth factor receptor B (PDGFRB) (eBioscience, 14-1402-82;
1:2000), platelet-derived growth factor receptor a (PDGFRa)
(R&D, AF062; 1:1000), RFP Antibody pre-adsorbed(Rockland,
600-401-379; 1:500) and ImmPRESS Horse Anti-Rabbit IgG
(Vector lab, MP-7401; 1:1). The next day, sections were washed
with PBS several times and then incubated with Alexa fluores-
cence secondary antibodiesat room temperature for 30 min in
dark.After washing several times in PBS, all slides were mount-
ed with mounting medium. For weak signals, HRP-conjugated
secondary antibodies were used to amplify the signals. Images

were acquired using an Olympus confocal microscopy system
(FV3000).

Genomic PCR

Genomic DNA was extracted from mouse tail, Tissues were
lysed in lysis buffer (100 pug/ml proteinase K) overnight at 55°C
and the mixture was centrifuged at the maximum speed of
20,000 g for 8 min to obtain supernatant with genomic DNA
the next day. DNA was precipitated using isopropanol, and then
washed in 70% ethanol by centrifugation at 20,000g for 3 min.

All  the mice or embryos were genotyped us-
ing genomic PCR to distinguish knock-in allele from
wild-type allele.For the R26-tdToamto line, primers
5'-TCCCGACAAAACCGAAAATCTGTGG-3" and  5'-TGCATCG-
CATTGTCTGAGTAGG-3' were used to detect the R26-tdToamt
positive allele, and 5-TCCCGACAAAACCGAAAATCTGTGG-3',5'-

GGGGCGTGCTGAGCCAGACCTCCAT-3" were

used to detect the wild-type allele.For
the Wt1-Cre line, primers 5-GGCTTAAAGGCTAACCTG-
GTGTG-3' and 5'-GGAGCGGGAGAAATGGATATG-3' were used to

detect the witl positive allele, and
5'-CCAAGTCCAGCGCCGAGAAT-3' and 5'-TGTCCATCAG-
GTTCTTGCGA-3' were used to detect the wild-type allele.

Statistical Analysis

All data were obtained from three to more independent ex-
periments, as indicated in each figure legend and were present-
ed as meanzStandard Deviation .Two-tailed Student’ s t tests
were used to calculate statistical significance with p values. P
value<0.05 was considered statistically significant, ns is non-
statistically significant. Graphs were generated using GraphPad
Prism 9.0.0 software.

Results
The Cre-LoxP System Functions After Tamoxifen

The Cre-LoxP system is commonly used for tracing mam-
malian cell lineages and has been widely employed in lineage
tracing studies of various organs and cell types [12-13]. Notably,
Cre recombinase is dependent on tamoxifen induction and only
translocates into the nucleus to mediate recombination under
tamoxifen-induced conditions (Figure 1A,1B).

Comparison of embryonic hearts with and without tamoxifen
induction revealed weak fluorescence and few tdTomato* cells
in the non-induced group (Figure 1C), while high expression of
tdTomato was observed throughout the heart in the tamoxifen-
induced group (Figure 1D).These results indicate that the Cre
recombinase only becomes active upon tamoxifen induction.

Epicardial Cells did not Migrate at E11.5

The epicardium had formed on the surfaces of the embryon-
ic heart at E11.5, the valves were endocardial cushion, and the
interventricular septum was not fully developed at this phase.
To track the expression and distribution of epicardial cells at this
phase,after tamoxifen induction at E10.5, the Cre-loxp system
was activated, and epicardial cells were labeled with tdTomato
fluorescent protein.

It was observed that tdTomato+ and Wt1+ were coexpressed
only in epicardial cells. The tdTomato+ cells did not invade the
myocardium, indicating that the epicardial cells did not detach
from the epicardial region and did not produce EPDCs at this
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Figure 1: The working principle of the Cre-LoxP system and research
strategy.

Note: (A) The working principle of the Cre-Loxp system. (B) Research
strategy diagram. Tamoxifen (5mg) was administered to pregnant a
mouse at E10.5, and Wt1-CreER; R26-tdTomato embryonic hearts
were collected at E11.5, E12.5, and E16.5. (C) 1-4, Bright field and
fluorescence views of E16.5 embryonic hearts without tamoxifen
induction (no tam). Wt1 (green) is a specific marker for epicardial
cells. tdTomato labeling epicardial cells and EPDCS, DAPI (blue) as a
DNA fluorescent dye. (D) 1-4 Bright field and fluorescence views of
E16.5 embryonic hearts with tamoxifen induction (tam). Scale bars:

250 pum (yellow) and 100 um (white).

time (Figure2). During this period, the precursor epicardium-
to-epicardium transformation was occurring, which is the main
source of epicardial cell formation[14].

The Epicardial Cells Begin to Migrate and Form Fibroblast
atE12.5

At this phase, the endocardial cushions gradually fuse, and
the atrioventricular canal divides into the left and right ven-
tricles, forming the atrioventricular valve. By tracking the ex-
pression distribution of epicardial cells at E12.5, it was found
that tdTomato* cells began to detach from the epicardium and
invade the myocardium,indicating the beginning of the EMT
process.

Using confocal microscopy and fluorescent stereomicrosco-
py, it was observed that tdTomato+ cells had begun to express in
areas other than the epicardium at this phase, with the earliest
detection found in the region of the valve primordia, and more
expression in the wall leaflet of the tricuspid valve primordia.

It is worth mentioning that some of the tdTomato+ cells at
the site of the valve primordia merged with PDGFRa+ cells, in-
dicating that epicardial cells began to undergo EMT and form
fibroblasts (Figure 3).

F.12.5 Whole-Mount taTomato DAPT

Maguification

A

Figure 3: Spatial Distribution of Epicardial Cells and Fibroblasts in
the E12.5 Embryonic Heart.

Note: (A) 1.Whole-mount bright field and fluorescence views of the
E12.5 ventral embryonic heart. (A) 2. immunofluorescence views of
heart sections. (A) 3-5: Higher magnification immunofluorescence
views of heart sections. (B) 1. Whole-mount bright field and fluo-
rescence images of the E12.5 dorsal embryonic heart. (B) 2.immu-
nofluorescence views of heart sections. PDGFRa (green) is a spe-
cific marker for fibroblasts.td Tomato (red), and DAPI (blue). (B) 3-5:
Higher magnification immunofluorescence views of heart sections.
The Right Ventricular Wall (RVW), Valve Primordial (VP). Scale bars:
250um (yellow) and 100um (white).

E11.5 Whole-Mounit

‘Wil tdTomato DAPI Magnification

Figure 2: Spatial Distribution of Epicardial Cells in the E11.5 Embry-
onic Heart.

Note: 1. Whole-mount Bright field and fluorescence views of E11.5
embryonic hearts 2. Immunofluorescence view of heart sections.
3-5: Higher magnification immunofluorescence views of heart sec-
tions. Left Ventricular Wall (LVW). Scale bars: 250um (yellow) and
100um (white).

At E16.5, Epicardial Cells Differentiate into Fibroblasts, Vas-
cular Smooth Muscle Cells, and Mesenchymal Cells

To track the expression distribution and differentiation of
epicardial cells at E16.5, we added two new immunofluores-
cence markers in addition to epicardial and fibroblast markers:

aSMA and PDGFRp [15-17].

E165 Whole Mount tdTomato DAPT

A
¥
4
t\.ﬂ

to DAPI

idTomato DAPT

Figure 4: Spatial distribution of epicardial cells, fibroblasts, vascular
smooth muscle cells, and mesenchymal cells at E16.5

Note: (A) 1, Bright-field image of the ventral view of an E16.5 em-
bryo heart. (A) 2, Immunofluorescence image of E16.5 heart sec-
tions,. Wtl (green), tdTomato (red), DAPI (blue); (A) 3-5, Higher
magnification immunofluorescence images of E16.5 heart sections,
VG (Ventricular Groove). (B) 1, Fluorescence image of the ventral
view of an E16.5 embryo heart. (B) 2, immunofluorescence image
E16.5 heart sections. aSMA (green), tdTomato (red), DAPI (blue);
(B) 3-5, Higher magnification immunofluorescence images of E16.5
heart sections, RVW (Right Ventricular Wall). (C) 1, Bright-field
image of the dorsal view of an E16.5 embryo heart. (C) 2, immu-
nofluorescence image of E16.5 heart sections. PDGFRa (green),
tdTomato (red), DAPI (blue); (C) 3-5, Higher magnification immu-
nofluorescence images of E16.5 heart sections. (D) 1, Fluorescence
image of the dorsal view of an E16.5 embryo heart. (D) 2, immu-
nofluorescence image of E16.5 heart sections. PDGFRp (green) is a
marker for mesenchymal cells, tdTomato (red), DAPI (blue); (D) 3-5,
Higher magnification immunofluorescence images of E16.5 heart
sections,. Scale bars: 250um (yellow) and 100um (white).
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Through immunofluorescence staining, we observed a large
number of tdTomato* cells migrating into the myocardium and
dividing into fibroblasts, vascular smooth muscle cells, and mes-
enchymal cells. Some undifferentiated EPDCs will remain in the
epicardial space and myocardial tissue and retain the expression
characteristics of Wt1 (Figure 4A). Large circular vascular signals
that merged with tdTomato+ cells appeared as yellow signals
(Figure 4B). These larger vessels are usually detected in the
right ventricle. We also found that tdTomato* cells merged with
signals from fibroblasts and mesenchymal cells (Figure 4C, 4D),
consistent with previous studies [18-19]. By statistical analysis,
approximately 7.47+1.48%, 33.47+4.19%, and 42.77+2.15% of
EPDCs differentiated into vascular smooth muscle cells, fibro-
blasts, and mesenchymal cells (Figure 5).

*okokok
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& & &
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Figure 5: Statistical analysis of vascular smooth muscle cells, fibro-
blasts and mesenchymal cells.

Note: The proportion of aSMA* tdTomato*, PDGFRa*tdTomato* and
PDGFRB* tdTomato* cells in tdTomato* cells were counted, sections
n=3, totaling about 3000 cells.

*P<0.05,***P<0.001, ****P<0.0001.

tdTomato DAPI Magnification

tdTomate DAPT

WTomato DAPL
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Figure 6: Spatial distribution of epicardial cells and EPDCs in the
valves and ventricular septum at E16.5.

Note: (A) 1, immunofluorescence image of E16.5 heart sections,
(A) 2, Higher magnification immunofluorescence views of tricus-
pid valve. (A) 3, Higher magnification immunofluorescence views
of mitral valve; (A) 4, Higher magnification immunofluorescence
views of interventricular septum; RV (Right Ventricle), LV (Left Ven-
tricle), IVS (Interventricular Septum), pl (Parietal Leaflet, tricuspid
valve), ml (Mitral Leaflet, mitral valve), al (Aortic Leaflet). (B)-(D)1-4
Same as group A except for maker. Scale bar: 100pum.
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Figure 7: Statistical analysis of EPDCS in TV, MV, IVS.

Note: (A) Analyze the expression distribution of epicardial cells
in TV, MV and IVS. Tricuspid Valve (TV), MV (Mitral Valve) and IVS
(Interventricular Septum) interventricular septum (n=3). The to-
tal number is about 10,000 cells.* P<0.05, **P<0.01, ***P<0.001,
*#*%*Pp<0.0001. (B) The expression distribution of fibroblasts in TV,
MV and IVS was statistically analyzed. (C) The expression distribu-
tion of mesenchymal cells in TV, MV, IVS was statistically analyzed.

Involvement of Epicardial Cells in the Development and
Formation of Valve and the Ventricular Septum

In many previous studies, it has been shown that epicardial
cells play an important role in valve mesenchymal cell develop-
ment. At E12.5, endocardium-derived cells constituted almost
all of the valve mesenchyme in the leaflets of the mitral valve,
while EDPCs contributed less [20].

At E14.5, EPDCs began to migrate into the proximal leaflets,
and more EPDCs could be detected at E17.5. EPDCs can also
differentiate into mesenchymal cells through signaling path-
ways and participate in the development and formation of the
ventricular septum [21]. The expression of these markers in the
valves and ventricular septum was analyzed by co-localization
with tdTomato* cells.
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At E16.5, this study found that epicardial cells could migrate
to the valves and ventricular septum (Figure 6). The different
composition of the two leaflets of the tricuspid and mitral
valves may be due to their different anatomical positions during
heart development.

The parietal leaflet of the tricuspid valve attaches to the
wall of the right ventricle, while the parietal leaflet of the mi-
tral valve attaches to the wall of the left ventricle, where EPDCs
mainly distribute. Approximately 32.57+0.5% of cells in the TV
were derived from the epicardium, but most of these epicardial
cells did not undergo conversion in the tricuspid valve and still
retained epicardial cell characteristics. Only about 7.86+1.45%
of cells were epicardium-derived mesenchymal cells in TV, in-
cluding 2.53£1.79% fibroblasts. There were slightly more epi-
cardial-derived fibroblasts in the MV than TV, accounting for
about 5.2310.07%. About 7.6£2.42% of cells were epicardium-
derived mesenchymal cells in the MV. At E16.5, epicardial cells
participated in the development and formation of valve cells,
but at this time, most of the mesenchymal cells in the valves
came from endocardial cells, and the role of epicardial cells
was relatively small. In the ventricular septum, about 10% to
20% of cells were derived from the epicardium, among which
about 9.23+0.64% formed mesenchymal cells, with fibroblasts
accounting for the vast majority and the remaining cells retain-
ing epicardial cell characteristics (Figure 7).

Discussion

In this study, we generated a Wt1-CreER; R26-tdTomato
mouse and tracked the dynamic changes in epicardial cell
formation into various mesenchymal cells at different phase.
However, some researchers have pointed out that the lack of
exogenous tamoxifen may still activate Cre recombinase activ-
ity spontaneously due to endogenous estrogen or other fac-
tors, which may affect the research results [22]. We compared
embryonic hearts induced with and without tamoxifen and
confirmed the reliability of the Cre recombinase, showing that
endogenous estrogen or other factors did not affect the experi-
mental results.

At E10 to E10.5, the precursor epicardium gradually disap-
pears, and the epicardium gradually forms, so tamoxifen was
administered to a pregnant mouse at E10.5. By around E11.5,
the precursor epicardium had disappeared, and the epicardium
had formed and covered the entire outer layer of the heart. At
E12.5, epicardial cells began to invade the myocardium. E16.5 is
the early stage of coronary artery formation in the developing
heart.

Before E12.5, the epicardial precursor cells mainly under-
went transformation into epicardial cells in the epicardial region
of the embryonic heart, which was the main source of epicar-
dial cells [23]. By E12.5, some epicardial cells began to detach
from their original positions and migrate into the myocardium,
and they were first detected in the valvular primordia. At E16.5,
a large number of epicardial cells migrated into the myocardi-
um, forming mesenchymal cells.

However, some EPDCs that migrated to the ventricular wall
retained expression of Wtl. The persistence of Wtl expression
may be related to the maintenance of the undifferentiated stem
cell state in these EPDCs and the reactivation of EMT. During
this period, epicardial cells also played an important role in the
development and formation of valves and the ventricular sep-
tum [24]. Many EPDCs in the valves remained undifferentiated

into mesenchymal cells, and at this time, mesenchymal cells
in the valves may have been mainly derived from endocardial
cells. Most epicardially-derived cells in the ventricular septum
formed fibroblasts. Compared with using stem cell transplan-
tation to induce myocardial regeneration for treating damaged
hearts, epicardial progenitor cells have the advantages of clear
differentiation direction and high safety. Studies have shown
that combined transplantation of embryonic stem cell-derived
cardiomyocytes and epicardial cells can help organs recover
from heart attack injuries, and epicardial cells can help trans-
planted cardiomyocytes survive longer [25]. Therefore, further
research on the EMT process of embryonic and adult epicardial
cells will be of great significance for drug development, devel-
oping new medical approaches and methods, and treating vari-
ous congenital heart diseases, such as ventricular septal defect,
and many acquired heart diseases [26].

The Cre-LoxP system, as one of the commonly used tools for
tracing mammalian cell lineages, has been widely used in lin-
eage tracing of various organs and cells, but it still has limita-
tions.The EMT process of epicardial cells requires the activation
of various transcription factors, such as Snail and E-cadherin,
which are necessary for epicardial cells to transform into cardio-
vascular progenitor cells [27]. These transcription factors can be
considered markers of the EMT process. With the advancement
of technology, more precise dual recombinase lineage tracing
techniques have emerged, which can make the epicardial EMT
process more accurate and detailed in future studies. In sum-
mary, this study used Wt1 as a marker for epicardial cells and
revealed the contribution of epicardial cells to mesenchymal
cells at different phases through genetic lineage tracing of cell
fate. The study also tracked the involvement of epicardial cells
in valve and interventricular septum development and forma-
tion. The contribution of epicardial cells to mesenchymal cells
during development can provide a reference for the selection
of transplantation of differentiated epicardial cells in the treat-
ment of heart disease.
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