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Abstract: The epicardium is a single cell layer of mesothelial cells that plays a critical role during heart
development contributing to different cardiac cell types of the developing heart through epithelial-
to-mesenchymal transition (EMT). Moreover, the epicardium is a source of secreted growth factors
that promote myocardial growth. CCBE1 is a secreted extracellular matrix protein expressed by
epicardial cells that is required for the formation of the primitive coronary plexus. However, the role
of CCBE1 during epicardial development was still unknown. Here, using a Ccbe1 knockout (KO)
mouse model, we observed that loss of CCBE1 leads to congenital heart defects including thinner
and hyper-trabeculated ventricular myocardium. In addition, Ccbe1 mutant hearts displayed reduced
proliferation of cardiomyocyte and epicardial cells. Epicardial outgrowth culture assay to assess
epicardial-derived cells (EPDC) migration showed reduced invasion of the collagen gel by EPDCs in
Ccbe1 KO epicardial explants. Ccbe1 KO hearts also displayed fewer nonmyocyte/nonendothelial cells
intramyocardially with a reduced proliferation rate. Additionally, RNA-seq data and experimental
validation by qRT-PCR showed a marked deregulation of EMT-related genes in developing Ccbe1
mutant hearts. Together, these findings indicate that the myocardium defects in Ccbe1 KO mice arise
from disruption of epicardial development and function.

Keywords: CCBE1; heart development; epicardium; epicardial derived cells; EMT; myocardial growth

1. Introduction

Heart development is a finely orchestrated process that gives rise to the morpho-
logically mature heart, with four cardiac chambers, thickened ventricular walls, fully
formed atrioventricular valves, septated outflow tract, and a functional coronary vascula-
ture system. One critical morphogenetic process during heart development is myocardial
compaction, which is essential for generating a functionally competent ventricular wall [1].
Defects of ventricular wall compaction (noncompaction) are closely related to left ventricu-
lar noncompaction (LVNC), a type of inherited cardiomyopathy [2]. At early stages, the
embryonic heart is formed by two concentric layers, a thin outer myocardium, and an inner
endocardium [1]. At embryonic day, (E)9.0, trabecular ridges emerge, whereby myocardial
projections extend initiating trabeculation [1]. Further expansion of the primitive trabecular
myocardium (between E9.5 and E13.5) generates the mature trabeculae, which facilitates
oxygen and nutrient exchange in the heart muscle [1]. Later, from E14.5, the trabecular
myocardium starts to collapse at its base gradually integrating into the ventricular wall
thickness forming the compact myocardium, which is destined to form the ventricular wall
that provides the bulk of the force of ventricular contraction [3].
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The epicardium is a single cell layer of mesothelial cells that covers the outer surface
of the heart (E9.5–E10.5) [4,5]. Decades of research have revealed that the epicardium
plays a crucial role during heart development, contributing to distinct cardiac cell linages.
These include pericytes, coronary endothelial, and smooth muscle cells, which are critical
for cardiac coronary vessel formation, as well as cardiac fibroblasts [6–8]. Approximately
at E12.5 in mice, the epicardium initiates an epithelial-to-mesenchymal transition (EMT)
detaching from the epicardial layer and migrating first into the subepicardial space giving
rise to the epicardial-derived cells (EPDC). Then, these EPDCs migrate intramyocardially,
invading the myocardial wall, and differentiate into distinct cardiac cell lineages [8]. In
addition, numerous studies have shown that the epicardium is required for the ventricular
wall through EPDC-cardiomyocyte crosstalk, as its genetic or surgical ablation resulted in
an underdeveloped compact zone and myocardial growth disruption [9]. Despite its role in
heart development, the epicardium is also involved in cardiac regeneration under the stress
of injury by secreting growth factors and differentiating to cardiac lineage cells [10–14].
Identification of signaling pathways that regulate epicardial cell behavior will provide
insights into the complex regulation of heart development.

The collagen- and calcium-binding EGF-like domains 1 (CCBE1) is an extracellular
matrix (ECM) protein described to be essential for lymphatic vascular development via
promoting vascular endothelial growth factor C (VEGFC) proteolysis [15–18]. In our
previous work, we unveiled a new role of CCBE1 in coronary vasculature development [18].
We identified Ccbe1 expression in the epicardium and sinus venosus myocardium at the
stage in which coronary vessels start to form (E11.5–E13.5) [18]. Accordingly, Ccbe1 mutant
mice (Ccbe1tm1Lex) displayed defective coronary vascularization suggesting a key role of
CCBE1 for proper coronary vasculature formation [18].

Here, we discovered that, besides coronary defects, CCBE1 loss-of-function also
leads to disruption in ventricular growth, and disturbance of epicardial development.
Ccbe1tm1Lex hearts displayed thinner compact myocardium and decreased cardiomyocyte
and epicardial cell proliferation. Moreover, in vitro assays showed reduced epicardial
migration in Ccbe1tm1Lex epicardial explants. Transcriptome analysis of mRNA in ventricles
from Ccbe1tm1Lex hearts showed deregulation of EMT- and coronary endothelial-related
genes, ultimately supporting that CCBE1 also plays an important role in the epicardial
contribution to the developing heart.

2. Results
2.1. CCBE1 Is Required for Growth and Development of Ventricular Wall

Previously, we reported that Ccbe1 mutant hearts exhibit defective coronary vascu-
lature development [18]. Here, to further investigate the impact of CCBE1 ablation in
the developing heart, we conducted a detailed study of Ccbe1tm1Lex cardiac phenotype.
Histological analysis using endomucin (ENDM) immunofluorescence to highlight the en-
docardium, shows that the compact myocardium is markedly thinner in both the left and
right ventricle of Ccbe1tm1Lex hearts from E12.5 to E14.5 compared to that in wild-type
hearts (Figure 1A–G). In addition, Ccbe1tm1Lex hearts displayed abnormally large trabecular
myocardium in both ventricles at E13.5 and E14.5 as compared to wild-type hearts (Fig-
ure 1C–F,H). No other obvious defects were detected in the heart at these stages, which is
consistent with previous reports [19,20].
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Figure 1. Ccbe1tm1Lex mice display thinner right and left ventricle wall. (A–F) ENDM 

immunofluorescence in transverse sections of E12.5 (A,B), E13.5 (C,D), and E14.5 (E,F) hearts. 

Images are representative of the following number of replicates: wild-type, n = 4; mutant, n = 5 at 

E12.5; wild-type, n = 7; mutant, n = 8 at E13.5; wild-type, n = 5; mutant, n = 5 at E14.5. (a′–f′) are 

magnification of the LV region indicated by the boxed areas in panels (A–F), respectively. (G) 

Compact myocardium is thinner in right and left ventricle of Ccbe1 mutant hearts at E12.5, E13.5 

and E14.5 stages. (H) Trabecular myocardium thickness is increased in the left and right ventricles 

in Ccbe1 mutant hearts at E13.5 and E14.5 stages. ns, nonsignificant; * p < 0.05; ** p < 0.01; *** p < 0.001; 

**** p < 0.0001. Differences were considered statistically significant when p < 0.05. Error bars 

represent SDs. Scale bars = 100 μm. RV, right ventricle; LV, left ventricle. 

Cardiomyocyte proliferation is required for compact myocardium formation starting 

around E13.0-E13.5. Accumulating evidence suggests that EPDC-cardiomyocyte crosstalk 

promotes this proliferation [21–24]. To further examine the nature of this defect, we 

assessed cardiomyocyte proliferation in the compact myocardium. BrdU incorporation 

assays using PROX1-specific antibodies as cardiomyocyte marker (Figure 2A) revealed 

that Ccbe1 mutant hearts had a significantly decreased proliferation in the compact layer 

of both ventricles, as compared with wild-type hearts, at E13.5 and E14.5 (Figure 2B). No 

differences were observed at E12.5 (Figure 2B). Taken together, these results indicate that 

Ccbe1tm1Lex mice display abnormal ventricular development and growth. 

Figure 1. Ccbe1tm1Lex mice display thinner right and left ventricle wall. (A–F) ENDM immunoflu-
orescence in transverse sections of E12.5 (A,B), E13.5 (C,D), and E14.5 (E,F) hearts. Images are
representative of the following number of replicates: wild-type, n = 4; mutant, n = 5 at E12.5; wild-
type, n = 7; mutant, n = 8 at E13.5; wild-type, n = 5; mutant, n = 5 at E14.5. (a′–f′) are magnification of
the LV region indicated by the boxed areas in panels (A–F), respectively. (G) Compact myocardium
is thinner in right and left ventricle of Ccbe1 mutant hearts at E12.5, E13.5 and E14.5 stages. (H)
Trabecular myocardium thickness is increased in the left and right ventricles in Ccbe1 mutant hearts
at E13.5 and E14.5 stages. ns, nonsignificant; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
Differences were considered statistically significant when p < 0.05. Error bars represent SDs. Scale
bars = 100 µm. RV, right ventricle; LV, left ventricle.

Cardiomyocyte proliferation is required for compact myocardium formation starting
around E13.0-E13.5. Accumulating evidence suggests that EPDC-cardiomyocyte crosstalk
promotes this proliferation [21–24]. To further examine the nature of this defect, we assessed
cardiomyocyte proliferation in the compact myocardium. BrdU incorporation assays using
PROX1-specific antibodies as cardiomyocyte marker (Figure 2A) revealed that Ccbe1 mutant
hearts had a significantly decreased proliferation in the compact layer of both ventricles,
as compared with wild-type hearts, at E13.5 and E14.5 (Figure 2B). No differences were
observed at E12.5 (Figure 2B). Taken together, these results indicate that Ccbe1tm1Lex mice
display abnormal ventricular development and growth.
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Figure 2. Ccbe1tm1Lex mice demonstrate less cardiomyocyte proliferation. (A) Tissue sections through 

E12.5, E13.5 and E14.5 wild-type and Ccbe1 mutant hearts treated with BrdU and immunostained 

for BrdU and PROX1 to reveal proliferating cardiomyocytes. Arrowheads indicate BrdU+ 

cardiomyocytes. Images are representative of the following number of replicates: wild-type, n = 4; 

mutant, n = 4 at E12.5; wild-type, n = 5; mutant, n = 5 at E13.5; wild-type, n = 5; mutant, n = 5 at E14.5. 

(B) Quantification showed that cardiomyocyte proliferation in compact myocardium is reduced in 

Ccbe1 mutant hearts at E.13.5 and E14.5. Dashed lines in (A) delimitate compact from trabecular 

myocardium. ns, nonsignificant; ** p < 0.01; **** p < 0.0001. Differences were considered statistically 

significant when p < 0.05. Error bars represent SDs. Scale bars = 100 μm. RV, right ventricle; LV, left 

ventricle; TM, trabecular myocardium. 

2.2. CCBE1 Loss-of-Function Impairs Epicardial Function 

The epicardium provides an important cellular contribution to the developing heart. 

After migrating into the subepicardial space through the EMT, EPDCs differentiate into 

nonmyocyte cells, namely coronary endothelial cells, smooth muscle cells, fibroblasts, and 

pericytes that invade the intramyocardial wall [6–8]. The epicardium is also a source of 

secreted factors that play a critical role during myocardial compaction directing 

cardiomyocyte proliferation [21–24]. Since Ccbe1 is expressed in the epicardium [18], we 

Figure 2. Ccbe1tm1Lex mice demonstrate less cardiomyocyte proliferation. (A) Tissue sections through
E12.5, E13.5 and E14.5 wild-type and Ccbe1 mutant hearts treated with BrdU and immunostained
for BrdU and PROX1 to reveal proliferating cardiomyocytes. Arrowheads indicate BrdU+ cardiomy-
ocytes. Images are representative of the following number of replicates: wild-type, n = 4; mutant,
n = 4 at E12.5; wild-type, n = 5; mutant, n = 5 at E13.5; wild-type, n = 5; mutant, n = 5 at E14.5.
(B) Quantification showed that cardiomyocyte proliferation in compact myocardium is reduced in
Ccbe1 mutant hearts at E.13.5 and E14.5. Dashed lines in (A) delimitate compact from trabecular
myocardium. ns, nonsignificant; ** p < 0.01; **** p < 0.0001. Differences were considered statistically
significant when p < 0.05. Error bars represent SDs. Scale bars = 100 µm. RV, right ventricle; LV, left
ventricle; TM, trabecular myocardium.

2.2. CCBE1 Loss-of-Function Impairs Epicardial Function

The epicardium provides an important cellular contribution to the developing heart.
After migrating into the subepicardial space through the EMT, EPDCs differentiate into
nonmyocyte cells, namely coronary endothelial cells, smooth muscle cells, fibroblasts,
and pericytes that invade the intramyocardial wall [6–8]. The epicardium is also a source
of secreted factors that play a critical role during myocardial compaction directing car-
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diomyocyte proliferation [21–24]. Since Ccbe1 is expressed in the epicardium [18], we next
evaluated how the lack of CCBE1 impacts epicardial development. Confocal analysis of
E12.5, E13.5, and E14.5 heart sections using a RALDH2-specific antibody did not show an
obvious defect in epicardial layer establishment (Figure 3A). We next asked whether KO of
Ccbe1 affects epicardial function. We performed a BrdU incorporation assay together with
RALDH2-specific antibody to quantify epicardial cell proliferation. Figure 3A,B shows that
Ccbe1tm1Lex hearts had a lower proliferation rate in epicardial cells than wild-type hearts at
E12.5, E13.5 and E14.5 stages.
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to visualize the epicardial membrane showed no morphological difference of epicardial 
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Figure 3. Ccbe1tm1Lex mice show less epicardial cell proliferation. (A) Transverse sections of E12.5
E13.5 and E14.5 wild-type and Ccbe1 mutant hearts treated with BrdU, immunostained for BrdU,
and RALDH2 to reveal proliferating epicardial cells. Arrowheads indicate BrdU+ epicardial cells.
(B) Quantification shows that epicardial proliferation is reduced in Ccbe1 mutant hearts. * p < 0.05.
Differences were considered statistically significant when p < 0.05. Error bars represent SDs. Scale
bars = 100 µm.

We also analyzed the morphology of the epicardial cells using epicardial explants
prepared from E11.5 hearts ventricles. Immunofluorescence staining with ZO-1 antibody to
visualize the epicardial membrane showed no morphological difference of epicardial cells
from Ccbe1tm1Lex explants as compared to wild-type (Figure 4A–C). In addition, CCBE1
loss-of-function did not affect ZO-1 expression or ZO-1 localization at the cell-cell junctions
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(Figure 4A,B). These results suggest that CCBE1 is not necessary for the establishment of
the epicardium.

Int. J. Mol. Sci. 2022, 23, 12642 6 of 17 
 

 

junctions (Figure 4A,B). These results suggest that CCBE1 is not necessary for the 

establishment of the epicardium. 

 

Figure 4. Ccbe1 KO epicardial explants show normal size, morphology, and ZO-1 localization. (A,B) 

epicardial explants immunostained for ZO-1 antibody. Images are representative of the following 

number of replicates: wild-type, n = 12; mutant, n = 12. (C) Quantification shows no significant 

differences in epicardial cell areal. ns, nonsignificant. Scale bars = 50 μm. 

Finally, we explored whether KO of Ccbe1 also affects subsequent EPDC migration 

into the myocardium during mouse heart development. We employed a three-

dimensional collagen gel invasion assay using E11.5 hearts ventricles. Analysis of these 

explants by confocal imaging using a Z-projection of the explant along the longitudinal 

axis allowed the measurement of cell invasion depth (m) into the collagen gel matrix 

(Figure 5A–E). This analysis showed that epicardial outgrowth from Ccbe1 KO explants 

covered less area and showed a significant reduction in invasion depth as compared with 

the wild-type (Figure 5A–E). Together, these observations suggest that lack of CCBE1 does 

not have an impact on epicardial cell morphology as epicardial cells align and organize 

properly, although the invading EPDCs are less invasive in Ccbe1 KO epicardial explant, 

suggesting EMT impairment. 

 

Figure 5. EPDC invasion is impairs in Ccbe1 KO epicardial explants. (A,B) x/y plane of epicardial 

outgrowths from wild-type (A) and Ccbe1 mutant (B) explants stained with phalloidin. (C,D) 

Confocal imaging of epicardial cell invasion along the z axis. Images are representative of the 

following number of replicates: wild-type, n = 11; mutant, n = 14. (E) Measurements along the z-axes 

showed a significant decrease in the depth of epicardial cell invasion in the Ccbe1 KO explants 

compared with wild-type. **** p < 0.0001. Differences were considered statistically significant when 

p < 0.05. Error bars represent SDs. Scale bars = 100 μm. 

  

Figure 4. Ccbe1 KO epicardial explants show normal size, morphology, and ZO-1 localization. (A,B)
epicardial explants immunostained for ZO-1 antibody. Images are representative of the following
number of replicates: wild-type, n = 12; mutant, n = 12. (C) Quantification shows no significant
differences in epicardial cell areal. ns, nonsignificant. Scale bars = 50 µm.

Finally, we explored whether KO of Ccbe1 also affects subsequent EPDC migration
into the myocardium during mouse heart development. We employed a three-dimensional
collagen gel invasion assay using E11.5 hearts ventricles. Analysis of these explants by
confocal imaging using a Z-projection of the explant along the longitudinal axis allowed
the measurement of cell invasion depth (µm) into the collagen gel matrix (Figure 5A–E).
This analysis showed that epicardial outgrowth from Ccbe1 KO explants covered less area
and showed a significant reduction in invasion depth as compared with the wild-type
(Figure 5A–E). Together, these observations suggest that lack of CCBE1 does not have
an impact on epicardial cell morphology as epicardial cells align and organize properly,
although the invading EPDCs are less invasive in Ccbe1 KO epicardial explant, suggesting
EMT impairment.
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Figure 5. EPDC invasion is impairs in Ccbe1 KO epicardial explants. (A,B) x/y plane of epicardial
outgrowths from wild-type (A) and Ccbe1 mutant (B) explants stained with phalloidin. (C,D) Confocal
imaging of epicardial cell invasion along the z axis. Images are representative of the following
number of replicates: wild-type, n = 11; mutant, n = 14. (E) Measurements along the z-axes showed a
significant decrease in the depth of epicardial cell invasion in the Ccbe1 KO explants compared with
wild-type. **** p < 0.0001. Differences were considered statistically significant when p < 0.05. Error
bars represent SDs. Scale bars = 100 µm.

2.3. Loss of CCBE1 Impairs Proliferation of Nonmyocyte/Nonendothelial Cells

As mentioned, the myocardium depends on epicardial signals for its development. More-
over, the differentiation of EPDCs also depends on instructions from the adjacent myocardium,
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constituting a complex network of reciprocal epicardial–myocardial crosstalk essential for
proper maturation of myocardium and EPDCs. In this sense, it has been shown that cardiac
fibroblasts develop coincident with the growth of the compact layer [25]. Hence, we next
examined the development of nonmyocyte/nonendothelial cells in Ccbe1 KO hearts.

To determine whether the lack of CCBE1 affected intramyocardial EPDCs, heart
sections were immunostained with PROX1-specific antibody as cardiomyocyte marker
and ENDM antibody as an endothelial marker. Nonmyocyte/nonendothelial cells were
identified as negative for both PROX1 and ENDM and counted. Consistent with the defect
in EPDC migration observed in epicardial explants from mutant hearts, the percentage of
nonmyocyte/nonendothelial cells were less in Ccbe1 KO hearts at E14.5 when compared to
wild-type ones (Figure 6A,B).
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Figure 6. Nonmyocyte/nonendothelial cells are reduced and show less proliferation rate in Ccbe1
KO hearts. (A) Tissue sections through E12.5, E13.5 and E14.5 wild-type and Ccbe1 mutant hearts
treated with BrdU and immunostained for BrdU, PROX1, and ENDM to reveal proliferating and non-
proliferating nonmyocyte/nonendothelial cells. Orange arrowheads indicate proliferating (BrdU+)
nonmyocyte/nonendothelial cells. Images are representative of the following number of replicates:
wild-type, n = 5; mutant, n = 5 at E12.5; wild-type, n = 5; mutant, n = 6 at E13.5; wild-type, n = 5;
mutant, n = 5 at E14.5. (B) Quantification showed reduced percentage of nonmyocyte/nonendothelial
cells in right and left ventricles of Ccbe1 mutant hearts at E14.5. (C) Quantification showed that
nonmyocyte/nonendothelial cell proliferation in compact myocardium is reduced in right and left
ventricles of Ccbe1 mutant hearts at E12.5, E13.5 and E14.5. Dashed lines in (A) delimitate compact
from trabecular myocardium. ns, nonsignificant; * p < 0.05; ** p < 0.01. Differences were considered
statistically significant when p < 0.05. Error bars represent SDs. Scale bars = 100 µm. TM, trabecular
myocardium.
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We also assessed the proliferation capacity of nonmyocyte/nonendothelial cells in
Ccbe1tm1Lex hearts. BrdU incorporation assays were performed using PROX1-specific anti-
body as cardiomyocyte marker and ENDM antibody as an endothelial marker. Nonmy-
ocyte/nonendothelial cells were identified as negative for both PROX1 and ENDM. The
ratio of proliferating nonmyocyte/nonendothelial cells (BrdU+) were significantly less in
right and left ventricles of Ccbe1tm1Lex hearts from E12.5 to E14.5 as compared to wild-type
hearts (Figure 6A,C). These results indicate that CCBE1 is required for proper migration of
EPDC into the myocardium, and also for nonmyocyte/nonendothelial cell proliferation.

2.4. Lack of CCBE1 Affect Epicardial EMT Signaling

To identify molecular pathways responsible for altered phenotype and function of
Ccbe1 KO hearts, we performed a genome-wide transcriptomic analysis of E11.5, E12.5 and
E14.5 ventricles from Ccbe1tm1Lex and wild-type mice by RNA-seq. RNA-seq data was ana-
lyzed to identify differentially expressed genes (DEGs) (Figure 7A) and the corresponding
dysregulated biological pathways (Figure 7B–D). The differences in the expression patterns
of Ccbe1 KO hearts samples and their wild-type controls are evident in the heat map repre-
sentation (Figure 7A). Most downregulated genes in E11.5 Ccbe1 KO hearts belonged to
the GO (biological process) classes response to BMP (Htra1, Msx2, Lef1, and Bmper), mes-
enchyme development (Tbx2, Meox1, Msx2, Has2, Lef1, and Twist1), heart morphogenesis
and epithelial tube morphogenesis (Tbx2, Msx2, Lef1, Tnc, Twist1, and Cthrc1), among others
(Figure 7B). Whereas genes down and upregulated in E12.5 Ccbe1 KO hearts belonged
to epithelial cell proliferation (Sfrp2, Osr1, Eppk1, Apln, and Aplnr) (Figure 7C). Finally,
most deregulated genes in E14.5 Ccbe1 KO hearts belonged to vascular endothelial growth
factor production (Ccl2 and Ccr2) and regulation of cell-cell adhesion (Ptpn6, Arg1, Cd74,
Il1rn, Gpnmb, Ccl2, and Ccr2) (Figure 7D). Next, we performed an experimental validation
using qRT-PCR selecting genes such as Tbx2, Meox1, Has2, Col9a1, Apln, and Aplnr as these
genes are known to play a role in epicardial development (Tbx2, Meox1, and Has2) [26–28]
and coronary vasculature development (Apln and Aplnr) [29] processes affected in Ccbe1
KO hearts [18]. Col9a1 was selected as cardiac extracellular matrix component [30]. For
qRT-PCR confirmation, all six genes showed a strong correlation between RNA-seq and
qRT-PCR (Figure 7E,F). These results suggest that CCBE1 loss-of-function impairs signaling
pathways that are involved in EMT and coronary vasculature development.
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3. Discussion

Our study shows that CCBE1 deficiency alters epicardial function. The reduced
epicardial cell proliferation and migration, together downregulation of EMT-related genes,
suggest defects in the proper function of the epicardium. Consequently, the observed
impairment of epicardial function had an impact on the myocardial growth as Ccbe1tm1Lex

mice displayed reduced ventricular myocardium thickness.
Recently, the role of the epicardium in heart development has been subjected to ex-

tensively studies [Reviewed in 9]. In addition to directly differentiating into various cell
lineages through epicardial EMT, the epicardium also supports cardiomyocyte proliferation
and embryonic heart growth by providing a cocktail of secreted mitogens that become
possible EPDC-cardiomyocyte crosstalk [9]. Accordingly, ablation of the epicardium or
genes expressed in the epicardium disrupts myocardial growth, coronary vessel develop-
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ment, and the formation of cardiac interstitial cells [31–44]. We previously reported that
Ccbe1 is expressed in the epicardium of the developing heart, and mice lacking CCBE1
have diminished coronary development [18]. Here, we performed a deeper analysis of
the heart phenotype in histological sections from Ccbe1tm1Lex hearts, and we observed that
Ccbe1 mutant mice displayed thinner right and left ventricle walls, as well as increased
trabeculation, from E12.5 to E.14.5. No analysis could be performed at later stages because
mutants die shortly after E14.5 [15]. Concordantly, the mutant hearts showed a decreased
cardiomyocyte proliferation in the compact myocardium, which could be a pivotal factor
leading to the thinner ventricular walls observed. Interestingly, abolishing proliferation in
the compact myocardium leads to a hyper-trabeculation phenotype [45]. More recently, it
was described that the suppression of Prdm16 gene, which promotes the expression of genes
required for compact myocardium growth, leads to an upregulation of genes involved in
trabecular growth [46]. Thus, the large trabecular myocardium displayed by Ccbe1 mutant
hearts in both ventricles could be explained by an impairment in this compact-trabecular
interplay.

The phenotype observed in Ccbe1 KO mice is in line with those observed upon ablation
of the epicardium or genes expressed in the epicardium [31–44], further suggesting that
epicardial CCBE1 is necessary for epicardial function during development.

Following epicardium development, once it is fully established, the epicardial cells
undergo EMT, promoting proliferation, migration, and differentiation of EPDCs in order
to support the coronary vasculature and ventricular development. During this process,
subsets of cells in the epicardium proliferate to form more epicardial cells or EPDCs
that will later be differentiated into SMCs, endothelial cells, and fibroblast [47]. We then
analyzed whether epicardial phenotype and function were impaired in Ccbe1 mutants.
Although mutants had no obvious alterations in the establishment of the epicardial layers,
we observed a reduced epicardial cell proliferation in Ccbe1 mutant hearts. Moreover, in
the epicardial explants, the cobblestone-like morphology of the cells (epithelial) in the
epicardial monolayer was identical in wild-type and Ccbe1 KO explants, and no enlarged
cells (mesenchymal) were observed. However, we observed impaired collagen gel invasion
of EPDCs derived from explants with Ccbe1 KO, suggesting again disrupted EMT and EPDC
migration. Altogether, this is consistent with the impaired EMT observed after deletion of
genes expressed in the epicardium, including Wt1, ß-catenin, Tcf21, Mrtfa and Mrtfb, Nfatc1,
and Prmt1 [31,35,38,42,44,48,49]. Coronary endothelial cells have been suggested to also
stimulate cardiomyocyte proliferation supporting myocardial expansion [50]. Therefore,
the lack of coronary endothelium in Ccbe1 KO hearts [18], could also account for their
reduced ventricular compact myocardium thickness. However, this coronary endothelium-
cardiomyocyte crosstalk was only proved in an in vitro model, and no in vivo evidence has
been reported [50]. These observations suggest that the defect in the compact myocardial
observed in our mutant is most likely due to epicardial function disruption.

After epicardial EMT, EPDCs migrate further into the myocardium and differentiate
into nonmyocyte cells [6–8]. The complex network of reciprocal epicardial–myocardial
crosstalk plays a critical role in maturation of myocardium. We have shown a reduced
cardiomyocyte proliferation rate in the compact myocardium, accompanied by an im-
pairment of epicardial function in Ccbe1 mutant hearts. Consistently, the number of non-
myocyte/nonendothelial cells present intramyocardially was smaller in E14.5 Ccbe1 KO
hearts when compared to wild-types. In addition, these cell populations also showed less
proliferation rate in Ccbe1 mutant hearts in all the analyzed stages.

The EMT is induced by transcription factors, including Snail Family Transcriptional
Repressors 1 and 2 (SNAI1/2), zinc finger E-box binding family members 1 and 2 (ZEB1/2),
and twist-related protein 1 (TWIST1) [51] that, simultaneously, repress epithelial genes,
such as E-Cadherin, responsible of maintaining cell-cell adhesion and adherent junctions,
and activate the expression of mesenchymal genes. Curiously, our RNA-seq analysis of
Ccbe1 mutant ventricles and subsequent GO analysis revealed downregulation of genes
involved in mesenchyme development (Tbx2, Meox1, Msx2, Has2, Lef1, and Twist1) and
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response to BMP, a signaling pathway known to regulate epicardial cell invasion during
development [52,53]. Furthermore, most of those genes, including Twist1, Has2, Bmper,
Lef1, Htra1, Tbx2, and Msx2 have been identified as EMT related genes [26,38,54–59]. These
data together with our observation in vitro and in vivo indicate that the epicardial EMT is
impaired in Ccbe1 mutant hearts.

The ECM is the protein scaffold that supports cell attachment and biochemical and
biomechanical signaling cues to surrounding cells [60]. EMT-inducer transcription factor
activates mesenchymal genes necessary for ECM production and cell migration [9,57]. In
addition, ECM components have been described to play an essential role during EMT [61].
Surprisingly, the RNA-seq-based GO analysis also revealed downregulation of ECM genes,
including Col9a1, Col9a3, Cthrc1, and Tnc, supporting the involvement of CCBE1 in the
epicardial EMT.

Our results show that decreased epicardial cell proliferation and EPDC invasion are
associated with reduced ventricular myocardium thickness and are, at the same time,
supported by several other gene knockouts that show similarities [31–44]. Epicardial
derivatives are a potential source of cells for the development of therapies to repair the
damaged heart [10,62–64]. A mounting amount of evidence demonstrates that pathways
that regulate epicardial development are reinitiated during heart regeneration. Hence,
understanding the factors that regulate epicardial cell proliferation and invasion during de-
velopment may become an opportunity to target the epicardium to modulate the response
to injury in adults. Besides its potential as a potential target for coronary neovasculariza-
tion [18], our data also suggest CCBE1 as a novel potential therapeutic target to promote
cardiac repair through modulating epicardial cell proliferation and invasion.

Overall, our findings suggest that CCBE1 plays a pivotal role during epicardial de-
velopment by regulating epicardial cell proliferation and EPDC migration into the my-
ocardium. Moreover, the lack of CCBE1 led to the downregulation of EMT-related genes
indicating a role in modulating the EMT process. Hence, based on our observations, we pro-
pose that the reduced ventricular myocardium thickness phenotype of Ccbe1tm1Lex mutant
hearts is due to an impairment in epicardial function.

4. Materials and Methods
4.1. Mice and Ethics Statement

The Ccbe1 mutant mouse (Ccbe1tm1Lex; Lexicon Pharmaceuticals Inc. The Woodlands,
TX, USA) is a conventional KO mouse in pure C57Bl/6 background in which the first two
exons of the gene have been targeted and replaced by cDNA-encoding β-galactosidase [65].
Heterozygote Ccbe1tm1Lex are viable. Homozygote Ccbe1tm1Lex were obtained upon crossing
male and female heterozygote Ccbe1tm1Lex, and referred hereafter as Ccbe1 KO. Euthanasia
was performed using carbon dioxide in gradual fill followed by cervical dislocation. All an-
imal experiments were performed in accordance with the European Union (EU) guidelines
for animal research and welfare, and in compliance with the Portuguese law and approved
by the Consultative Commission of the Veterinary Agency from Portuguese Ministry of
Agriculture (Directive 2010/63/EU of the European Parliament).

4.2. Histology and Immunofluorescence

For timed pregnancies, vaginal plugs were checked in the morning after mating, noon
was taken as E0.5. Embryos of developmental stages between E11.5 and E14.5 were isolated
for analysis. They were dissected in PBS and fixed over-night with 4% PFA, dehydrated
and stored in 100% (v/v) ethanol (Merck, KGaA, Darmstadt, Germany) at 4 ◦C until
paraffin embedding and transverse sectioning with a microtome (Microm HM200, 7 um).
Immunofluorescence was performed on microscope slides. Citrate buffer pH6 (Vector
Laboratories, Newark, CA, USA) was used for heat-induced antigen retrieval, for a period
of 20 min. Microscope slides were washed in PBT for 15 min at room temperature and
incubated in blocking solution for 2 h at room temperature. Primary antibodies were
diluted in blocking solution and incubated over-night at 4 ◦C followed by PBT washes
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for 30 min. Secondary antibodies diluted in blocking solution were incubated 2 h at room
temperature and washed again in PBT.

For ENDM and RALDH2 antibodies, signal was amplified using biotilinylated α-Rat
and α-Rabbit antibody, respectively (Vectastain ABC HRP Kit; Rat IgG, PK-4004, and
Rabbit IgG, PK-4001), following the manufacture instructions and a Streptavidin FITC
Conjugated (Sigma-Aldrich, St. Louis, MO, USA), E2761). Sections were mounted with
VECTASHIELD® Mounting Media with DAPI (Vector Laboratories; Burlingame, CA, USA)
and imaged using a ZEISS LSM-710 microscope (ZEISS, Oberkochen, Germany). Image
processing used either ZEN (black edition, ZEISS) or ImageJ (NIH).

Antibodies were BrdU (Roche, Mannheim, Germany, 1117037600; 1:100), RALDH2
(Abcam, Cambridge, UK, ab7567; 1:200), ZO-1 (LSBio, Seattle, WA, USA, LS-C50462-50;
1:200), Prox1 (R&D Systems, Minneapolis, MN, USA, AF2727; 1:200), and ENDM (Santa
Cruz Biotechnology, CA, USA, SC65495, 1:300). Secondary antibodies were Alexa Fluor
conjugates (488, 594, 633, Life Technologies, Carlsbad, CA, USA; 1:250).

4.3. Quantification of Compact Myocardium Thickness and Trabecular Length

To visualize the structure of ventricles, immunostaining was performed on paraffin
sections with ENDM antibody for endocardial cells. ImageJ software was used to measure
the thickness of the compact myocardium and the length of trabecular myocardium in
tissue sections from equivalent coronal planes of the heart at the atrioventricular septum
level. For each parameter, three measurements were taken along the lateral sides of each
ventricle, and averaged individually, in three serial sections.

4.4. BrdU Proliferation Assays

In vivo labeling of proliferating cells was performed by intraperitoneal injection of
5-Bromo-2-deoxyuridine (BrdU, Roche, Mannheim, Germany) at 100 mg/kg of body
weight, using a sterile solution of 10 mg/mL BrdU dissolved in PBS. Pregnant females
were injected 2 h before embryo collection. Proliferating cardiomyocytes and nonmy-
ocyte/nonendothelial cells were calculated from paraffin tissue sections as the percentage
of PROX1-positive cardiomyocytes or PROX1 and ENDM negatives cells, respectively,
labeled BrdU in a 20,000 µm2 field of view in three serial sections.

4.5. Epicardial Explant Culture

Collagen gels (1.2%) were prepared as previously reported by Runyan & Markwald,
1983 [66]. Minor modifications were performed. In brief, type I rat tail collagen (BD
Biosciences, San José, CA, USA) was mixed with 10XM199 (Gibco, Palo Alto, CA, USA)
medium, sterile water, and 2.2% sodium bicarbonate. Gels were allowed to solidify in a
four-well chamber (Nalge Nunc International, Rochester, NY, USA) for 30 min at 37 ◦C and
washed with Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, Palo Alto, CA, USA).
Gels were then incubated O/N at 37 ◦C in DMEM supplemented with 10% fetal bovine
serum (FBS), insulin transferrin selenium-X (ITS), and penicillin/streptomycin (P/S).

E11.5 hearts were collected, and the atrial and outflow tract were removed. The hearts
were placed on the gels with the ventral face down to maximize the contact area of the
epicardial cells and to prevent the contact of the exposed endocardium with the collagen
gel. Hearts were then cultured for 48 h allowing them to attach and cells grow out on the
gel with DMEM containing 10% FBS, ITS, and P/S. Next, the hearts were removed, and the
explants were cultured for an additional 2 days. Gels were washed with PBS twice, fixed in
4% PFA and stained with phalloidin. Nuclei were counterstained with DAPI.

To measure cell invasion depth, z-stacks were taken through the thickness of each
collagen gel. Using most profound 20–30 cells, deep were measured relative to the surface
of the explant using ImageJ (NIH).
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4.6. RNA Isolation and qRT-PCR

Hearts were isolated at E11.5, E12.5, and E14.5 stages. Atria and valves were removed,
and ventricles were pooled (n = 3) and stored at −80 ◦C until used. Total RNA was extracted
and purified by using Trizol reactive (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions.

For the reverse transcription reaction (first-strand cDNA synthesis), RevertAid Reverse
Transcriptase, oligo-dT primer, RiboLock RNAse Inhibitor, and dNTPs (Thermo Fisher
Scientific, Carlsbad, CA, USA) were used following the manufacturer’s protocol and using
10 µg of RNA per sample. cDNA samples were diluted 1:5 with nuclease-free water and
frozen until used.

qPCR was performed on ABI QuantStudio 5 Real-Time PCR System (Thermo Fisher
Scientific, Carlsbad, CA, USA) using Power SYBR Green PCR Master Mix (Applied Biosys-
tems, Foster City, CA, USA). The Cycle threshold (Ct) was determined using Design and
Analysis software (Thermo Fisher App). The results were analyzed as described in Livak &
Schmittgen 2001, using the 2−∆∆CT method for relative gene expression analysis [67]. The
gene expression data were normalized using two housekeeping genes, Gapdh and Pgk1,
and represented relative to a control sample (set at 1).

4.7. RNA-Seq Analysis and Bioinformatics

Quality and integrity of total RNA were controlled on the Agilent Technologies 2100
Bioanalyzer. Libraries were generated using Stranded mRNA Library Prep Kit, and pair-
end libraries were sequenced on an Illumina PE150 Platform with an output of ~40M
reads per sample. The reads quality was assessed using FastQC software and mapping
of reads was performed applying the STAR (Version 2.7.5c) aligner using murine genome
from GENCODE Release M25 as reference [68] In particular, the primary genome sequence
assembly GRCm38 together with corresponding annotations was used. The read counts
per gene were obtained executing the featureCount function of the Bioconductor package
Rsubread (Version 2.2.6) [69]. The transcripts per million (TPM) were then calculated
as gene expression measure. Differential gene expression analysis was performed using
Bioconductor edgeR package (Version 3.30.3) with a biological coefficient of variation of
0.2 [70] (McCarthy et al., 2012) and p-value correction for multiple testing was performed
using the Benjamini Hochberg (FDR) method. Finally, mappings of Ensembl IDs to gene
symbols were extracted from Bioconductor package org.Mm.eg.db for murine genome
annotation (Version 3.11.4). As functional enrichment analysis for KEGG pathway cat-
egories, Over-Representation Analysis of differentially expressed genes was conducted
using WebGestalt [69].

4.8. Statistics

For statistical analyses of datasets, unpaired Student’s t-tests were used. Significance
levels or p values are stated in each corresponding figure legend. p < 0.05 was considered
statistically significant. All the statistical analyses were performed using GraphPad Prism
9.0 software (San Diego, CA, USA).
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