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Abstract

Understanding the molecular pathways regulating cardiogenesis is crucial for the early diag-
nosis of heart diseases and improvement of cardiovascular disease. During normal mam-
malian cardiac development, collagen and calcium-binding EGF domain-1 (Ccbe1) is
expressed in the first and second heart field progenitors as well as in the proepicardium, but
its role in early cardiac commitment remains unknown. Here we demonstrate that during
mouse embryonic stem cell (ESC) differentiation Ccbe1 is upregulated upon emergence of
Is/1- and Nkx2.5- positive cardiac progenitors. Ccbe1 is markedly enriched in /s/1-positive
cardiac progenitors isolated from ESCs differentiating in vitro or embryonic hearts develop-
ing in vivo. Disruption of Ccbe1 activity by shRNA knockdown or blockade with a neutralizing
antibody results in impaired differentiation of embryonic stem cells along the cardiac meso-
derm lineage resulting in a decreased expression of mature cardiomyocyte markers. In addi-
tion, knockdown of Ccbe1 leads to smaller embryoid bodies. Collectively, our results show
that CCBE1 is essential for the commitment of cardiac mesoderm and consequently, for the
formation of cardiac myocytes in differentiating mouse ESCs.

Introduction

Identification of genes and the study of their role in cardiogenesis are important to elucidate
the molecular events regulating cardiomyocyte lineage commitment. This is critical for the
control of cardiac commitment from different stem cell sources and the use of mature cardiac
cells in the context of regenerative medicine. In a differential screen designed to identify novel
genes required for the correct development of the heart precursor lineages [1], we identified
CCBE1, a gene coding for a secreted protein that contains collagen domains and a calcium
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binding EGF-like domain. Expression analysis showed that Ccbel is expressed in precursors of
the first heart field (FHF), secondary heart field (SHF), and proepicardium in mice between
embryonic day (E) 7.0 to E9.5 [2]. Similarly, CCBEI was similarly found to be expressed in
FHF and SHF populations during early chick cardiac development [3]. These findings impli-
cate CCBEI in the control of early cardiac commitment, but its function in this context
remains elusive. Previous work has also shown that Ccbel is expressed in the pericardium
between E11.0 and E12.5 [4], however, at these stages Ccbel is deeply involved in the develop-
ment of the lymphatic system. Indeed, Ccbel loss-of-function in mice leads to prenatal death
due to defective lymphatic vasculature [4]. Ccbel is required for the budding and migration of
lymphatic endothelial cells (LECs) from the anterior cardinal veins to give rise to the lymphatic
vasculature [4, 5]. Absence of proper lymphatic vessels results in generalized tissue edema by
E14.5 and the death of mutant embryos shortly after. Another report also demonstrates that
absence of the collagen domains from CCBEI in mice fully phenocopies the null mutant [6].
The mode of action of CCBE1 involves the recruitment of the metalloprotease ADAMTS3
extracellularly to promote the conversion of immature (Pro-)VEGEF-C into its mature and
fully active pro-lymphangiogenic form [7, 8].

In humans, mutations in CCBE1 have been associated with Hennekam syndrome (HS), a
disorder characterized by abnormal lymphatic system development. Interestingly, some
patients also present with congenital heart defects including hypertrophic cardiomyopathy
and ventricular septal defects [9-11], consistent with a role of CCBE1 during heart formation.
Although two recent studies suggest that cardiac development is normal in Ccbel mutant mice
[12, 13], we showed that CCBEI1 is required for the migration of the cardiac precursor cells to
form the heart tube during chicken heart development [3]. Modulation of CCBE! levels in the
chick embryos leads to cardia bifida when the cardiac fields are exposed to high levels of
CCBEI. Conversely, exposure to low levels of CCBEI result in incorrect fusion of the bilateral
cardiac fields to form the heart tube. Therefore, given those opposing observations about the
role of CCBE1 in the development of the heart from different species, we sought to study the
role of CCBE1 during cardiogenesis using an established model of cardiac differentiation in
vitro using mouse ESCs.

Here, we analyze the effect of Ccbel loss-of-function during differentiation of mouse ESCs
and identify a role in early cardiac mesoderm commitment as well as in cell proliferation. In
addition, we examine Ccbel expression in differentiating mouse ESCs and confirm its expres-
sion in isolated cardiac progenitor populations derived from ESCs.

Materials and methods
Culture of mouse ESCs

Nkx2.5-GFP/SHF-dsRed (RG) mouse ESCs [14] were cultured in knockout Dulbecco’s Modi-
fied Eagle Medium (DMEM, Sigma) with 15% Fetal Bovine Serum (FBS, Hyclone, Utah, US),
1% penicillin/streptomycin solution (Life Technologies), 2 mM L-glutamine (Life Technolo-
gies), 1% non-essential aminoacids (Life Technologies), 0.1 mM-mercaptoethanol (Sigma)
and 1000 U/mL leukemia inhibitory factor (LIF; Chemicon, Temecula, Ca, USA). Mouse ESCs
were cultured in 0.1% gelatin coated dishes at 37°C/5%CO,.

Differentiation and culture of mouse ESCs by hanging droplet method

RG mouse ESCs were differentiated using the hanging droplet method [15]. In short, undiffer-
entiated mouse ESCs were resuspended in differentiation medium, consisting of mouse ESCs
medium without LIF. Approximately 500 ESCs were used per droplet and cells were cultured
in hanging droplets for 2 days to allow the formation of embryoid bodies. Embryoid bodies
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were then cultured in static suspension culture until day 5 of differentiation, followed by
adherent culture in gelatin (0.1%) coated wells at a density of 12 embryoid bodies per well of a
6 well plate up to day 10 of differentiation. For the experiments using CCBE1 antibody supple-
mentation as a blocking antibody, ESCs were differentiated until day 5 in the presence of 100
ng/mL of anti-CCBEL1 antibody (Abcam, ab101967) in the differentiation medium.

Generation and analysis of Ccbel KD mouse ESCs

Transgenic mouse ESC lines expressing control scrambled and Ccbel-targeting shRNAs were
generated using commercially available shRNA control and two Ccbel-shRNA lentiviral plas-
mids (Sigma, SHC002, TRCN0000091779, and TRCN0000091781), respectively. Lentiviral
particles were produced in HEK293T cells according to manufacturer’s instructions. RG
mouse ESCs were infected with the viral particles, selected using puromycin (Sigma) and indi-
vidual clones picked to isolate stable scrambled (SH) control and Ccbel knockdown (KD) ESC
lines. Knockdown was assessed by comparing Ccbel expression by quantitative PCR (qPCR)
from the parental (WT) RG mouse ESC line with the individual clones of the SH control ESC
line and Ccbel KD ESC lines. Selected clones of the transgenic Ccbel KD ESC lines and the
control mouse ESC line were allowed to differentiate in vitro as described above. Samples were
collected from embryoid bodies at several days of differentiation as specified for each experi-
ment for qPCR and fluorescent cell sorting analysis (FACS). Three biological replicates were
considered for the analysis of the results.

RNA isolation, cDNA synthesis and qPCR

Total RNA was extracted using TRI Reagent (Sigma) and the Direct-zol RNA MiniPrep kit
(Zymo Research) following the manufacturer’s instructions. RNA concentration was determined
using NanoDrop ND- 2000c Spectrophotometer (NanoDrop Technologies) and integrity con-
firmed using the Experion RNA electrophoresis system (Bio-Rad). Reverse transcription was per-
formed using RevertAid Reverse Transcriptase, oligo-dT primer, RiboLock RNAse Inhibitor and
dNTPs (Thermo Fisher Scientific). gPCR was performed on 7300 Real-Time PCR System
(Applied Biosystems) using Power SYBR Green PCR Master Mix (Applied Biosystems). Primers
for the genes of interest (Ccbel, Mesp-1, Isl1, Nkx2.5, cTnt and aMhc) are presented in S1 Table.
Gapdh and PgkI were used as reference genes. Data are expressed as mean + SEM.

Fluorescent-activated cell sorting (FACS)

RG mouse ESCs were sorted on a Becton Dickinson FACSAria II (BD Biosciences) using the
FACSDiva 6.1.3 software (BD Biosciences). Flow cytometer was carried out upon excitation

with the blue laser (488 nm) being the emission signals measured in the FL1 channel (530/30
nm) and in the FL2 channel (585/42 nm). Prior to FACS, samples were resuspended in PBS.

Cells were ran through the FACS sorter to isolate the FHF progenitors (G'R"), the SHF pro-

genitors (G'R" and G'R") and the control cells (GR").

Isolation of embryonic cardiac progenitors

Embryos of Nkx2.5-GFP/SHF-dsRed double transgenic mice [14] were dissected at E9.5.
Embryos were dissociated into single-cell by gentle trypsinization followed by passage through
a 40 uM cell strainer. R"G", R°'G" and R*G" progenitors and R'G™ controls were isolated by
FACS as described above, collected into TRIzol reagent and stored at -80°C prior to RNA iso-
lation. Experiment was performed compliant with the US law and approved by the ethical
commission from the Massachusetts General Hospital.
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Cell proliferation assay with Click-iT EdU

Newly synthesized DNA was labeled by incubating embryoid bodies with EAU for 1.5 hours.
Subsequent EAU detection was done following the Click-iT EdU Alexa Fluor 488 Imaging Kit
(Thermo Fisher Scientific) indications. Relative fluorescence intensity of cells was analyzed by
Becton Dickinson FACSCanto II (BD Biosciences). Graphics were generate using FlowJo v10
software (BD). A minimum of 20,000 events were acquired for each ESC cell line.

Cell apoptosis assay with cleaved caspase 3 immunolabelling

Cultured ESCs were trypsinized, resuspended on 3% FBS solution in PBS, and then centri-
fuged for 15 minutes at 4°C. Then, cells were fixed in 4% PFA for 20 minutes at RT. Cells were
washed twice in blocking solution (1% BSA, 0,05% Triton in PBS) and left to incubate with
polyclonal rabbit anti-activate caspase-3 primary antibody (R&D Systems, AF835; 1:500 dilu-
tion) for 30 minutes on ice. Cells were then washed twice in blocking solution and left to incu-
bate with the secondary antibody in the dark for 25 minutes on ice. Following two washes with
blocking solution, cells were resuspended in PBS and analyzed by FACS as described before.

CCBE1 blockade with antibody supplementation

WT RG ESCs were differentiated up to day 5 in the presence of CCBE1 antibody (Abcam,
ab101967) at a concentration of 100 ng/mL diluted in the culture medium. The equivalent
amount of buffer was used as a control.

Statistics

Statistical analysis was performed using using GraphPad Prism version 5.00 for Windows,
GraphPad Software, San Diego California USA. In the qPCR analysis, for the comparisons
between differentiating ESC lines we used paired student’s t-test. Differences were considered
significant when * p<0.05, ** p<0.01 and *** p<0.001.

Results

High Ccbel expression coincides with the appearance of cardiac
progenitors

To evaluate Ccbel expression during cardiac differentiation, we exploited the double trans-
genic RG ESC line, wherein the red fluorescent protein dsRed is under the control of the sec-
ond heart field (SHF) enhancer of Mef2C, and the enhanced green fluorescent protein (GFP) is
under the control of the cardiac-specific enhancer of Nkx2.5 [14]. This ESC line allows for the
isolation of pure populations of FHF (GFP*/dsRed” or G'R’) and SHF (GFP*/dsRed* or G'R",
and GFP"/dsRed” or GR") progenitors by FACS.

Mouse RG ESCs were differentiated as embryoid bodies using the hanging droplets method
and samples collected every 48 hours to examine Ccbel expression by quantitative PCR
(qPCR). Cardiac specific genes including Mesp-1, Isl1, Nkx2.5, aMhc and cTnt, were then
assayed as markers of cardiac differentiation. Expression analysis showed high levels of Mesp-1
at day 4 of differentiation (Fig 1B) consistent with the formation of cardiac mesoderm. The
expression of the cardiac mesoderm and SHF marker Isi] increased considerably at day 4 and
peaked at day 6, while the general cardiac progenitors and primitive cardiomyocyte marker
Nkx2.5 increased only at day 6 (Fig 1C and 1D). The appearance of Isl/I expression at day 4,
prior to Nkx2.5, is consistent with the in vivo situation where IslI expression precedes Nkx2.5
expression during the formation of cardiac mesoderm [16]. The cardiomyocyte markers cTnt
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Fig 1. Expression of markers of interest during differentiation of mouse ESCs Ccbel in cardiac progenitors isolated from differentiating
mouse ESCs and embryos at E9.5. (A-F) Samples were collected from undifferentiated cells (Und) and at days 2, 4, 6, 8 and 10 of differentiating
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RG mouse ESCs. Expression is presented as fold change relative to undifferentiated cells. Data presented as the mean + SEM of two biological
replicates in technical qPCR triplicates. (G-M) Ccbel expression was analyzed in isolated populations, defined as FHF G+R- population, SHF G
+R+ and G-R+ populations and control G-R- population at (G) day 6, (H) day 8 and (I) day 11 from differentiating mouse ESCs, and from (K)
E9.5 mouse embryos. Expression is represented as fold change relative to the control G-R-population. (J) Analysis of Ccbel expression in the
control G-R- population at day 6, 8 and 11 relative to the expression at day 6. The identity of the sorted populations at day 6 was confirmed by
analyzing the expression of (L) Istland (M) Nkx2.5. Mean + SEM of two biological replicates.

https://doi.org/10.1371/journal.pone.0205108.g001

and aMhc were first expressed at day 6 with peak expression at day 10 (Fig 1E and 1F). Analy-
sis of Ccbel expression revealed similar levels of Ccbel in undifferentiated mouse ESCs and
days 2 and 4 of differentiation (Fig 1A). Higher Ccbel expression was detected at day 6 of dif-
ferentiation, concurrent with peak of expression of cardiac progenitor marker Is/I and the
increasing expression of Nkx2.5. At days 8 and 10, Ccbel was highly expressed but not as high
as day 6. This suggests that in embryonic stem cells differentiating in vitro, like mouse embryos
developing in vivo [2], the appearance of high levels of Ccbel expression coincide with the for-
mation of FHF and SHF cardiac progenitors.

Ccbel is expressed in SHF and proepicardium cardiac progenitors

In order to confirm that the increase in Ccbel expression is associated with the formation of
FHF (G*R’) and SHF (G'R" and G'R") cardiac progenitor cells, we isolated these populations
by FACS and analyzed Ccbel expression along with IslI and Nkx2.5 expression to confirm the
identity of the isolated populations. Expression analysis revealed Ccbel transcripts in all car-
diac progenitor populations (Fig 1G-1I). At day 6, Ccbel expression was higher (3.8 fold) in
SHF G'R" cardiac progenitor cells or SHE-derived cells compared to the double negative con-
trol (Fig 1G). In contrast, Ccbel expression was down regulated in SHF G'R" and FHF G'R°
cardiac progenitors when comparing to the same control population. Interestingly, a very sim-
ilar Ccbel expression profile was observed in FHF and SHF progenitors isolated from mouse
embryos at E9.5 (Fig 1K). Ccbel was also enriched in the equivalent SHF G'R* population iso-
lated from Nkx2.5-GFP/SHF-dsRed transgenic mouse embryos (2.5 fold). IslI and Nkx2.5
expression is consistent with the identity of the sorted populations from mouse RG ESCs at
day 6 of differentiation (Fig 1L and 1M).

At day 8 of ESC differentiation, the G'R™ cells continue to have higher Ccbel expression
than the G'R" and G*R’ progenitors (Fig 1H). However, Ccbel expression in the SHF GR"
population was similar to the expression in control G'R™ population, likely due to the emer-
gence of non-cardiac cell types (G'R) that also express high levels of Ccbel (Fig 1K). Ccbel has
been previously shown to be expressed in the dermamyotome of the somites and in cells
located in the vicinity of the anterior cardinal veins between stages E8.75 and E10.5 mouse
development [2]. At day 11, Ccbel was mainly observed in the G'R* population (Fig 11). This
is likely related with the formation of proepicardium progenitors, which are known to derive
from Nkx2.57/Isl1" cells at the lateral zone of the cardiogenic mesoderm [17, 18] and were also
shown to express Ccbel in mouse embryos [2]. Taken together, these results show that Ccbel
expression in differentiating mouse ESCs is concurrent with the appearance of specific popula-
tions of cardiac progenitors.

Ccbel knockdown leads to reduced cardiac mesoderm formation from
differentiating ESCs
The presence of Ccbel expression early on in both mouse ESC derived and mouse embryonic

cardiac progenitors led us to hypothesize that Ccbel could have a role during establishment or
maintenance of cardiac progenitors. To test this hypothesis, we generated two transgenic
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mouse ESC lines expressing shRNAs targeting Ccbel and evaluated the effect of Ccbel loss-of-
function in spontaneous ESC-derived cardiac differentiation. Ccbel KD ESC clonal lines were
generated by lentiviral transduction using RG as WT line. We carried out spontaneous differ-
entiation of one Ccbel KD ESC clones for both shRNAs (Clone 1 and Clone 2) comparing it
with the SH control ESC line to exclude off target effects of the shRNAs. Analysis of Ccbel
expression in undifferentiated cells confirmed significant Ccbel downregulation in Clone 2
and partial downregulation in Clone 1 when compared to the Ccbel levels found as in the con-
trol line (Fig 2A). During differentiation, Clone 2 exhibited significant reduction of Ccbel
expression at all days analyzed (2, 4, 6, 8, and 10). Clone 1 showed statistically significant
reduction at days 2, 8 and 10 (Fig 2). Additionally, when Ccbel expression normally peaks at
day 6 of differentiation (Fig 1A), Clone 2 showed a very strong reduction in the expression of
Ccbel (Fig 2D) together with Clone 1, which displayed a visible reduction as well. Together,
these data confirm that knockdown of Ccbel was maintained during the in vitro differentia-
tion, being this effect stronger in Clone 2.

Analysis by immunofluorescence using confocal microscopy at day 10 showed that Ccbel
knockdown in these generated stable clones did not block its differentiation potential towards
the three germ layers (Fig 3).

In agreement with this, expression of the early mesoderm marker BraT was not affected in
differentiating SH control ESCs and both Ccbel KD ESC lines (Fig 4A and S1 Fig). We then
observed that expression of cardiac mesoderm markers MespI and IslI was markedly reduced
both in Clone 1 and Clone 2 at day 4 of differentiation (Fig 4A). In addition, expression of
Nkx2.5 was also reduced, in both differentiated Ccbel KD clones. These data suggest that in the
absence of Ccbel, ESCs have reduced capacity to differentiate towards the MespI and Is/I car-
diogenic mesoderm lineage. This in turn may result in a reduction of Nkx2.5-expressing cardiac
progenitor cells, whose expression is specially reduced at day 6 of differentiation. In contrast,
Isl1 did not seem to be affected at this timepoint (Fig 4A). In the case of the early cardiomyocyte
markers, aMhc and ¢TnT, Clone 2 showed statistically significant reduction whereas Clone 1
only showed a reduction in o.Mhc but not statistically significant. This could indicate that differ-
entiation towards mature cardiomyocytes is reduced in the absence of Ccbel, namely in Clone 2
which showed consistent reduction throughout differentiation. A closer analysis between days 6
and 10 of differentiation shows a downregulation of the expression of ¢TnT which persists up
until day 10 (Fig 4B). The number of beating foci was also significantly reduced on both clones
at day 10 of differentiation, also, the EBs of both clones started to beat later (Fig 4C).

Together these data suggest that Ccbel is essential for the formation of ESC-derived MespI-
and Isl1-expressing cardiac mesoderm as well as the proper formation of mature
cardiomyocytes.

Ccbel KD decreases the proliferation of differentiating ESCs

Morphological analysis of the embryoid bodies revealed that both clones grew less in relative
size between day 3 and 5 when compared to the control line (Fig 5A and 5B). We thus
addressed the cellular mechanism causing the impaired growth of the Ccbel KD ESC-derived
embryoid bodies. Increased cell death and/or reduced proliferation are two probable causes
that could explain the smaller relative size.

Next, we performed a proliferation assay consisting of labelling newly synthesized DNA
with the thymidine analog EAU and posterior fluorescence labeling using the Click-iT EdU
Alexa Fluor 488 Imaging Kit and analyzing the fluorescence intensity dependent on cell prolif-
eration at day 4. This data strongly suggests that knockdown of CCBEL results in a reduction
in the proliferation of progenitors of differentiating Ccbel KD ESC lines. This observation is
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Ccbel-targeted shRNA lentiviral plasmids. Selected clones of the transgenic CcbelKD ESC lines and the control mouse ESC line were
allowed to differentiate. Samples were collected from undifferentiated cells (D0) and at days 2 (D2), 4 (D4), 6 (D6), 8 (D8) and 10 (D10) of
differentiating clones. Expression is presented as fold change relative to the control of each day. Data presented as the mean + SEM of three

biological replicates in technical qPCR triplicates.

https://doi.org/10.1371/journal.pone.0205108.g002

consistent with the observed smaller size of the embryoid bodies derived from both Ccbel KD
clones (Fig 5C). Taken together, these data indicate that knockdown of Ccbel leads to

decreased proliferation of differentiating ESCs.

To understand whether the knockdown of Ccbel also affects cell viability in differentiating
ESCs, we evaluated caspase-3 mediated apoptosis and cell proliferation. Quantification of the
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Fig 3. Analysis of expression of germ layer markers by immunofluorescence at day 10 of differentiation. shRNA control, Clone 1 and Clone 2 were
let to differentiate until day 10. Differentiation into the three germ layers was analyzed by immunofluorescence of Alpha-fetoprotein (Endoderm), B-
tubulin IIT (Ectoderm) and alpha smooth muscle actin (Mesoderm). Negative controls were only incubated with secondary antibody. Scale bar: 50 um.

https://doi.org/10.1371/journal.pone.0205108.9003
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Fig 4. Ccbel knockdown leads to reduced cardiac mesoderm formation from differentiating mouse ESCs. (A)
qPCR analysis of two individual Ccbel KD ESC clones (Clone 1 and Clone 2) compared to SH Control at Day 4 of the
mesoderm marker brachyury (BraT) and cardiac precursor markers Mespl, Isl1, and Nkx2.5; and at Day 6 of the
cardiac markers Isl1, Nkx2.5, cTnt and aMhc. (B) qPCR analysis between Day 6 and 10 of the cardiomyocyte marker
cTnT. All samples are relative to the control at Day 6. Mean + SEM of three biological replicates in technical gPCR
triplicates; unpaired t-test relative to Control; statistical significance *p < 0.05, **p < 0.01, ***p < 0.001, ****

p < 0.0001. (C) Plated EBs were checked every day for beating and then analyzed at day 10 of differentiation. Beating
foci were counted under the microscope. Mean + SEM of at least three biological replicates; unpaired t-test relative to
Control; statistical significance *p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001.

https://doi.org/10.1371/journal.pone.0205108.9004

percentage of apoptotic cells by immunolabelling against cleaved caspase-3 followed by FACS
at day 5 of differentiation confirmed that there were a slightly bigger percentage of caspase-3
positive cells in clone 1 (21.1%) and clone 2 (10.8%) compared to WT and control cells (5.98
and 5.19% respectively) (Fig 5D). This suggests that both cell death and decreased proliferation
could explain the smaller size of the embryoid bodies in the absence of Ccbel.

These two results indicate that Ccbel affects both proliferation and cell death leading to a
decreased embryoid body size.

Treatment with CCBE1-blocking antibody during ESC differentiation
mimics the defects induced by the knockdown

To confirm that the absence of Ccbel leads to the observed phenotype in our knockdown
clones, we treated the WT RG ESCs during differentiation with CCBE1-blocking antibody to
inhibit CCBE1 activity. ESCs were cultured up to day 5 of differentiation in the presence of
100 ng/mL CCBEL1 antibody in the differentiation medium or with the equivalent amount of
buffer as a control. As shown in Fig 6A, treatment with CCBE1 antibody led to a significant
decrease on the size of the embryoid bodies derived from WT ESCs by day 5 of differentiation.
Furthermore, of Mesp-1 and Isl-1 expression at day 4 in differentiating ESCs treated with
CCBE1 antibody was also downregulated (Fig 6B) similar to Ccbel KD ESCs (Fig 4). This is
consistent with the phenotype observed in the differentiating ESCs being specifically caused by
Ccbel loss-of-function.

Discussion

Here we show that, like mouse and chick embryonic cardiac development [2, 3], Ccbel is upre-
gulated in SHF cardiac progenitors derived from ESC differentiating in vitro. Thus, high Ccbel
expression is correlated with the onset of cardiac specification both in vivo and in vitro. In
addition, disruption of normal CCBE1 activity by shRNA knockdown or by blocking antibody
results in a clear decrease in the expression of the early cardiac mesoderm markers Mespl and
Isl1 at day 4. These results show that CCBEI1 is required for the normal development of early
cardiac precursors.

The developmental fate of differentiating ESCs depends on embryoid body size, growth fac-
tor signaling, ECM proteins that constitute the developmental niche and how ESCs interact
with this niche [19-24]. Our results show that, in the absence of Ccbel, the growth of differen-
tiating embryoid bodies was arrested especially from day 4 onwards. This impaired embryoid
body growth is caused by reduced cell proliferation and probably also by relative cell death.
Therefore, it is possible that the reduced proliferation rate of Ccbel KD ESCs differentiating in
vitro could influence final cardiomyocyte formation. Nevertheless, the size of the embryoid
bodies treated with CCBE1 blocking antibody was preserved at day 4 and was only slightly
reduced at day 5. In contrast, the expression of the cardiac precursor markers was markedly
diminished at day 4. This indicates that the cardiac mesoderm commitment defect is directly
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Fig 5. Ccbel loss-of-function leads to smaller embryoid bodies. (A) Phase-contrast micrographs of Ccbel KD ESC-derived
embryoid bodies and control at days 3, 4 and 5 of differentiation. (B) Corresponding diameter increase of embryoid bodies at
days 4 and 5 of differentiation (relative to day 3). (C) Cell proliferation was analyzed by labeling newly synthesized DNA
using EAU incubation for 1.5 hours. Subsequent EdU labeling was done following the Click-iT EAU Alexa Fluor 488 Imaging
Kit indications. Relative fluorescence intensity of cells was analyzed by flow cytometry. Minimum number of events: 20,000.
(D) Quantification of immunolabelled CASP-3 positive cells analyzed by Flow cytometry at day 5 of differentiation.

https://doi.org/10.1371/journal.pone.0205108.9005

Ccbel dependent and not primarily related to the size of the embryoid bodies. The effect of
reduced embryoid body size seems to be more critical from day 5 onwards, coinciding with
the time that cell proliferation is more severely affected and embryoid bodies are considerably
smaller. From this time point onwards most alterations in gene expression may be related to
the reduced size of the embryoid bodies and consequent alterations in the microenvironment
of the cells. Therefore, our data suggests that, besides its role during early cardiac commitment,
Ccbel may have an independent role in the proliferation of differentiating ESCs.

In mice, Ccbel loss-of-function results in embryonic lethality at E14.5 due to lymphangio-
genesis defects [4]. Indeed, CCBEL1 has been implicated in the modulation of VEGF-C signal-
ing during mammalian lymphangiogenesis [4, 5] and zebrafish lymphangiogenesis [8, 25, 26]
by promoting the in situ maturation of pro-VEGEF-C into a mature lymphangiogenic-promot-
ing form, thereby activating the downstream signaling pathway via VEGFR3 [7, 8].

However, only later in the in vitro differentiation process of ES cells (day 18), supplementa-
tion of mature VEGF-C has been shown to influence a lymphangiogenesis-like process [27,
28]. Therefore, this suggests that those target genes induced during lymphangiogenesis may
not be activated by VEGF-C signaling or, alternatively, that the ESCs at early differentiation
stages (days 4-8), as in our experimental set-up, do not respond to VEGF-C signaling.
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Fig 6. Ccbel loss-of-function by neutralizing antibody also leads to smaller embryoid bodies. (A) Phase-contrast micrographs of WT ESCs
derived embryoid bodies at days 3, 4 and 5 of differentiation with and without supplementation of 100ng/mL of CCBE1 antibody. Graph on the
right side shows the corresponding diameter measurements of the embryoid bodies at day 5 of differentiation; unpaired t-test relative to non-
supplemented group. (B) qPCR analysis of cardiac precursor markers Mesp1 and Isl1at day 4 of differentiation. Data represent the mean + SEM of
three biological replicates in technical qQPCR triplicates; paired t-test relative to Control group; statistical significance *p<0.05, **p<0.01,

***p<0.001.

https://doi.org/10.1371/journal.pone.0205108.9006
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Altogether, this could indicate that during early ESC differentiation towards the cardiac line-
age, CCBE1 may work through an unidentified mechanism independent of the VEGEF-C/
VEGEFR3 pathway.

In vivo, Ccbel is expressed at later stages of mammalian cardiac development [2], and both
chick embryos and HS patients present cardiac defects when CCBEI is disrupted [3, 9-11].
Therefore, it would be interesting to study if Ccbel has a role at later stages of ESCs cardiac dif-
ferentiation. One possibility would be to study the disruption of the gene at specific time points
later during cardiac commitment in differentiating ESCs. This would allow us to evaluate
whether the modulation of Ccbel can contribute in vitro to the full maturation of cardiac pro-
genitors and/or beating cardiomyocytes.

Taken together, our data indicates that during ESC-derived cardiac differentiation Ccbel is
required to promote the formation of cardiac mesoderm precursor (MespI-positive) and pro-
genitor (Isl1-positve) cells, and later on the differentiation of cardiomyocytes.
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