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Abstract

During the course of a differential screen to identify transcripts specific for chick
heart/hemangioblast precursor cells, we have identified Ccbe? (Collagen and
calcium-binding EGF-like domain 1). While the importance of Ccbe1 for the
development of the lymphatic system is now well demonstrated, its role in cardiac
formation remained unknown. Here we show by whole-mount in situ hybridization
analysis that cCcbe? mRNA is initially detected in early cardiac progenitors of the
two bilateral cardiogenic fields (HH4), and at later stages on the second heart field
(HH9-18). Furthermore, cCcbe1 is expressed in multipotent and highly proliferative
cardiac progenitors. We characterized the role of cCcbe1 during early
cardiogenesis by performing functional studies. Upon morpholino-induced cCcbe1
knockdown, the chick embryos displayed heart malformations, which include
aberrant fusion of the heart fields, leading to incomplete terminal differentiation of
the cardiomyocytes. cCcbe1 overexpression also resulted in severe heart defects,
including cardia bifida. Altogether, our data demonstrate that although cardiac
progenitors cells are specified in cCcbe1 morphants, the migration and proliferation
of cardiac precursors cells are impaired, suggesting that cCcbe1 is a key gene
during early heart development.
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Introduction

The heart is the first organ to be formed and its circulatory function is critical
from early stages for the viability of the developing embryo. In vertebrates, the
heart develops from three distinct pools of cardiac progenitors: the cardiogenic
mesoderm cells, the proepicardium, and the cardiac neural crest (CNC) cells.
These heart cell precursors are positioned in separate embryonic regions, and are
subject to distinct molecular signals during development giving rise to the
different cardiac structures [1,2]. In chick, at stage HH4-5, the cardiac precursors
are located in the cardiogenic mesoderm (heart forming region) [3—5] and are
composed by two different populations of heart progenitors, namely the first heart
field (FHF) and the second heart field (SHF) [6]. Although, these two distinct
mesodermal populations have a common origin, they contribute with different
cells types to the developing heart in a temporally and spatially specific fashion
[7]. The FHF is derived from the anterior splanchnic mesoderm and contributes
to the myocardial cells of the primitive heart tube, which ultimately contributes to
the left ventricular region. The SHF lies anterior and dorsal to the linear heart tube
and is derived from the pharyngeal mesoderm medial to the heart fields, which
will contribute to the outflow tract region [2, 8]. The remaining structures,
namely, the right ventricle, the atrioventricular canal and the atria, have
contribution from both heart fields [7].

Another pool of cardiac progenitor are the cardiac neural crest cells, which are a
subpopulation of the cranial neural crest cells that delaminate from the dorsal
neural tube and migrate toward the heart [9]. In chick, the ablation of these cells
leads to cardiac outflow tract defects, abnormal myocardial function, and
malformations of the derivatives of the caudal pharynx including pharyngeal
glans, SHF and arch arteries [9, 10].

The characterization and functional analysis of novel genes involved in
cardiogenesis, has major implications for the treatment of congenital and adult
heart diseases. Recently, we reported a differential screening in which novel genes
required for the development and differentiation of the vertebrate heart and
hemangioblast precursor cell lineages were identified [11]. From the 777 detected
genes expressed in the heart forming regions (HFR), 199 were classified as
upregulated uncharacterized genes [11]. Among these uncharacterized genes was
the chick collagen and calcium-binding EGF-like domain 1 (cCcbel; gene ID:
770043), which predicted amino acid sequence contains a signal peptide for
secretion, a collagen and a calcium binding EGF-like domains, highly conserved
across vertebrates.

Here, we show that during early chick development cCcbel is expressed in the
early cardiac progenitors that emerge from the primitive streak to form the two
bilateral cardiogenic fields at HH4 and in the cardiogenic mesoderm of the FHF
and SHF between HH5 to HHS8. As development proceeds cCcbel localizes
predominantly in the region of the SHF (HH9 to HH18). In addition, we address
the functional role of cCcbel in chick early heart development by employing
overexpression and knockdown approaches. Through cCcbel knockdown, the
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embryos displayed heart abnormalities, the phenotype included aberrant or
incomplete fusion of the heart forming regions. Furthermore, cCcbel morphants
embryos demonstrated reduced levels of the proliferation of cells in cardiac
regions and in the Hnkl signal. On the other hand, ectopic expression of cCcbel
resulted in severe heart tube abnormalities, beingwith cardia bifida the most
common phenotype. Moreover, these embryos demonstrated increased prolif-
eration of cells in cardiac regions and Hnkl levels in the cardiac neural crest cells
and heart tube region. Taken together, these results show that cCcbel affects the
proliferation and the Hnkl1 levels of the cardiac progenitors cells, leading to an
incorrect development of the heart.

Materials and Methods
Ethics Statement

The studies involving animal experiments are in accordance to the ethical issues
for clinical research and EU guidelines for animal research. All animal work
performed in this study was conducted in compliance with the Portuguese law
and approved by the Consultive Commission of the Veterinary Agency from
Portuguese Ministry of Agriculture (Directive 2010/63/EU of the European
Parliament), the Agency responsible for issuing approval for experimental animal
studies, following the EU guidelines for animal research and welfare.

Morpholinos and DNA constructs

The pCAGGS-GFP vector [12], carrying the cDNA of the green fluorescence
protein under the control of the CAGGS promoter, was used to control the extent
and efficiency of electroporation.

Chick Ccbel overexpression plasmids were based on a modified pCAGGS-
MCS-IRES-GFP vector (gift from I. Palmeirin, CBME, UALG). The coding
sequence of cCcbel was amplified by PCR. The cCcbel coding sequence was
isolated by reverse transcriptase (RT)-PCR according to the published sequence
(GeneBank accession no. XM_001233357) and subcloned into the EcoRI site of
pCAGGS-MCS-IRES-GFP.

Fluorescein-tagged antisense morpholinos oligonucleotides cCcbelMO: 5'-
CGCGGCTCTGCGCTCACCTGAAGCA-3" and CoMO: 5'-
CCTCTTACCTCAGTTACAATTTATA-3" were designed and produced by Gene
Tools.

Chick embryo collection and culture

Fertilized chicken eggs (Sociedade Agricola Quinta da Freiria, SA, Torres Vedras,
Portugal) were incubated for 1-3 days maintained at 38°C in a humidified
incubator. Embryos were staged according to Hamburger and Hamilton [13]. For
the culture, embryos were explanted at HH3"/HH4 together with the vitelline
membrane and anchored to a metacrilate ring following the protocol of New [14].
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Early chick embryo electroporation

Embryos were microinjected and electroporated as described previously [15] at
HH3*/HH4 stage with DNA solution (0.5-3 mg/ml; 0.1% Fast Green; Sigma) in
the region fated to form the heart. For the knockdown experiments, control
morpholino (CoMO) or cCcbel morpholino (cCcbel MO) (Gene Tools LLC)
were electroporated. For the gain-of-function experiments the control (pCAGGS-
IRES-GFP) or cCcbel overexpression (pCAGGS-cCcbel-IRES-GFP) vectors were
electroporated. The embryos were then incubated at 38°C for the appropriate
period of time (10-30 h), at end of the cultured fixed with 4% paraformaldehyde
(PFA) and processed for whole-mount in situ hybridization and immunofluor-
escence. The embryos were observed under a fluorescence stereomicroscope (Leica
MZ16FA).

Whole-mount in situ hybridization

Embryos were processed for whole-mount in situ hybridization using a standard
protocol as previously described [16]. The chick probes were kindly provided by J.
Belmonte (Tbx5), A. Munsterberg (Mhc) and ]. Leon (Fgf8). Islet-1 was obtained
from Addagene plasmid 16273. The chick Ccbel (1191-bp) was generated by RT-
PCR cloning (clone was obtained from the BBSRC chick EST database:
ChEST963b3 for cCcbel; seq. identifier 603865952F1).

Immunohistochemistry analyses

Fixed untreated, CoMO, cCcbelMO, pCAGGS-IRES-GFP (control) and
pCAGGS-Ccbel-IRES-GFP injected embryos were washed with PBS, dehydrated
in methanol series and paraffin embedded. Serial 8 pm sections were taken
(microtome Leica-RM 2135), dewaxed and rehydrated. After tissue rehydration,
antigen retrieval was performed in 10 mM TrisBase/ImM EDTA solution/0.05%
Tween20 pH 9.0. Immunostaining was performed using primary antibodies
against avian MF20 (1:200; MF 20-c; DSHB), Phospho-Histone H3 (Ser10)
(1:400; Cell Signaling), HNK1 (1:200; 1C10; DSHB) and fluorescently coupled
secondary antibodies Alexa Fluor 594 goat anti-mouse (1:800; #A11005;
Molecular Probes) or Alexa Fluor 488 goat anti-rabbit (1:800; #A11008;
Molecular Probes). Cell nuclei were labelled with 4’, 6-diamidino-2-phenylindole
(1 ug/ml; DAPI; Sigma). Sections were mounted with Mowiol and analysed with
Zeiss Axioimager Z2 microscope (Carl Zeiss Group). For quantitation of the
Hnkl signal, fluorescence images of the heart region were processed using Image]J
software. The level of background fluorescence was estimated by averaging
background values at four points of each image and was subtracted from the
fluorescence. Then areas of fluorescence were marked manually, and fluorescence
values were calculated automatically as described elsewhere [17].
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Western blotting

The area pellucida of four cCcbel MO injected embryos and respective control
MO at stage HH11 embryos was microdissected and suspended in ice-cold lysis
buffer consisting of 20 mM HEPES, pH 7.5, 50 mM B-glycerophosphate, 10%
glycerol, 2 mM EGTA, 1% Triton X-100, 1 mM sodium vanadate, and the
Complete protease inhibitor cocktail (Roche, Indianapolis, IN). The explants were
homogenized on ice, centrifuged and transferred to a fresh tube. Upon
quantification of the total protein concentrations by the method of Bradford,
10 pg of protein extracts from control and cCcbel knockdown embryos were
loaded on a 12% SDS-PAGE polyacrilamide gel, subjected to electrophoresis and
transferred to Hybond-C extra membrane (Amersham Pharmacia Biotech). Blots
were probed with the antibody against Ccbel (Ccbel ab 101967; 1:500; Abcam,
UK) followed by 1 hour at RT with a rabbit polyclonal secondary antibody (Dako,
Denmark), developed using a chemiluminescent substrate (Pierce) and analysed
using Chemidoc (Bio-Rad).

Results

cCcbe1 expression during early heart development

Whole-mount in sifu hybridization (WISH) revealed that cCcbel mRNA is first
detected at stage HH4 as two patches on each side of the primitive streak, in the
regions that correspond to the bilateral cardiogenic mesoderm, the so-called heart
forming regions (HFR) (Fig. 1A, black arrow). This expression is maintained until
the fusion of the HFR into a straight heart tube at stage HH9 (Fig. 1B-F; black
arrow). To determine whether cCcbel expression can be correlated with the first,
second or both heart field populations, double WISH for cCcbel and the cardiac
markers Nkx2.5 (FHF and SHF) and Islet-1 (SHF), were carried out. Our results
showed that these genes have overlapping expression patterns in the heart fields
(Fig. 2A-B and 2F-G). We note that Nkx2.5 and Islet-1 only starts to be expressed
at HH5"-6, whereas cCcbel expression begins earlier by HH4. A more detailed
analysis, throughout transverse sections of whole mount stained embryos at stage
HH6/HH?7, revealed that cCcbel is expressed in the paraxial mesoderm (orange
arrows), somatic mesoderm (yellow arrow) and in the splanchnic mesoderm
(black arrows) (Fig. 1C"). In fact, the expression of cCcbel is co-labelled with
Nkx2.5 and Islet-1 throughout the splanchnic mesoderm where the cardiac
precursor cells of the FHF and SHF have been identified (Fig. 2A"'-B’’ and 2F"'-
G"’, respectively). From stage HH9 to HH11, cCcbel transcripts were detected
near the posterior part of the heart (venous pole), namely, in the sino-atrial region
(Fig. 1F=H, yellow arrow). More cranially, cCcbel expression was observed in the
pericardial region: in the endoderm, in the splanchnic, somatic and paraxial
mesoderm, and in the mesoderm lateral to the pharynx (Fig. 1F-G’, white, black,
yellow, orange and green arrows; respectively). From stage HH13 to stage HH18,
the expression of cCcbel was found in the mesoderm that surrounds the pharynx
(pharyngeal mesoderm, SHF), which, at this time, contributes with cells for heart
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Fig. 1. cCcbe1 expression in developing chick embryos. (A) Expression of cCcbe1 is present at HH4 in the cardiogenic mesoderm (black arrows); (B—E)
the expression is present in the anterior lateral plate mesoderm as two patches on either side of the head process (black arrows point to the heart-forming
fields); C': Transverse paraffin sections (8 um) of whole mount stained embryos at stage HH6" cCcbe1 is expressed in the paraxial mesoderm (orange
arrow), splanchnic lateral plate mesoderm (black arrow) and in the somatic lateral plate mesoderm (yellow arrow). (F-H) Green arrow point to the lines of
expression in the lateral pharynx region; bilateral expression can be observed in the sino-atrial region (yellow arrow), and in the lateral plate mesoderm

(black arrow); (I-K) Expression can be seen in the tail bud (black arrow); in a specific region behind the heart, known as the SHF (red arrow) and near the
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anterior part of the heart (orange arrow, conus arteriosus region); F'=F'" and G’: Transverse paraffin sections (8 um) of whole mount stained embryos at
stage HH9 (F) and HH10 (G) respectively (from anterior to posterior). The sections are oriented with dorsal up and ventral down. (F") Expression of cCcbe1
can be observed at the level of the somatic lateral plate mesoderm (yellow arrow) and also some expression is labelled in the endoderm (white arrow);
(F'") Somatic and splanchnic lateral plate mesoderm (yellow arrow and black arrow) are labelled with cCcbe1, and continues partially into the paraxial
mesoderm (orange arrow); (G’) cCcbe1 expression is seen in the somatic lateral plate mesoderm (yellow arrow) and in the splanchnic mesoderm of the
ventral pharyngeal mesoderm (black arrow); (L—M) Lateral view of the embryo with expression above de eye (blue arrow), in the SHF region (red arrow) and
also some expression is seen around the somites (purple arrow); M': Sagittal paraffin section (8 pm) of whole mount stained embryos at stage HH18,
cCcbe1 is expressed in the region of the SHF (red arrow). All embryos are ventral side up and anterior to the top except for J-M that are lateral views.

doi:10.1371/journal.pone.0115481.9001

tube elongation (Fig. 1I-M’ red arrow). Double WISH analysis revealed that
cCcbel is co-expressed with Nkx2.5 and Islet-1 in this region, indicating that
cCcbel is indeed expressed in the SHF (Fig. 21-]"’, red arrow; 2R-T’, red arrow;
respectively). In addition, cCcbel and Nkx2.5 expression co-localize in the conus
arteriosus (Fig. 21-J, blue arrow). Furthermore, cCcbel was found in the caudal
part of the distal outflow tract of the heart tube, overlapping Islet-1 expression in
the SHF region (Fig. 2R-R’, blue arrow), Taken together, our data demonstrates
that the expression of cCcbel during avian heart development is initially detected
in the FHF and SHF and later is highly specific of the SHF region.

cCcbe1 knockdown leads to aberrant heart formation

To dissect the role of cCcbel during early chick heart development, we used a
splicing inhibitory morpholino oligonucleotide to knockdown cCcbel
(cCcbelMO). Using a standard morpholino as control (CoMO), we injected
embryos at HH3" with each morpholino (1 mM), either on the left or/and the
right side of the primitive streak, followed by in vivo electroporation. Both
morpholinos were fluorescein tagged at the 3’ end, which enabled us to assess
injection efficiency and stability of the morpholino over time. Interestingly, no
differences in the phenotype or in the percentage of defects were observed between
each side (data not shown). Furthermore, the reduction of Ccbel protein in
embryos injected with cCcbelMO was confirmed by Western blot analysis when
compared with CoMO injected embryos (Fig. 3K).

During normal early heart development, the bilateral heart fields are drawn
towards the midline and fuse into a single heart tube by HH9. How these cardiac
precursor cell move back towards the midline is still not clear. In contrast, large
numbers of the CcbelMO injected embryos fail to form the heart tube. This
disrupted development of the heart is well visualized in Fig. 3E-H' and J-Jc. The
knockdown experiments showed that 81.8% of the cCcbelMO injected embryos
displayed significant cardiac malformations when compared with the CoMO
injected embryos (Fig. 3L). We classified these cardiac alterations in three classes:
severe (50.9%), when the bilateral heart fields are capable to migrate towards the
ventral midline, but fail to fuse and form single heart tube (Fig. 3J); moderate
phenotype (27.2%), encompassing embryos with a nearly normal heart tube,
although not well assembled; and cardia bifida, when we have the presence of two
totally separated “hearts” on each side of the primitive streak (3.7%). Only
embryos at stage HH9 and older were considered for these plots, since earlier than
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cCcbe1lNkx2.5

cCcbe1lllslet-1

Fig. 2. Double WISH analysis of cCcbe1 and the cardiac makers Nkx2.5 and Islet-1. (A-T) Comparative
expression of cCcbe1, Nkx2.5 and Islet-1 during early heart development. All are ventral views except for E, J,
M, N, O, R, S and T that are lateral views (anterior to top). (A—E) In situ hybridization for Nkx2.5. (F-J) Double
in situ hybridization for cCcbe? and Nkx2.5 (HH7-18); cCcbe1 and Nkx2.5 have overlapping patterns of
expression in the heart fields (F and G; black arrow) and in the sino-venosus (H; yellow arrow); F': Transverse
paraffin sections (8 um) of double stained embryos at stage HH7, cCcbe1 and Nkx2.5 are co-expressed in the
cardiogenic mesoderm of the heart forming fields (black arrow); G’ Transverse paraffin sections (8 um) of
double stained embryos at stage HH8*, cCcbe1 and Nkx2.5 are co-labeled in the ventrolateral aspect of the
splanchnic mesoderm (black arrow) and in the dorsomedially region of the splanchnic mesoderm (red arrow);
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(I) Co-expression in the region of the conus arteriosus (blue arrow) and in the ventral pharyngeal mesoderm
(red arrow, SHF); I': Transverse paraffin sections (8 um) shows, an overlapping expression in the endoderm
(black arrow), in the region of the conus arteriosus (blue arrow) and a pale co-expression in the splanchnic
mesoderm (SHF; red arrow); (J) cCcbe? and Nkx2.5 have overlapping patterns of expression in the SHF (red
arrow) and in the conus arteriosus region (blue arrow); J'=J’’: Sagittal (J') and transverse (J'’) paraffin
sections (8 um) at stage HH18 shows cCcbe1 and Nkx2.5 co-expressed in the region of the SHF (red arrow).
(K-0) In situ hybridization for Islet-1. (P-T) Double in situ hybridization for cCcbe1 and Islet-1; (P-Q) cCcbe1
and /slet-1 have overlapping patterns of expression in the anterior lateral plate mesoderm (black arrows);
P’: Transverse paraffin sections (8 um) of double stained embryos at stage HH6*, shows an overlapping
expression in the cardiogenic mesoderm of the heart forming fields (black arrow); Q’: Transverse sections of
double stained embryos at stage HH8, both are co-labeled in the dorsomedially region of the splanchnic
mesoderm (black arrow). (P-T) co-expression of cCcbe1 and Islet-1 is observed in the caudal part of the distal
outflow tract of the heart (conus arteriosus, blue arrow) and in the ventral pharyngeal mesoderm (SHF; red
arrow); R'-R’’: Transverse sections shows, a co-expression in the region of the conus arteriosus (R’; blue
arrow) and in the splanchnic mesoderm of the SHF (R’’; red arrow); T': Sagittal paraffin section (8 um) of
double stained embryos at stage HH18, cCche1 and Islet-1 are co-expressed in the region of the SHF (red
arrow).

doi:10.1371/journal.pone.0115481.g002

stage HH9 is impossible to classify the heart defects just by observation, once the
fusion of the heart tubes only occur at HH9. To better analyse the cCcbel
knockdown phenotype, the hearts were sectioned transversaly, and several types of
defects were observed. In control embryos, we observed a single heart tube
assembled in the ventral midline (Fig. 3I-I¢c). In contrast, in the knockdown
embryos the bilateral heart fields fail to fuse properly at the midline (Fig. 3]-Jc).

Moreover, to better understand the role of cCcbel during early heart
development, gene expression analysis was performed throughout whole-mount
in situ hybridization of well-characterized cardiogenic markers Thx-5 (Fig. 3E'),
Nkx2.5 (Fig. 3F"), Islet-1 (Fig. 3G’), and Fgf8 (Fig. 3H'). These genes were chosen
because they are expressed in some of the regions where cCcbel is expressed and
have a role during early cardiogenesis, more specifically in the SHF.

This data revealed that, even though cCcbel knockdown causes severe heart
dystrophy, the temporal and spatial expression of these markers seems not to be
altered in cCcbel knockdown embryos up to stage HH11. This suggests that
cCcbel might not be required for the specification and determination of the heart
fields, but instead for the morphogenetic patterning of the cardiogenic mesoderm.

Next, we performed immunofluorescence staining with sarcomeric myosin
heavy chain (MF20), in whole mount and in sections, and follow the fusion of bi-
lateral cardiac fields upon the formation of the heart tube. MF20 is a marker for
terminally differentiated cardiomyocytes. At stage HH9 , we observed that the
heart fields in the cCcbelMo injected embryos were further appart than the
control embryos (Fig. 4A and E). This suggests that the fusion of the heart fields
are somewhat delayed in the absence of cCcbel. Later, at stage HH10-12, the two
heart fields fail to fuse properly at the ventral midline, exhibiting a gap in the
MF20-positive cells between them (Fig. 4F-G). Likewise, the same defect was
observed in transverse sections, with the presence of cells in the heart, that do not
express MF20, (Fig. 4Hb, green arrow) sugesting that the embryos fail to undergo
terminal differentiation at the midline. n addition, the closure of the dorsal
mesocardium seems to be also affected (Fig. 4 Ha-Hb, yellow arrow). The dorsal

PLOS ONE | DOI:10.1371/journal.pone.0115481 December 29, 2014 9/22



@'PLOS | ONE

Role of Ccbe1? in Chick Heart Development
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Fig. 3. cCcbe1 loss-of-function leads to heart malformations. The embryos were first targeted at stage HH3*/HH4 with the designed morpholino and
were collected later in development between stage HH9* and HH10. (A-D’’) Embryos injected with the control morpholino. (E-H’) Embryos injected with the
cCcbe1 MO. (A-H) Localization and efficiency of the MO injection by detection of fluorescein expression. (A'—H’) Detection of Thx5, Nkx2.5, Islet-1 and
Fgf8 expression by WISH of the injected embryos with CoMO and cCcbe1 MO, respectively. (I-J) Histological analysis of control and Ccbe1 Knockdown
embryos. (la-Jc) Paraffin transverse sections through the heart of the targeted embryos at HH10; fusion of the heart and foregut at the ventral midline is
highly abnormal in Ccbe1 Knockdown embryos. All embryos are ventral, except D that is dorsal side up. (K) Western blot analysis of the cCcbe1 MO and
Control MO embryos. It was possible to see a loss in cCcbe1 protein levels observed in the cCcbe1 knockdown in comparison to morpholino control
embryos. (L) Analysis of the phenotypes caused by electroporated embryos with cCcbe1 MO and Control MO. Bar charts showing the percentage of chick
embryos presenting cardiac alterations after injection with Control or cCcbe1 MO. Only embryos at stage HH9 and later were considered to this analysis.
The total of samples analyzed (n): 100 Control MO and 110 cCcbe1 MO embryos. The y-axis represents the percentage of embryos. The x-axis represents
the defects: normal development (ND), severe cardiac alterations (SCA), moderate cardiac alterations (MCA) and cardia bifida (CB).

doi:10.1371/journal.pone.0115481.9003
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HH12 MF20/DAPI

Control MO

cCcbe1 MO

Fig. 4. Inmunofluorescence analysis of cCcbe1 and Control MO in chick embryos. Embryos were target
at HH3+/HH4 with cCcbe1 (cCcbe1 MO) and Control (CoMO) morpholino and allowed to develop until stage
HH12. Some embryos were subsequently analyzed by whole mount (A—C; E-G) or in sections (Da, Db, Ha
and Hb) immunofluorescence staining for MF20 (myocardium: red; Dapi: blue). (A—C) Embryos injected with
CoMO showed no cardiac malformations. (E-G) embryos injected with cCcbe1 MO showed alterations in
cardiac tube fusion: a delay in the fusion (E), fusion failure (F) and incomplete fusion (G). (Da-Db) Transverse
sections (8 um) of embryos electroporated with CoMO at the level of the heart. (Ha-Hb) Transverse sections
(8 um) of embryos electroporated with cCcbe1 MO at the level of the heart: these images highlight the
malformations in the closure of the dorsal mesocardium (yellow arrowhead) and the lack of cell expressing
myosin heavy chain (green arrowhead) caused by a failure on initiation of cardiac differentiation at the ventral
midline.

doi:10.1371/journal.pone.0115481.g004

mesocardium is a transient structure formed when the splanchnic mesoderm
(SHF) of opposite sides of the embryo come together from dorsal and ventral to
the heart, forming double layered supporting membranes. After the rupture of the
dorsal mesocardium the heart tube closes dorsally and the dorsal pericardial walls
fuse, something that in the cCcbel morphant embryos seems also to fail. Taken
together, these data indicate that the bi-lateral fields fail to fuse properly at the
midline in the absence of cCcbel, leading to the development of an aberrant heart
tube. The results suggest that this phenotype is not due neither to specification
nor determination of the cardiac precursors, since the expression of Nkx2.5 seems
to be normal, but to a failure in terminal differentiation.

cCcbe1 overexpression leads to cardia bifida

We then used a gain-of-function approach to overexpress cCcbel. Therefore, we
designed a vector with the cCcbel under the control of the constitutive promoter
CAGGS (pCAGGS-cCcbel-IRES-GFP), and the backbone vector, pCAGGS-IRES-
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GFP, to be used as a control. Embryos at HH3"/HH4 were injected with each
vector on the right and left sides of the primitive streak, followed by in vivo
electroporation, and a WISH was performed to confirm the overexpression of
cCcbel. Indeed, injection of pCAGGS-cCcbel-IRES-GFP resulted in a co-localized
cCcbel expression with GFP, including regions where endogenous cCcbel is not
detected (Fig. 5C-C’).

According to our data, after 18 h to 24 h of incubation the injected embryos
with pCAGGS-cCcbel-IRES-GFP displayed severe heart tube malformations
(Fig. 5B-B’), absent in control vector-injected embryos (Fig. 5A—A"). A detailed
analysis in the distribution of the phenotypes showed that the heart of almost all
the control vector injected embryos developed normally (86.8%) (Fig. 5D). The
remaining 13.2% presented mild cardiac alterations, but none of them displayed
cardia bifida. In contrast, 89.5% of the cCcbel overexpressed embryos showed
significant cardiac alterations (Fig. 5D). Among these, 52.6% displayed cardia
bifida and 36.9% milder cardiac alterations, i.e. the heart fields were able to
migrate to the midline but fail to fuse properly, and the hearts consistently failed
to undergo looping of the heart tube (Fig. 5D).

Moreover, MF20 immunofluorescence analysis showed that the cardiac fields of
cCcbel overexpressed embryos remain close to the lateral plate mesoderm and
consequently the embryos showed a bifid heart phenotype (Fig. 5Fa—Fc’). This
failure on the migration of the cardiac fields towards the midline is strikingly
similar to those observed in embryos lacking the cardiac transcription factor,
Gata4. In these embryos, two separate heart tubes develop in the majority of
mutants [18, 19]. Due to the similarities between the phenotypes of embryos in
which cCcbel is overexpressed and null-mutants for Gata4, we examined the
expression pattern of Gata4 in embryos injected with pCAGGS-cCcbel-IRES-
GFP. The results showed that, despite the development of cardia bifida in the
cCcbel overexpressed embryos it is unlikely that the overexpression of this gene
interfere with the expression of Gata4 up to stage HH11 (Fig. 5A-B").

cCcbe1 affects the proliferation of the cardiac cells

Cell proliferation, while not the only mechanism, is an important process for the
formation of the heart [20,21]. Nevertheless, it is known that although the
initially formed myocardial tube continues to grow, the newly formed heart tube
is a non-proliferating structure, implying that its growth occurs by recruitment of
cells from the flanking mesoderm, more specifically the splanchnic and pharyngeal
mesoderm [22-24]. Usually, if something interfers with the ability of these cells to
replicate at this stage heart defects will became apparent.

To test whether cCcbel is involved in the proliferation of heart precursor cells,
we analysed cell proliferation through immunostaining for phospho-Histone H3
(PHH3), a marker of mitotic cells, on transverse sections of CCBE1 knockdown
and control embryos (Fig. 6A—B). These data revealed a significant reduction in
the number of PHH3-positive cells in cCcbel morphant embryos (Fig. 6Aa, Ba).
To better understand the role of cCcbel in the proliferation of cardiac precursor
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Fig. 5. cCcbe1 gain-of-function in chick embryos. Embryos were targeted at stage HH3"/HH4 with the control vector pPCAGGS-IRES-GFP (A) or with the
overexpression vector pPCAGGS-cCcbe1-IRES-GFP (B-C) and collected at stage HH11. (A) Localization and efficiency of the control vector pPCAGGS-GFP
injection by detection of fluorescein expression. (A") Embryos injected with control vector showed no cardiac malformations detected with Gata4 by WISH.
(B-C) Localization and efficiency of the overexpression vector pPCAGGS-cCcbe1-IRES-GFP injection by detection of fluorescein expression. (B’) Embryos
injected with pCAGGS-cCcbe1-IRES-GFP showed alterations in cardiac tubes fusion detected with Gata4 by WISH, namely, bifid heart was observed
(formation of two separate heart tubes). (C’) Detection of cCcbe1 expression by WISH, demonstrating that pPCAGGS-cCcbe1-IRES-GFP is overexpressing
cCcbe1. (D) Analysis of the defects caused by electroporated embryos with control vector pPCAGGS-IRES-GFP or overexpression vector pPCAGGS-cCcbe1-
IRES-GFP. Bar charts showing the percentage of chick embryos presenting cardiac alterations after injection with control vector or overexpression vector.
Only embryos at stage HH9 and later were considered to this analysis. The total of samples analyzed (n): 38 control vector and 38 overexpression vector
embryos. The y-axis represents the percentage of embryos. The x-axis represents the defects: normal development, cardia bifida and other cardiac
alterations. (E—F) Some embryos were subsequently analyzed immunohistochemistry staining for MF20 (myocardium: red; Dapi: blue) in transverse
sections (8 um). (E-Ec’) Embryos injected with control vector showed no cardiac malformations. (F-Fc’) embryos injected with overexpression vector
showed cardia bifida defects. These images showed none alteration of cell expressing MF20.

doi:10.1371/journal.pone.0115481.9005
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Fig. 6. cCcbe1 loss and gain of function disturbs cell proliferation in chick embryos. (A-B;E) cCcbe1 loss of function; Embryos at stage HH3"/HH4
were target with the cCcbe1 MO (B) and CoMO (A), and developed until HH12. Embryos were transverse sectioned and then immunohistochemistry
staining was performed for PHH3 (green; Aa—Bb’). (A—Ab’) Control morpholino treated embryos showing normal heart development and proliferation;
(B-Bb’) cCcbe1 treated embryos showing heart alterations and a decrease in proliferating cells. Note that at this stage the heart is not proliferative,
therefore the region of the pharyngeal and splanchnic mesoderm was taken in consideration (SHF contribution). Dapi: blue; PHH3: green. (E) Analysis of the
cCcbe1 knockdown in cardiac cells proliferation. (C-D; F) cCcbe1 gain of function; Embryos at stage HH3*/HH4 were target with the control vector
pCAGGS-IRES-GFP (C) or with the overexpression vector pPCAGGS-cCcbe1-IRES-GFP (D) and developed until HH12. Embryos were transverse
sectioned and then immunohistochemistry staining was performed for PHH3 (green; Ca-Dc’). (C—Cc’) Control treated embryos shows normal heart
development and proliferation. (D—Db’) Overexpression-cCcbe1 treated embryos shows heart alterations and an increase in proliferating cells. Dapi: blue;
PHH3: green.; (F) Analysis of the cCcbe1 overexpression in cardiac cells proliferation. Embryos were subsequently analyzed in transverse sections by
immunohistochemistry staining for PHH3. Proliferating cells were counted in 2 distinct regions: cardiac region (pharyngeal and splanchnic mesoderm) and
overall (all the regions in the embryo: cardiac and non-cardiac). The total of embryos analyzed (n): 4 control MO, 4 pCAGGS-cCcbe1, 4 cCcbe1 MO and 4
pCAGGS-cCcbe1. The y-axis represents the PHH3 positive cells. The x-axis represents the regions of the counted PHH3 positive cells: anterior overall
(AO), anterior cardiac region (ACR), medial overall (MO), medial cardiac region (MCR), posterior overall (PO) and posterior cardiac region (PCR). Error bars
represent the S.E.M. from four replicates. *p<0.05; **p<0.01; ***p<<0.001.

doi:10.1371/journal.pone.0115481.9006
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cells, we quantify cell proliferation in the cardiac region (splanchnic and
pharyngeal mesoderm regions) and in the overall embryo (cardiac plus non-
cardiac regions). Moreover, we selected sections at the anterior, medial and
posterior levels of the heart tube region and count the number of proliferating
cells. The results showed that cCcbelMO embryos presented an overall decrease
(ratio 2:1) of proliferating cells when compared with the control MO embryos and
that in the cardiac cells this difference in proliferation was even higher (ratio 3:1)
(Fig. 6E).

These results indicate that the absence of cCcbel in the chick embryo decreased
cell proliferation in both pharyngeal and splanchnic mesoderm where cCcbel is
normally expressed (Fig. 1G'’, black arrow), suggesting a role of cCcbel for
proper proliferation of the SHF progenitors. When cell proliferation was
examined in cCcbel overexpressed embryos, as expected, an increase in the
number of the proliferating cells was observed in the cardiac region (Fig. 6C-D).
Nevertheless, this cell proliferation increase was also observed in other regions of
cCcbel gain-of-function embryos (Fig. 6F).

cCcbe1 loss and gain-of-function affects Hnk1 expression

Hnkl is a glycoprotein known to play an active role in the migration of neural
crest cells [25,26], and expressed in the cells of the SHF as they move into the
outflow tract [22]. To determine if cCcbel loss- and gain-of-function influences
Hnk1 expression in the chick embryo, we performed immunostaining with the
Hnk1 antibody on transverse sections at the heart region of cCcbel knockdown,
overexpression and respective control embryos (stage HH12) (Fig. 7A-B and 7C-
D). The results showed that the level of Hnkl signal was decreased in cCcbel
morphants on sections at the anterior, medial and posterior levels of the heart
tube region when compared to the same regions in the control embryos

(Fig. 7Aa—Bc’ and E). Nevertheless, while this decrease in the level of Hnkl signal
was consistent in the heart of all analysed embryos, there was no obvious
difference in most of the embryos at the level of the CNC cells. On the other hand,
when comparing control and cCcbel overexpressed embryos, the Hnk1 signal was
increased in both CNC cells and heart tube regions in the cCcbel overexpressed
embryos (Fig. 7F). Moreover, the intensity of Hnkl1 staining in the CNC cell
seems to be wider and stronger in the cCcbel overexpressed embryos when
compared to the CNC cells on the control embryos. Taken together, these results
suggest that altered levels of cCcbel caused by gain and loss of function analysis
affect the migration of CNC cells.

Discussion

The importance of Ccbel for the development of the lymphatic system is
indisputable [27,28]. However, its role in cardiac development remained
unknown. Nevertheless, several lines of evidence emphasize the role of Ccbel in
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Fig. 7. Hnk1 immunofluorescence analysis of cCcbe1 loss and gain of function in chick embryos. (A-B; E) cCcbe1 loss of function; Embryos were
target at HH3*/HH4 with cCcbe1 and Control morpholino and allowed to develop until stage HH12 (A-B). Embryos were subsequently analyzed transversal
sections (Aa-Bc) by immunostaining for Hnk1 (Hnk1: red; Dapi: blue); (Aa—Ac’) Transverse sections (8 um) of embryos electroporated with CoMO at the
level of the heart; Hnk1 expression is detected through the heart tube and CNC. (Ba-Bc') Transverse sections (8 pm) of embryos electroporated with

cCcbe1 MO at the level of the heart: these images highlight the lack of Hnk1 expression in the heart tube. (E) Quantitative analysis of Hnk1 immunostaining
in two distinct regions: cardiac neural crest (CNC) cells and heart tube (HT). (C-D; F) cCcbe1 gain of function; Embryos were target at HH3*/HH4 with the
overexpression vector pPCAGGS-cCcbe1 and the control vector pPCAGGS-GFP and allowed to develop until stage HH12 (C-D). Embryos were subsequently
analyzed transversal sections (Ca-Cc) by immunostaining for Hnk1 (migrating CNC and conducting system marker: red; Dapi: blue). (Ca—Cc'’) Transverse
sections (8 um) of embryos electroporated with control vector at the level of the heart; Hnk1 expression is detected through the heart tube and CNC. (Da-
Dc'’) Transverse sections (8 um) of embryos electroporated with overexpression vector at the level of the heart: these images highlight increase of Hnk1
expression in the heart tube and CNC. (F) Quantitative analysis of Hnk1 immunostaining in two distinct regions: cardiac neural crest (CNC) cells and heart
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tube (HT). The total of embryos analyzed (n): 3 control MO, 3 pCAGGS-cCcbe1, 3 cCcbe1 MO and 3 pCAGGS-cCcbe1. The y-axis represents the Hnk1
fluorescence signal. The x-axis represents the regions of the Hnk1 measured signal: anterior CNC (ACNC), medial CNC (MCNC), posterior CNC (PCNC),
anterior heart tube (AHT), medial heart tube (MHT), posterior heart tube (PHT). Error bars represent the S.E.M. from three replicates. *p<0.05, **p<<0.01.

doi:10.1371/journal.pone.0115481.9007

early heart development. First, in humans, while mutations in CCBEI are
associated with Hennekam syndrome, a disorder characterized by abnormal
lymphatic system development, some of these patients present as well congenital
heart defects [29,30]. Second, the expression analysis has shown that mCcbel is
expressed in heart precursors of the FHF, SHF and proepicardium in mouse
embryos from embryonic day (E)7.0 to E9.5 [31]. Furthermore, analyses of
mCcbel heterozygous knockout embryos have shown X-Gal staining at the
mesothelium of the heart at E12.5 [28].

Here, we describe for the first time the role of c¢Ccbel in early chick heart
development.

Expression analysis showed that cCcbel is detected at stage HH4 on either side
of the primitive streak where the cells with cardiogenic potential are located. As
the cells migrate to the anterior lateral plate mesoderm, they became committed
to a cardiac fate resulting in the formation of the first and second heart fields [6].
Ccbel is strongly expressed in the splanchnic mesoderm as this germ layer splits.
Later at HH12-18, its expression is restricted to the SHF, in the region where the
undifferentiated cells proliferate continuously and migrate to populate the heart
tube. This expression pattern, is very similar to the one described for Islet-1, which
is expressed in cells that display rapid proliferation but ceases upon cell
differentiation [23,32]. Likewise, the evident expression of cCcbel in the
cardiogenic mesoderm and in the primordial myocardial tissues is not detected at
later stages of heart development. This suggests that cCcbel expression is limited
to multipotent and highly proliferative progenitors but downregulated after
cardiac commitment. Interestingly, the same pattern of expression was observed
in mice, where Ccbel expression was detected in the major populations of cardiac
progenitors, namely the FHF, SHF and proepicardium [31].

The cCcbel functional studies presented here clearly suggest that Ccbel has a
role in early cardiac development. The downregulation of cCcbel at stage HH4, as
the cells are reaching the heart fields from the primitive streak, results later (stage
HH10) in an incorrect formation of the heart tube, i.e., the bilateral cardiac
progenitors are capable to migrate back towards the ventral midline but the
process of fusion locally fall through. On the other hand, the overexpression of
cCcbel leads to a cardia bifida in which the cCcbel expressing cells in the first
heart field do not migrate towards the midline, resulting in formation of two
heart-like structures on each side of the lateral plate mesoderm. Interestingly, both
knockdown and overexpression functional studies suggest that cCcbel do not
affect cardiomyocytes commitment. The embryos targeted with cCcbel MO,
continuously expressed Nkx2.5, Tbx5, Fgf8 and Isll specification markers, while
the ectopic expression of ¢Ccbel cannot induce a consequent activation of Gata4
expression, the transcriptional activation of this cardiogenic marker remained
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unaltered. As mentioned earlier, the heart precursor cells proliferate and migrate
as they travel towards their final destination at the midline to form the heart
primordia and where they differentiate into cardiomyocytes [7]. In the chick this
happens by stage HH9 of development at the beginning of the fusion of the heart
tube [33,34]. According to our data, the cells at the ventral midline in cCcbel
knockdown embryos do not express the cardiomyocytes marker MF20, suggesting
that these cells fail to initiate cardiac terminal differentiation. Therefore, cCcbel is
not important for cardiomyocyte commitment but likely has a role in the proper
proliferation and migration of the cardiac precursor cells to form the heart tube.
Curiously, in Ccbel knock-out mice, during lymphangiogenesis the lymphatic
progenitors are also specified, but they are unable to migrate away from the
cardinal vein [28].

The morphogenetic movements involved in heart tube formation required
several cytoskeletal, adhesive, and extracellular structural proteins and their
regulators. Several proteins of the extracellular matrix such as laminin, tenascin
and fibronectin have been implicated in early heart development [35-38]. These
molecules, similarly to Ccbel, also contain EGF-like domains and it has been
suggested that EGF-like domains in ECM protein signals for cellular growth and
differentiation [39].

For example, the deposition of fibronectin at the ventral midline is required for
the movement of the heart precursors. When fibronectin is completely absence,
adherens junctions between the heart precursors are not well formed, suggesting
that cell-matrix interactions are required for epithelial organization and that
epithelial integrity is important for migration of myocardial progenitors [40]. The
extracellular matrix Tenascin-C, is also associated with cell motility [25, 26]. Like
Ccbel, Tenascin-C is also expressed in the cardiogenic fields and disappear once
the heart fields fuse [41-44]. However, no distinct phenothype was observed in
tenascin-C-null mice [45]. Furthermore, Ccbel also has been associated to
extracellular matrix remodelling and migration [40]. In zebrafish, Ccbel act as an
extracellular matrix guidance molecule that regulates the budding and migration
of lymphangioblasts from the anterior cardinal vein [27].

Interestingly, our results indicated that increased cCcbel levels resulted in
expansion of Hnkl-expressing domain in both CNC cells and heart tube region,
while loss of cCcbel decreased Hnk1 signal mostly in the heart tube region. Hnkl
plays a role in the migration of neural crest cells [25, 26], and is normally present
in the cardiomyocyte precursor [41-44].

How ECM molecules guide the heart precursors in their migration is still
unclear, however it has been proposed that they can bind and sequester signalling
molecules, releasing them upon proteolytic maturation mediating their avail-
ability [46]. A recent report showed that CCBE1 affects lymphangiogenesis by
enhancing the cleavage of VEGF-C by the metalloprotease ADAMTS3 [47]. It is
known that the major regulators such as the, VEGF, Wnt, BMP, FGF and Nodal
signalling pathways, can regulate both cell movements and fate of cardiac
precursors [48]. For example, it was demonstrated that Wnt3a guides the

movement of cardiac progenitors by a new mechanism involving RhoA-
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dependent chemorepulsion [49]. Furthermore, we cannot exclude that the
integration and coordination of different signals from different pathways are
important for proper cell migration guidance. Recently, it has been shown that the
convergence between BMP and Wnt pathways regulate cardiac progenitors
migration through Smadl1 [50].

In addition, the migrating heart precursor cells also undergo a high proliferative
process. Therefore, incorrect formation of the heart tube in cCcbel morphants
can be also related with impaired cell proliferation. Indeed, it has been shown that
alterations in the proliferation of cardiac precursor cells affect the migration of the
precursors towards the midline [51]. Immunohistochemistry analysis of the
proliferation marker PHH3 revealed that knockdown of cCcbel leads to decreased
proliferation of the cardiac progenitor cells. These data indicate that in addition to
the impaired migration, the absence of cCcbel also causes a defective cell
proliferation of the cardiac progenitors. Interestingly, studies of proliferation
performed in our lab, support these findings in which mouse embryonic fibroblast
isolated from mCcbel KO show less proliferation when compared with the WT
littermates.

In conclusion, here we address the role of cCcbel in early cardiogenesis. In
chick, cCcbel is expressed in both FHF and SHF progenitor populations, and that
later becomes restricted to the SHF. This suggests that cCcbel is downregulated as
the progenitor cells differentiate towards more definitive cardiac phenotypes.
Upon cCcbel-loss-of-function during early cardiogenesis, the fusion of the two
heart fields was incomplete or failed to close correctly leading to the formation of
an aberrant heart tube. On the other hand, cCcbel-gain-of-function led to severe
heart tube defects, including extreme non-midline cardia bifida. Furthermore, the
levels of cCcbel influences Hnk1 expression and PHH3 positive cells in the cardiac
regions suggesting a possible role in the migration and proliferation of the cardiac
progenitors leading to an incorrect development of the heart. Taken together,
these data support that cCcbel plays a role in early heart development and,
therefore, is a candidate causative gene for cardiomyopathys. The relevance of
Ccbel in mammalian cardiogenesis and the possible significance of Ccbel
alterations in cardiac syndromes may deserve further studies.

Acknowledgments

We gratefully acknowledge J. Belmonte, A. Munsterberg, I. Palmeirim and J. Leon
for kindly providing plasmids. We also thank to P.N.G Pereira for critical reading
of the manuscript.

Author Contributions

Conceived and designed the experiments: JF MB JAB. Performed the experiments:
JE MB EC JMI. Analyzed the data: JF MB JMI JAB. Contributed reagents/
materials/analysis tools: JF MB EC JMI JAB. Wrote the paper: JE MB JMI JAB.

PLOS ONE | DOI:10.1371/journal.pone.0115481 December 29, 2014 19/ 22



@'PLOS | ONE

Role of Ccbe? in Chick Heart Development

References

10.

1.

12,

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

PLOS ONE | DOI:10.1371/journal.pone.0115481

Harvey RP (2002) Patterning the vertebrate heart. Nat Rev Genet 3: 544-556.

Laugwitz K-L, Moretti A, Caron L, Nakano A, Chien KR (2008) Islet1 cardiovascular progenitors: a
single source for heart lineages? Development 135: 193-205.

Yang X, Dormann D, Munsterberg A, Weijer CJ (2002) Cell movement patterns during gastrulation in
the chick are controlled by positive and negative chemotaxis mediated by FGF4 and FGF8. Dev Cell 3:
425-437.

Rawles M (1943) The heart-forming areas of the early chick blastoderm. Physiological Zoology 16: 22—
42.

Yue Q, Wagstaff L, Yang X, Weijer C, Miinsterberg A (2008) Wnt3a-mediated chemorepulsion
controls movement patterns of cardiac progenitors and requires RhoA function. Development 135:
1029-1037.

Camp E, Dietrich S, Miinsterberg A (2012) Fate Mapping Identifies the Origin of SHF/AHF Progenitors
in the Chick Primitive Streak. PLoS ONE 7: €51948.

Buckingham M, Meilhac S, Zaffran S (2005) Building the mammalian heart from two sources of
myocardial cells. Nature reviews Genetics 6: 826—835.

Vincent SD, Buckingham ME (2010) Chapter One - How to Make a Heart: The Origin and Regulation of
Cardiac Progenitor Cells. In: Peter K, , editor. Current Topics in Developmental Biology: Academic Press.
1-41.

Keyte A, Hutson MR (2012) The neural crest in cardiac congenital anomalies. Differentiation 84: 25—40.

Hutson MR, Kirby ML (2003) Neural crest and cardiovascular development: A 20-year perspective.
Birth Defects Research Part C: Embryo Today: Reviews 69: 2—-13.

Bento M, Correia E, Tavares AT, Becker JD, Belo JA (2011) Identification of differentially expressed
genes in the heart precursor cells of the chick embryo. Gene Expression Patterns 11: 437—447.

Momose T, Tonegawa A, Takeuchi J, Ogawa H, Umesono K, et al. (1999) Efficient targeting of gene
expression in chick embryos by microelectroporation. Development, Growth & Differentiation 41: 335—
344.

Hamburger V, Hamilton HL (1951) A series of normal stages in the development of the chick embryo.
Journal of Morphology 88: 49-92.

New DAT (1955) A new technique for the cultivation of the chick embryo in vitro. Embryol Exp Morphol 3:
326-331.

Tavares AT, Andrade S, Silva AC, Belo JA (2007) Cerberus is a feedback inhibitor of Nodal
asymmetric signaling in the chick embryo. Development 134: 2051-2060.

Wilkinson DG (1992) Whole-mount in situ hybridrzatton of vertebrate embryos. In Situ
Hybrization: A Practical Approach (DG, Wilkinson, ed): 75-83.

Nakamura T, Saito D, Kawasumi A, Shinohara K, Asai Y, et al. (2012) Fluid flow and interlinked
feedback loops establish left-right asymmetric decay of Cerl2 mRNA. Nat Commun 3: 1322.

Kuo CT, Morrisey EE, Anandappa R, Sigrist K, Lu MM, et al. (1997) GATA4 transcription factor is
required for ventral morphogenesis and heart tube formation. Genes & Development 11: 1048—1060.

Molkentin JD, Lin Q, Duncan SA, Olson EN (1997) Requirement of the transcription factor GATA4 for
heart tube formation and ventral morphogenesis. Genes & Development 11: 1061-1072.

Stalsberg H, DeHaan RL (1969) The precardiac areas and formation of the tubular heart in the chick
embryo. Dev Biol 19: 128.

Sissman J (1966) Cell multiplication rates during development of the primitive cardiac tube in the chick
embryo. Nature 210: 504-507.

Waldo KL, Kumiski DH, Wallis KT, Stadt HAH, M.R., Platt DH, et al. (2001) Conotruncal myocardium
arises from a secondary heart field. Development 128: 3179-3188.

December 29, 2014 20/ 22



@'PLOS | ONE

Role of Ccbe? in Chick Heart Development

23.

24,

25,

26.

27.

28.

29,

30.

31.

32

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

PLOS ONE | DOI:10.1371/journal.pone.0115481

Cai CL, Liang X, Shi Y, Chu PH, Pfaff SL, et al. (2003) Isl1 identifies a cardiac progenitor population
that proliferates prior to differentiation and contributes a majority of cells to the heart. Dev Cell 5 (6): 877—
889.

Mjaatvedt CH, Nakaoka TM-R, R., Norris RA, Kern MJ, Eisenberg CA, et al. (2001) The outflow tract
of the heart is recruited from a novel heart-forming field. Dev Biol 238: 97-109.

Vincent M, Thiery JP (1984) A cell surface marker for neural crest and placodal cells: further evolution
of the peripheral and central nervous system. Dev Biol 103: 468-481.

Bronner-Fraser M (1987) Perturbation of cranial neural crest migration by the HNK-1 antibody.
Developmental Biology 123: 321-331.

Hogan BM, Bos FL, Bussmann J, Witte M, Chi NC, et al. (2009) ccbe1 is required for embryonic
lymphangiogenesis and venous sprouting. Nat Genet 41: 396-398.

Bos FL, Caunt M, Peterson-Maduro J, Planas-Paz L, Kowalski J, et al. (2011) CCBE1 Is Essential for
Mammalian Lymphatic Vascular Development and Enhances the Lymphangiogenic Effect of Vascular
Endothelial Growth Factor-C In Vivo. Circulation Research 109: 486—491.

Alders M, Hogan BM, Gjini E, Salehi F, Al-Gazali L, et al. (2009) Mutations in CCBE1 cause
generalized lymph vessel dysplasia in humans. Nat Genet 41: 1272—1274.

Connell F, Kalidas K, Ostergaard P, Brice G, Homfray T, et al. (2010) Linkage and sequence analysis
indicate that CCBE1 is mutated in recessively inherited generalised lymphatic dysplasia. Human
Genetics 127: 231-241.

Facucho-Oliveira J, Bento M, Belo JA (2011) Ccbe1 expression marks the cardiac and lymphatic
progenitor lineages during early stages of mouse development. The International journal of
developmental biology 55: 1007-1014.

van den Berg G, Moorman AM (2009) Concepts of Cardiac Development in Retrospect. Pediatric
Cardiology 30: 580-587.

Kirby ML, Waldo wibKL (2002) Molecular Embryogenesis of the Heart. Pediatric and Developmental
Pathology 5: 516-543.

Abu-Issa R, Kirby ML (2007) Heart field: From Mesoderm to Heart Tube. Cell Dev Biol 23: 45-68.

Linask KK, Lash JW (1988) A role for fibronectin in the migration of avian precardiac cells: |. Dose-
dependent effects of fibronectin antibody. Developmental Biology 129: 315-323.

Linask KK, Lash JW (1988) A role for fibronectin in the migration of avian precardiac cells: . Rotation of
the heart-forming region during different stages and its effects. Developmental Biology 129: 324-329.

Glickman NS, Yelon D (2002) Cardiac development in zebrafish: coordination of form and function.
Seminars in Cell & Developmental Biology 13: 507-513.

Rozario T, DeSimone DW (2010) The extracellular matrix in development and morphogenesis: A
dynamic view. Developmental Biology 341: 126—140.

Engel J (1989) EGF-like domains in extracellular matrix proteins: Localized signals for growth and
differentiation? FEBS Letters 251: 1-7.

Barton Ca, Gloss BS, Qu W, Statham aL, Hacker NF, et al. (2010) Collagen and calcium-binding EGF
domains 1 is frequently inactivated in ovarian cancer by aberrant promoter hypermethylation and
modulates cell migration and survival. British journal of cancer 102: 87-96.

Nakajima Y, Yoshimura K, Nomura M, Nakamura H (2001) Expression of HNK1 epitope by the
cardiomyocytes of the early embryonic chick: In situ and in vitro studies. The Anatomical Record 263:
326-333.

Blom NA, Gittenberger-de Groot AC, DeRuiter MC, Poelmann RE, Mentink MMT, et al. (1999)
Development of the Cardiac Conduction Tissue in Human Embryos Using HNK-1 Antigen Expression:
Possible Relevance for Understanding of Abnormal Atrial Automaticity. Circulation 99: 800—806.

Aoyama N, Tamaki H, Kikawada R, Yamashina S (1995) Development of the conduction system in the
rat heart as determined by Leu-7 (HNK-1) immunohistochemistry and computer graphics reconstruction.
Lab Invest 72: 355-366.

Chuck ET, Watanabe M (1997) Differential expression of PSA-NCAM and HNK-1 epitopes in the
developing cardiac conduction system of the chick. Developmental Dynamics 209: 182-195.

December 29, 2014 21 /22



@'PLOS | ONE

Role of Ccbe? in Chick Heart Development

45.

46.

47.

48.

49.

50.

51.

PLOS ONE | DOI:10.1371/journal.pone.0115481

Waldo KL, Hutson MR, Stadt HA, Zdanowicz M, Zdanowicz J, et al. (2005) Cardiac neural crest is
necessary for normal addition of the myocardium to the arterial pole from the secondary heart field.
Developmental Biology 281: 66-77.

Little CD, Rongish BJ (1995) The extracellular matrix during heart development. Experientia 51: 873—
882.

Jeltsch M, Jha SK, Tvorogov D, Anisimov A, Leppdnen V-M, et al. (2014) CCBE1 Enhances
Lymphangiogenesis via A Disintegrin and Metalloprotease With Thrombospondin Motifs-3—Mediated
Vascular Endothelial Growth Factor-C Activation. Circulation 129: 1962—-1971.

Noseda M, Peterkin T, Simoes FC, Patient R, Schneider MD (2011) Cardiopoietic Factors:
Extracellular Signals for Cardiac Lineage Commitment. Circulation Research 108: 129—-152.

Miinsterberg A, Yue Q (2008) Cardiac progenitor migration and specification: The dual function of Wnts.
Cell Adhesion & Migration 2: 74-76.

Song J, McColl J, Camp E, Kennerley N, Mok GF, et al. (2014) Smad1 transcription factor integrates
BMP2 and Wnt3a signals in migrating cardiac progenitor cells. Proceedings of the National Academy of
Sciences 111: 7337-7342.

van den Berg G, Abu-lssa R, de Boer BA, Hutson MR, de Boer PAJ, et al. (2009) A Caudal
Proliferating Growth Center Contributes to Both Poles of the Forming Heart Tube. Circulation Research
104: 179-188.

December 29, 2014 22 /22



	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Section_10
	Section_11
	Figure 1
	Section_12
	Figure 2
	Figure 3
	Section_13
	Figure 4
	Section_14
	Figure 5
	Figure 6
	Section_15
	Section_16
	Figure 7
	Section_17
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40
	Reference 41
	Reference 42
	Reference 43
	Reference 44
	Reference 45
	Reference 46
	Reference 47
	Reference 48
	Reference 49
	Reference 50
	Reference 51

