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ABSTRACT

Lipids, which are essential constituents of biological membranes, play structural and functional roles in the cell. In recent years, certain lipids have
been identified as regulatory signaling molecules and have been termed “bioactive lipids”. Subsequently, the importance of bioactive lipids in
stem cell differentiation and cardiogenesis has gained increasing recognition. Therefore, the aim of this study was to identify the biological
processes underlying murine cardiac differentiation and the mechanisms by which bioactive lipids affect these processes. For this purpose, a
transcriptomic meta-analysis of microarray and RNA-seq data from murine stem cells undergoing cardiogenic differentiation was performed. The
differentially expressed genes identified via this meta-analysis, as well as bioactive lipids, were evaluated using systems chemo-biology tools.
These data indicated that bioactive lipids are associated with the regulation of cell motility, cell adhesion, cytoskeletal rearrangement, and gene
expression. Moreover, bioactive lipids integrate the signaling pathways involved in cell migration, the secretion and remodeling of extracellular
matrix components, and the establishment of the cardiac phenotype. In conclusion, this study provides new insights into the contribution of
bioactive lipids to the induction of cellular responses to various stimuli, which may originate from the extracellular environment
and morphogens, and the manner in which this contribution directly affects murine heart morphogenesis. J. Cell. Biochem. 116: 2018-2031,
2015. © 2015 Wiley Periodicals, Inc.
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B ioactive lipids are known to act both as structural components
in cellular membranes and as signaling and regulatory
molecules under a wide range of physiological and pathological
conditions [Wang et al, 2006; Hannun and Obeid, 2008;
Berdichevets et al., 2010]. The best-studied bioactive lipids are
sphingosine (Sph), ceramide (Cer), sphingosine-1-phosphate (S1P),
sphingomyelin (SM), lysophosphatidic acid (LPA), and phosphatidic
acid (PA). These molecules participate in essential cellular functions
such as differentiation, proliferation, survival and apoptosis,
migration, polarity, and cytoskeletal regulation [Wang et al.,

2006; Hannun and Obeid, 2008; Berdichevets et al., 2010; Kleger
et al., 2011; de Faria Poloni et al., 2014]. Bioactive lipids act as cell
signaling molecules via (a) direct interactions with specific protein
partners, (b) lipid rafts, which influence cell-signaling cascades, and
(c) interactions with other lipids, which affect the cell membrane
structure or the interaction landscape between proteins and the
membrane [Hannun and Obeid, 2008; Bieberich 2012].

Studies have demonstrated the activity of bioactive lipids in
cardiomyocyte differentiation and survival [Kupperman et al., 2000;
Karliner et al., 2001; Wendler and Rivkees, 2006; Kleger et al., 2011;
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de Faria Poloni et al., 2014]. Additionally, bioactive lipid-associated
metabolic alterations disturb cardiac contractility and induce
abnormal development in terms of heart structure morphology
and vascular maturation [Xu et al., 1996; de Faria Poloni et al.,
2014]. Unfortunately, the molecular pathways through which
bioactive lipids influence heart development are currently poorly
understood.

The aim of this study was to investigate the genes related to
bioactive lipid signaling during cardiac differentiation, using Mus
musculus as a model organism. For this purpose, a transcriptomics
meta-analysis and systems chemo-biology analyses were performed.
Additional data gathered from network clustering and gene ontology
(GO) analyses associated with the evaluation of the local network
topologies (centralities) indicated that bioactive lipids influence
cardiac morphogenesis by modulating signaling pathways that
promote cytoskeletal reorganization, extracellular matrix (ECM)
remodeling and cell communication regulation. Furthermore,
interference analysis, which enables the determination of the effect
of a small molecule and/or macromolecule on the network, was
performed on selected bioactive lipids using a virtual knockout
model. For this purpose, molecules that potentially mediate the
interplay between extracellular stimuli and cellular responses were
obtained. This study provides new evidence for the significance of
bioactive lipids in differentiation and the regulation of heart
development.

GENE EXPRESSION DATA FROM THE MYOCARDIAL
DIFFERENTIATION OF STEM CELLS

The transcriptomic profile of myocardial differentiation was
obtained from the Gene Expression Omnibus (GEO) database
[http://www.ncbi.nlm.nih.gov/geo]. For this purpose, the gene
expression of Mus musculus was profiled via microarray and
RNA-seq analysis of the matrix files GSE6689 and GSE47948,
respectively [Faustino et al., 2008; Wamstad et al., 2013].

The matrix file GSE6689 represents a gene expression analysis
performed on murine embryonic stem cells (ESCs) that were cultured
and subjected to cardiogenesis, as reported by Faustino et al. in 2008
[Faustino et al., 2008]. The microarray series matrix file (GSE6689)
and its platform (GPL1261) were downloaded from [ftp://ftp.ncbi.nlm.
nih.gov/geo/series/ GSE6nnn/GSE6689/matrix/] and [http://www.
ncbinlm.nih.gov/geo/query/acc.cgi?acc=GPL1261],  respectively.
Microarray analysis was performed by considering undifferentiated
ESCs as the control group and cardiac precursor (CP) cells and
cardiomyocytes (CMs) as the experimental groups, after which the
differentially expressed gene (DEGs) were identified (Fig. 1). The DEGs
identified based on microarray analysis were evaluated using R
statistical programming language tools and the Bioconductor package
Linear Models for Microarray Data (limma; Fig. 1) [Smyth, 2005].

Additionally, the transcriptomic data from matrix file GSE47948,
in which murine ESCs were cultured and underwent cardiogenesis, as
reported by Wamstad et al. in 2013, were used [Wamstad et al., 2012].
The DEGs from the RNA-seq data were analyzed by considering the
ESCs as the control group, which was compared to CP cells and CMs

using the R statistical programming language (Fig. 1). For this
purpose, FastQC was used to evaluate the read quality [Patel and Jain,
2012]. This step was followed by read alignment using the most recent
reference genome and the gene annotations for Mus musculus
[available at http://www.ensembl.org/info/data/ftp/index.html] us-
ing Bowtie2 2.1 [Langmead and Salzberg, 2012]. Splice junctions were
identified using TopHat2 2.0.11 [Trapnell et al., 2012]. Read counts
were performed using HTSeq 0.6.1, and DEGs were identified via
analysis using edgeR [Robinson et al., 2010; Anders et al., 2014]. For
both transcriptomes (GSE6689 and GSE47948), log,FC >2.0 and a
false discovery rate (FDR) threshold of < 0.05 (Fig. 1) were used as
criteria to generate the DEG list.

DATA MINING AND INTERACTOMIC NETWORK DESIGN

To evaluate the association between lipids and cardiomyocyte
differentiation, interactomic data mining was performed. For this
purpose, the obtained DEGs were used as input data for the
metasearch engine STRING 9.1 [Franceschini et al., 2013]. The
following parameters were used in the STITCH program: all
prediction methods enabled, excluding text mining, and a degree
of confidence of 0.400. The resulting interactomic data were further
analyzed using Cytoscape 2.8.3 [Smoot et al., 2011; Cline et al., 2007]
(Fig. 1), resulting in the generation of two major networks: (i) the CP
network, which represents the node-DEGs from comparisons
between CPs cells and ESCs, and (ii) the CM network, which
represents the node-DEGs from comparisons between CMs and ESCs
(Supp. 1A and B). The most commonly reported bioactive lipids in the
literature (Sph, Cer, S1P, SM, LPA, and PA) were used as input data
for STITCH 3.1 to design the network related to bioactive lipids
signaling, using the same parameters described for STRING 9.1
(Fig. 1) [Kuhn et al., 2012]. The bioactive lipid interactomic data
obtained from STITCH 3.1 were merged with both the CP and CM
networks in Cytoscape 2.8.3.

Furthermore, the nodes within both networks were colored
according to the log,FC values of the DEGs. Thus, the light blue
nodes represent genes with decreased expression based on either the
microarray or RNA-seq analysis, whereas the dark blue nodes
represent genes with decreased expression based on both the
microarray and RNA-seq analyses (Supp. 1A and B). Furthermore,
those gene nodes displaying increased expression were characterized
by an orange color when these nodes were identified based on either
the microarray or RNA-seq analysis, whereas red nodes denote genes
detected based on both the microarray and RNA-seq analyses (Supp.
1A and B). To visualize the number of overexpressed and under-
expressed genes shared and exclusive of the CP and CM networks,
different Venn Diagrams were created using the online tool Data
Overlapping and Area-Proportional Venn Diagram [http://apps.
bioinforx.com/bxaf6/tools/app_overlap.php].

Moreover, the LIPID MAPS, KEGG, and AmiGO 1.8 search engines
were used according to their default parameters as additional data
mining tools [Kanehisa and Goto, 2000; Fahy et al., 2007; Carbon
et al., 2009].

CLUSTER ANALYSIS OF THE INTERATOMIC NETWORK
The composition of the major clusters in the main network was analyzed
using the program Allegro Molecular Complex Detection
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Fig. 1. Systems chemo-biology analysis workflow. The transcriptomic datasets (GSE47948 and GSE6689) were obtained and evaluated for DEGs from distinct stages (CP cells
and CMs) using the following thresholds: log,FC > 2 and FDR < 0.05. DEGs and bioactive lipids were used as the inputs into STRING 9.1 and STITCH 3.1, respectively. Two
interatomic networks were designed from the CP and CM networks data and were visualized using the Cytoscape 2.8.3 program. The log,FC values were overlaid onto the
networks. Centrality analysis was performed to evaluate the node degree and betweenness parameters. The networks were also subjected to clustering and GO analyses to identify

the most relevant biological processes. Finally, interference analysis was used to perform virtual knockouts of the HB bioactive lipids.

(AllegroMCODE) according to the following pre-processing parameters:
degree threshold, 2; node score threshold, 0.2; k-core, 2; and maximum
network depth, 100 (Fig. 1) [Bader and Hogue, 2003). The following post-
processing parameters were used: expansion of a cluster by one neighbor
shell allowed (fluff option enabled) using a node density threshold of 0.1
and deletion of a single connected node from clusters (haircut option
enabled). Thus, each cluster displayed a degree of connection for a given
group of nodes, also referred to as the “cliquishness” (Ci) value. In this
study, Ci > 3.5 was used as the threshold.

GO ANALYSIS

The major biological processes, molecular functions, and cellular
components associated with each cluster and gene set for the genes
displaying decreased and increased expression were determined
using the plugin Biological Network Gene Ontology (BiNGO) 2.44, a
Cytoscape 2.8.3 plugin (Fig. 1) [Maere et al., 2005]. The degree of
functional enrichment for a given GO category was quantitatively
assessed (P-value) based on a hypergeometric distribution [Rivals
et al., 2007]. A correction for multiple comparisons was performed
by applying the FDR algorithm, which was fully implemented in the
BiNGO software, at a significance level of adjusted P <0.05
[Benjamini and Hochberg, 1995]. In addition, the most representa-
tive biological processes, molecular functions, and cellular compo-
nents in each cluster were selected and classified according to their
gene expression (increased or decreased) and the experiment that
provided these gene expression data (microarray, RNA-Seq, or both).

CENTRALITY ANALYSIS
Centrality analysis was performed using the Centiscape 1.21
software [Scardoni et al., 2009]. This analysis evaluated the most

relevant nodes in the network according to the following selected
centrality parameters: node degree and betweenness (Fig. 1).
Betweenness analysis involved calculating the shortest paths
connecting adjacent nodes that pass through each node, as reported
by Scardoni and Laudanna [2012]. Additionally, node degree
analysis involved evaluating nodal connectivity, which was
expressed as the number of connections for a given node Scardoni
and Laudanna [2012]. An average score was calculated for the node
degree and the betweenness using the following definitions: hub, a
node with a higher node degree score than that of the network
average; bottleneck, a node with a higher betweenness score than
that of the network average [Newman, 2005; Scardoni and
Laudanna, 2012]. Therefore, nodes whose betweenness and node
degree were higher than the network values were defined as hub-
bottleneck (HBs). HBs may perform key regulatory functions in the
cell; they are also likely to be associated with different clusters or
biological processes [Newman, 2005; Scardoni and Laudanna, 2012].
Furthermore, the number of overexpressed and underexpressed HB
genes shared and exclusive of the CP and CM networks were
visualized with different Venn Diagrams using the online tool Data
Overlapping and Area-Proportional Venn Diagram [http://apps.
bioinforx.com/bxaf6/tools/app_overlap.php].

INTERFERENCE ANALYSIS

Interference 1.0 is a Cytoscape software plug-in that can be used to
evaluate the functional influence of a single node or multiple nodes
on the network topology via a virtual knockout experiment [Feltes
and Bonatto, 2013; Scardoni et al., 2014]. For this evaluation, the
betweenness parameter was selected to be recomputed on the
network after each node was removed. Each node represented by an
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HB bioactive lipid in the CP and CM networks was removed to
evaluate its effect on the betweenness of each remaining node. In this
sense, interference analysis was performed for each cluster that
contained bioactive lipids (clusters I-CP, II-CP, III-CP, and III-CM).

Interference analysis can determine whether removing a given
node or multiple nodes positively or negatively affects the
betweenness score. Negative interference indicates that the removal
of a given node increases the centrality value of a target node,
meaning that the presence of a given node is disadvantageous to the
topology of the target node. In contrast, positive interference
indicates that the removal of a given node disrupts the topology of
the target nodes. To obtain our results, we focused on nodes that
induced the highest positive and the lowest negative interference on
their target nodes.

NETWORK DESIGN AND TRANSCRIPTOMIC META-ANALYSIS OF
CARDIAC PRECURSOR (CP) CELLS AND CARDIOMYOCYTES (CMS)
Our transcriptomic and interatomic analyses revealed two networks
displaying distinct transcriptomic profiles: the CP and CM networks
(Fig. 1 and Supp. 1). The CP network contains DEGs identified based
on comparisons between CP cells and ESCs, and the CM network
contains DEGs identified based on comparisons between CMs and
ESCs. The CP network was composed of 3,921 nodes and 18,514
edges (Supp. 1A), whereas the CM network was composed of 4,906
nodes and 24,728 edges (Supp. 1B).

Network examination in STITCH 3.1, using bioactive lipids as an
input, allowed us to obtain 19 lipids and their derivatives, such as
Sph, S1P, Cer, SM, sphingosylphosphorylcholine (SPC), phosphor-
ylethanolamine (PE), phosphatidylinositol (PtdI), phosphatidylgly-
cerol (PtdG), phosphatidylcholine (PtdC), phosphatidylserine (PtdS),
PA, and LPA. These small molecules are shared in the CP and CM
networks and shown as black nodes (Supp. 1A and B).

The DEG data obtained from the microarray or RNA-seq meta-
analysis or both were overlaid onto the CP and CM networks (Fig. 1
and Supp. 1), generating the “node-DEGs”, a multiplex representa-
tion of genes. In this representation, the CP network is composed of
1,613 overexpressed genes and 1,395 underexpressed genes (Supp.
1A), whereas the CM network is composed of 2,042 overexpressed
genes and 2,009 underexpressed genes (Supp. 1B). Furthermore, we
evaluated the number of shared and non-shared node-DEGs between
the CP and CM networks (Fig. 2A and B), revealing that 1,278
overexpressed node-DEGs and 1,248 underexpressed node-DEGs
were shared between the CP and CM networks (Fig. 2A and B).
However, the CP network contained 335 overexpressed genes and
147 underexpressed genes that were not shared, whereas the CM
network contained 764 overexpressed genes and 761 underex-
pressed genes that were not shared (Fig. 2A and B).

The associated node-DEGs from the shared and non-shared
groups were selected for GO analysis (Fig. 2A and B). The resulting
overexpressed node-DEGs that were shared between the CP and CM
networks were overrepresented by sphingolipid and membrane lipid
metabolic processes, heart and mesoderm morphogenesis, cytoske-
leton and ECM organization, and cardiac muscle tissue development

(Fig. 2A). Interestingly, the underexpressed node-DEGs that were
shared between the CP and CM networks were overrepresented by
biological processes associated with the regulation of cell prolifer-
ation, chromatin modification, and DNA repair (Fig. 2B).

Various node-DEGs that encode proteins associated with bioactive
lipid metabolism and signaling were found to be overexpressed node-
DEGs that were shared between the CP and CM networks (Table I).
Furthermore, bioactive lipids interact with several overexpressed
node-DEGs whose expression is essential for cell signaling. Moreover,
S1P appeared in the both CP and CM networks to be associated with
Aktl, Fnl, IL6, Nos3, Racl, Rhoa, and Vegfa (Fig. 3A and B).
Additionally, LPA was directly associated with Akt1, Edn1, Fn1, Ptk2,
Pxn, Rac1, Rhoa, Rhod, and Src (Fig. 3A and B).

CENTRALITY AND GO ANALYSES

Centrality analysis indicated that the HBs-associated subnetwork from
the CM and CP networks was composed of 534 nodes and 5,333 edges in
the CP network, and 650 nodes and 7,676 edges in the CM network
(Supp. 1A and B). These HB nodes are represented in the networks with a
thick edge. Small molecules, such as Cer, LPA, PA, Sph, and S1P, were
also found to be HB nodes (Supp. 1A and B). In addition, various HBs
that are associated with bioactive lipids, such as Cav1, LPAR, Sphk1,
and Smpd1, were detected (Supp. 1 and Fig. 3). Moreover, we detected
several overexpressed HB node-DEGs related to the ECM, cell adhesion,
and integrin signaling in the CM and CP networks; these genes included
Col1al, Col1a2, Col3al, Col6a2, Lama2, Mmp2, Cyr61, Itga4, Itga5,
Itga7, Itgb1, Fn1, Pxn, Msn, Actb, and Actn1 (Supp. 1).

Several HBs that were overexpressed node-DEGs associated with
murine heart development were found, such as Thx2, Thx5, Hand2,
Bmp2, Bmp4, Bmp7, Isl1, TGF- 31, Gata4, Gata6, Nkx2-5, and Erbb2
(Supp. 1).

We also evaluated shared and non-shared overexpressed and
underexpressed node-DEGs in HB subnetworks from the CP and CM
networks, followed by GO analysis (Fig. 4A and B). This analysis
revealed that the shared overexpressed HB node-DEGs were
associated with cell communication, heart morphogenesis, cytoske-
letal organization, cell-cell and cell-matrix adhesion, ECM
organization, integrin-mediated signaling, positive regulation of
lipid kinase activity, and positive regulation of lipid metabolic
processes (Fig. 4A). Alternatively, the underexpressed node-DEGs
shared between the CP and CM networks were represented by DNA
replication and the cell cycle (Fig. 4B).

CLUSTERING AND GO ANALYSIS

Clustering analysis of the networks was performed to understand the
role of bioactive lipids in cardiac differentiation. Clusters above the
threshold values containing similar GO were merged, resulting in
four major clusters identified in both the CP and CM networks (Supp.
2). The predominant biological processes observed in clusters I-CP,
II-CP, and III-CP were heart morphogenesis, migration, cell
adhesion, and ECM organization (Supp. 3A-C). Nevertheless, cell
differentiation, tissue remodeling, and regulation of heart contrac-
tion were present in I-CP and II-CP (Supp. 3A and B). In addition,
regulation of programmed cell death and apoptosis are observed in
CI-CP, CHI-CP, and CII-CM (Supp. 3A, C and 4C). Biological
processes related to the response to lipids, cellular membrane
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Fig. 2. (A) Comparative GO analysis of all of the overexpressed node-DEGs in the CM and CP networks. (B) Comparative GO analysis of all of the underexpressed node-DEGs in

the CM and CP networks.

organization, and lipid and sphingoid metabolism were also
represented in clusters I-CP, II-CP, and III-CP, which may indicate
a relationship between bioactive lipids and morphogenetic processes
(Supp. 3A-C). Additionally, the majority of the node-DEGs that
encode proteins related to these processes were overexpressed (Supp.
3A-C). Interestingly, in these CP clusters, cellular component
analysis indicated several overexpressed genes related to cytoske-
leton, membrane raft, plasma membrane, and ECM (Supp. 3A-C).
Additionally, the prevalent molecular functions among I-CP, II-CP,
and III-CP were transferase activity, ECM structural constituent,
transmembrane receptor protein kinase activity, and ultimately lipid
binding observed in II-CP and III-CP (Supp. 3B and C). Nonetheless,

Rho guanine-nucleotide exchange factor, ceramidase, and bioactive
lipid receptor activity were observed in III-CP (Supp. 3C).

In the CM network, the biological processes of heart development
and morphogenesis, migration, ECM organization, tissue remodeling,
and cytoskeleton organization were detected in clusters I-CM and III-
CM, which were predominantly represented by overexpressed node-
DEGs (Supp. 4A and C). Furthermore, molecular function analysis of
II-CM showed sphingolipid binding, bioactive lipid receptor activity,
ceramidase, and sphingomyelin phosphodiesterase activity, and
extracellular matrix structural constituent, in addition to collagen,
laminin, and fibronectin binding (Supp. 4A and C). According to
cellular component analysis of I-CM and III-CM, the prevalent results
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TABLE I. Overexpressed Node-DEGs Shared Between the CP and CM Networks and Associated With Bioactive Lipid Metabolism

Gene Description

Function

Agpat-1, -3, -6, -9 Lysophosphatidic acid acyltransferase
Asah-1, -2 N-acylsphingosine amidohydrolase
Cerk Ceramide kinase

Lass4 (Dihydro) ceramide synthase

Lpar-1, -3 Lysophosphatidic acid receptor
Pld-1, -2 Phospholipase D2

Ppap-2a, -2b Phosphatidic acid phosphatase type 2
Sipr-1, -3 Sphingosine-1-phosphate receptor
Sgpl1 Sphingosine phosphate lyase

Sgppl Sphingosine-1-phosphate phosphatase
Smpd-1, -3 Sphingomyelinase

Sphk1 Sphingosine kinase

Spns2 Spinster homolog 2

Sptlel Serine palmitoyltransferase

Converts lysophosphatidic acid to phosphatidic acid

Hydrolyzes ceramide into sphingosine

Promotes the phosphorylation of ceramide, generating ceramide-1-phosphate

Involved in the ceramide de novo synthesis pathway, which converts
dihydrosphingosine to dihydroceramide

Membrane receptor of lysophosphatidic acid

Catalyzes the conversion of phosphatidylcholine to phosphatidic acid

Catalyzes the conversion of phosphatidic acid to diacylglycerol

Membrane receptor of sphingosine-1- phosphate

Promotes the cleavage of phosphorylated sphingoid bases

Catalyzes sphingosine-1-phosphate degradation via salvage and promotes the
recycling of sphingosine

Converts sphingomyelin to ceramide

Promotes the phosphorylation of sphingosine, generating sphingosine-1-
phosphate

Mediates sphingosine-1-phosphate cell export

Converts L-serine and palmitoyl-CoA to 3-ketodihydrosphingosine. Promotes the
first step of the de novo biosynthesis of ceramide

were membrane raft, cytoskeleton, and extracellular space (Supp. 4A
and C). Alternatively, cluster II-CM was related to cardiac metabolism
associated with heart contraction, including contractile fiber,
sarcomere, and cytoskeleton as the prevailing cellular components,
while molecular function is dictated by structural constituent of
cytoskeleton and motor activity (Supp. 4B).

Clusters IV-CP and IV-CM were primarily represented by under-
expressed node-DEGs related to the cell cycle, RNA processing, DNA
repair, and replication, and are shown as the major cellular component
chromosome, heterochromatin, and nuclear lumen (Supp. 3D and 4D).

INTERFERENCE ANALYSIS

The most relevant results according to the interference analysis were
selected within each analyzed cluster and are presented in Table II.
Virtual knockout of the HB bioactive lipids (S1P, Cer, Sph, PA, LPA)
interfered with the betweenness score of several nodes related to
cardiac development, indicating that in a biological context, these
target nodes can be regulated by the removed nodes. According to
our results, the virtual knockout of S1P positively interfered with
Vegfa, Nos3, 116, Ptgs2, Rhoa, and the chemokines Cxcl12, Cxcl13,
and Cxcr4, reducing their topological importance in the network
(Table II). However, S1P could not be evaluated in CIII-CP and CIII-
CM due the network fragmentation, which rendered the calculations
impossible. Furthermore, LPA affected the betweenness score of Src,
Egfr, Pxn, Ednl, Ptk2, and the Rho GTPases Rhoa and Rhod,
indicating a role for LPA in maintaining the topology of these nodes
(Table TI). The main targets that were positively affected by virtual
knockout of Cer were Hand2, Edn1, Cd44, Casp8, Serpinel, Ptgs2,
Bcl2l11, Fas, and 116, while the negatively affected nodes were Nos3,
Mmp2, and Mmp9 (Table I). In addition, PA improve the
betweenness score of Mmp9, while Sph negatively interfered with
Egfr, Cxcl12, Cxcr4, and Src in CIII-CP (Table II).

MEMBRANE DYNAMICS
The embryonic vertebrate heart undergoes a series of orchestrated
events during cardiac development, growth, and maturation; these

events involve cell movements and morphological transformations
[Chen et al., 2005]. The ECM is a dynamic structure that provides a
scaffold for cell adhesion in the interstitial space and that also
facilitates the propagation of mechanical signals [Little and Rongish,
1995; Bowers et al., 2010; Rozario and Desimone, 2010]. During
cardiac development, different stimuli, such as rhythmic contrac-
tions that start early in cardiomyocytes and cytokines produced by
cardiac myofibroblasts, are able to influence heart remodeling
[Porter and Turner, 2009; Wozniak and Chen, 2009; Granados-
Riveron and Brook, 2012]. These stimuli can transiently activate
plasma membrane SMases, an overexpressed HB in the CP and CM
networks (Fig. 3) whose activity (sphingomyelin phosphodiesterase)
was detected by GO analysis in III-CM (Supp. 4C), and promote Cer
and PtdC production (Fig. 5A) [Czarny and Schnitzer, 2004].
Moreover, SM cleavage promotes the redistribution of cholesterol in
the plasma membrane bilayer, altering the cholesterol concentration
and modulating the activity of membrane-associated signal trans-
duction proteins (Fig. 5A) [Armstrong and Zidovetzki, 2008; Qin
et al., 2012]. Accordingly, GO analysis indicated the membrane lipid
metabolic process represented by overexpressed node-DEGs in
the main network and in the III-CP cluster, which also showed
cellular membrane organization, mostly represented by overex-
pressed genes (Fig. 2A and Supp. 3C). In addition, membrane rafts
and caveolae were associated with I-CP, III-CP, and III-CM (Supp.
3A, C and 4Q). Interestingly, Groenendijk et al. [2007] published a
review that emphasized the important role of shear stress in
providing a mechanical stress necessary for normal heart develop-
ment and in affecting the expression of genes, such as Edn1 and
Nos3, that will be discussed later as the targets of bioactive lipids.

CELL MOTILITY, MIGRATION, AND CYTOSKELETAL REORGANIZATION
Transient increases in Cer levels promote the activation of a
signaling cascades triggered by Src (Fig. 5B) [Czarny and Schnitzer,
2004]. The Src-associated node-DEG was overexpressed in the CP
and CM networks and was also associated with bioactive lipids, in
addition to being topologically affected by LPA virtual knockout
(Fig. 3 and Table II). LPA also negatively affected Ptk2 and Pxn
topology in CIII-CP (Table II). Src regulates Cav1 cellular localization
and mediates Ptk2 phosphorylation, modulating F-actin dynamics,
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Fig.3. (A) Subnetworks of the CP network represented by bioactive lipids and
directly interacting nodes. (B) Subnetworks of the CM network represented by
bioactive lipids and directly interacting nodes. The colored bars are described in
the legend. Legend: thick edge, HB; black node, Small molecules; dark blue,
underexpressed node-DEG based on both the RNA-seq and microarray analyses;
light blue, underexpressed node-DEG based on either the RNA-seq or
microarray analysis; red, overexpressed node-DEG based on both the RNA-
seq and microarray analyses; orange, overexpressed node-DEG based on either
the RNA-seq or microarray analysis; and white, non-DEG.

cell polarity, and adhesion during migration (Fig. 5B), as
demonstrated by our GO analysis of the clusters and the overex-
pressed HBs (Fig. 4A, Supp. 3A-C, 4A and C) [Westhoff et al., 2004;
Rathor et al., 2014]. In addition, the HB Pxn was an overexpressed
node-DEG that is essential for focal adhesion complexes that
interacted directly with LPA in the interactomic networks (Fig. 3).
LPA was previously reported to stimulate Ptk2 and Pxn phosphor-
ylation in a surface receptor-dependent manner, and this stimulation
was shown to be essential for migration (Fig. 5B) [Liao et al., 2013].

Furthermore, cell motility and cell-cell contacts are related to
filamin A (Flna), whose node-DEG was overexpressed in the CP and
CM networks. Flna promotes cross-linking between plasma mem-
brane Sphk1 and S1PR1, forming an intracellular signaling scaffold
that is able to recruit Rho GTPases and orchestrate cell migration and
lamellipodia formation (Fig. 5C) [Zhou et al., 2007; Maceyka et al.,
2008]. Additionally, the PI3k/Akt pathway, which may be regulated
by Cer and S1PR1, is required for the expression of cardiac
transcription factors in mesodermal cells and has been associated
with cardiac commitment, lamellipodia formation, and cytoskeletal
reorganization via Racl activation [Faustino et al., 2008; Putnam
et al., 2009; Castellano and Downward, 2011; Sheehy et al., 2012].

HEART DEVELOPMENT AND ECM REMODELING

Stable membrane rafts, which are enriched in cholesterol and SM,
have been postulated to be necessary for the activity of hyaluronan
synthase (Has). In the CP and CM networks, Has2 was an overex-
pressed node-DEG associated with Cd44, a hyaluronan receptor that
interacts with Cer, as shown in Figure 3. In addition, Cer virtual
knockout interfered with the betweenness value of Cd44 (Table II).
Hyaluronan is an abundant component of cardiac jelly and is essential
for the morphogenesis of the endocardial cushion and atrioventricular
canal during heart development [Camenisch et al., 2001]. Further-
more, PI3K/Akt activation is associated with increased hyaluronan
synthesis via a mechanism that involves S1P stimulation (Fig. 5D) [Qin
et al., 2012].

According to the interference results, Cer and LPA virtual
knockouts negatively affected Ednl betweenness, indicating that
these lipids can be important to Edn1 activity (Table II). Notably, Edn1,
a peptide whose receptor (the endothelin B receptor, Ednrb) is
associated with Cav1 in caveolae, is capable of increasing Cer and
glycosphingolipid levels (Fig. 5B) [Catalan et al., 1996; Yamaguchi
etal., 2003]. In addition, LPA has been observed to upregulate Edn1 in
mouse embryonic fibroblasts [Stortelers et al., 2008]. The HBs Edn1
and Cavl were overexpressed in the CP and CM networks, and
Edn1 directly interacts with bioactive lipids in both networks (Fig. 3).
Ednl induces Nkx2.5 recruitment in cardiac progenitor cells and
promotes the differentiation of pacemaker cells during cardiogenesis
(Fig. 5B) [Zhang et al., 2012]. Furthermore, Edn1, S1P, and LPA are
able to stimulate the expression of Cyr61, a gene whose protein is
associated with extracellular matrix, cell adhesion, and migration
through the binding of different integrins and is overexpressed in both
the CP and CM networks [Mo and Lau, 2006]. However, Cyr61~ /™ mice
showed defects in valvuloseptal morphogenesis, inducing precocious
apoptosis in cushion tissue, which can disrupt the fusion event [Mo
and Lau, 2006].

Moreover, S1P promotes the nuclear accumulation of myocardin
(Myocd), which was overexpressed in the CP and CM networks.
Myocd transcriptionally co-activates Srf in a RhoA-dependent
manner (Fig. 5D) [Zhao et al., 2014]. S1P and LPA activate Srf, which
has been reported to regulate cardiac and smooth muscle genes, and
the Srf-null mutant exhibits abnormal gastrulation and mesoderm
development (Fig. 5D) [Brand, 2003; Lockman et al., 2004]. In
addition, Srf activation by S1P and LPA is mediated by RhoA/Rho
activity; GO analysis revealed Rho guanine-nucleotide exchange
factor activity in the ITI-CP clusters (Supp. 3C).
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Fig. 4. (A) Comparative GO analysis of the overexpressed HB genes in the CM and CP networks. (B) Comparative GO analysis of the HBs that were underexpressed node-DEGs in

the CM and CP networks.

In the CP and CM networks, Yap1 was an overexpressed node-
DEG. The nuclear localization and activation of Yap1 are regulated
by S1P via F-actin polymerization and Rho GTPase activation (Fig.
5D) [Miller et al., 2012]. Yap1 is considered a sensor and a mediator
of the mechanotransduction that has been associated with cardiac
regeneration and cardiac growth (Fig. 5D) [Xin et al., 2013].
Furthermore, Yapl acts as a cofactor of Thx5 (Fig. 5D), a
transcription factor that is expressed in the heart tube during
cardiac morphogenesis, and the loss of Thx5 function causes heart
septum defects [Horb and Thomsen, 1999].

In the CI-CP network, S1P virtual knockout interfered negatively
with Nos3 (Table II). Nos3 was an overexpressed HB in the CP and
CM networks that interacted directly with bioactive lipids, as
shown in Figure 3. Furthermore, Nos3 deficiency results in
congenital septal defects and heart failure via increased apoptosis
in atrioventricular cushion regions, as well as increased incidence of
bicuspid aortic valve formation [Liu and Feng, 2012].

Cardiac morphogenesis is an adhesion-dependent process in
which integrin signaling mediates the interaction between the cell

and the ECM, as well as cell-cell interactions [MacKenna et al.,
2000]. Furthermore, integrin signaling activation is positively
regulated by lipid rafts [Leitinger and Hogg, 2002]. Accordingly,
integrin signaling and integrin binding were detected in the I-CP, II-
CP, TII-CP, and MI-CM clusters (Supp. 3A-C and 4C), whereas ECM
organization and ECM structural constituent were detected in I-CP,
II-CP, MI-CP, I-CM, and III-CM (Supp. 3A-C, 4A and C).

Interestingly, sphingolipids are co-regulators of the TGF-f
signaling pathway, and cells transfected with sphingosine-1-
phosphate phosphatase (Sgppl) show increased collagen type 1
alpha expression synergistically with the TGF-$ cascade [Sato et al.,
2003]. TGF-B1 was as an overexpressed HB found in both the CP and
CM networks (Supp. 1). Furthermore, S1P transactivates the TGF-3
receptor, thereby inducing Ctgf via Smad activation [Garrett et al.,
2004; Katsuma et al., 2005]. Ctgf is also an overexpressed HB found
in the CP and CM networks and has been associated with
myofibroblast differentiation and collagen matrix contraction in
response to mechanical activation [Garrett et al., 2004; Katsuma
et al., 2005].
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TABLE II. Most Relevant Virtual Knockouts of the HB Bioactive Lipids and Their Targets

Virtual Interference
Cluster knockout Target value Description
Cluster I-CP Cer Serpinel 0.04 Serpin peptidase inhibitor, clade E
Casp8 0.034 Caspase 8, apoptosis-related cysteine peptidase
Cd44 0.032 CD44 antigen
Ptgs2 0.022 Prostaglandin-endoperoxide synthase 2
Fas 0.009 Fas cell surface death receptor
Mmp9 —0.004 Matrix metallopeptidase 9
Mmp2 —0.005 Matrix metallopeptidase 2
Cluster II-CP Cer Cd44 0.018 CD44 antigen
Casp8 0.013 Caspase 8, apoptosis-related cysteine peptidase
Serpinel 0.011 Serpin peptidase inhibitor, clade E
Ptgs2 0.005 Prostaglandin-endoperoxide synthase 2
Bcel2l1 0.002 BCL2-like 1
Fas 0.002 Fas cell surface death receptor
1l6 0.002 Interleukin 6
Mmp9 —0.002 Matrix metallopeptidase 9
Sphk1 —0.003 Sphingosine kinase 1
Mmp2 —0.006 Matrix metallopeptidase 2
Nos3 —0.014 Nitric oxide synthase 3
S1P Vegfa 0.014 Vascular endothelial growth factor A
Nos3 0.007 Nitric oxide synthase 3
Il6 0.006 Interleukin 6
Ptgs2 0.005 Prostaglandin-endoperoxide synthase 2
Rhoa 0.003 Ras homolog family member A
Cxcl12 0.002 Chemokine (C-X-C motif) ligand 12
Cxcr4d 0.002 Chemokine (C-X-C motif) receptor 4
Cxcl13 0.001 Chemokine (C-X-C motif) ligand 13
Cluster III-CP PA Mmp9 —0.004 Matrix metallopeptidase 9
Cer Ptgs2 0.071 Prostaglandin-endoperoxide synthase 2
Fas 0.056 Fas cell surface death receptor
Bcel2l1 0.038 BCL2-like 1
Hand2 0.014 Heart and neural crest derivatives expressed transcript 2
Ednl 0.005 Endothelin 1
Lpar3 —0.004 Lysophosphatidic acid receptor 3
Siprl —0.004 Sphingosine-1-phosphate receptor 1
Sph Cxcl12 —0.004 Chemokine (C-X-C motif) ligand 12
Cxcr4 —0.005 Chemokine (C-X-C motif) receptor 4
Src —0.065 v-src avian sarcoma (Schmidt-Ruppin A-2) viral oncogene homolog
LPA Ednl 0.088 Endothelin 1
Src 0.058 v-src avian sarcoma (Schmidt-Ruppin A-2) viral oncogene homolog
Ptk2 0.054 Protein tyrosine kinase 2
Pxn 0.037 Paxillin
Egfr 0.01 Epidermal growth factor receptor
Rhoa —0.076 Ras homolog family member A
Cluster III-CM Sph Egfr 0.049 Epidermal growth factor receptor
Src —0.006 v-src avian sarcoma (Schmidt-Ruppin A-2) viral oncogene homolog
LPA Egfr 0.017 Epidermal growth factor receptor
Ednl 0.015 Endothelin 1
Ptk2 0.012 Protein tyrosine kinase 2
Src 0.012 v-src avian sarcoma (Schmidt-Ruppin A-2) viral oncogene homolog
Pxn 0.008 Paxillin
Lpar3 0.007 Lysophosphatidic acid receptor 3
Rhod 0.006 Ras homolog family member D

Moreover, S1P initiates a signaling cascade via S1PR1 and
activates the transcription factor Stat3, which is necessary for energy
production and heart remodeling, regulating gene expression
associated with hypertrophic growth, development, and regener-
ation [Haghikia et al., 2014; Nguyen et al., 2014]. In the CP and CM
networks, Stat3 appeared as an overexpressed HB and is able to
impact ECM composition, regulating the expression of cytokines and
genes associated with ECM, such as collagen [Haghikia et al., 2014].
Alterations to ECM homeostasis can lead to the loss of ECM
components, promoting functional impairment and dilatation, or
can induce the excess synthesis and deposition of ECM components,
triggering enhanced fibrosis [Haghikia et al., 2014]. However,
despite Stat3 promoting ECM component synthesis, Stat3-KO mice
display increased expression of genes involved in fibrosis, such as
Ctgf, Tnc, Serpinel, Thbsl, and Timpl, indicating that Stat3

modulates gene expression to maintain ECM homeostasis and acts
as the most important molecule in communications between
fibroblast and cardiomyocytes [Haghikia et al., 2014].
Furthermore, LPA activates and increases Mmp2 and Mmp9 gene
expression in an LPA-receptor-signaling-dependent manner [Park
et al., 2011; Kato et al., 2012; Komachi et al., 2012], promoting ECM
degradation during cardiac loop formation and tissue remodeling
(Fig. 5D), as detected in the I-CP, II-CP, and ITI-CM clusters (Supp. 3A,
B and 4C), including metallopeptidase activity performed by Mmp2
and Mmp?9 in ITI-CP (Supp. 3C) [Linask et al., 2005; Kim et al., 2011].
Furthermore, S1P is able to induce Timp2 cell release (Fig. 5D), which
is required to generate active Mmp2, which was an overexpressed HB
in both the CP and CM networks [Linask et al., 2005; Mascall et al.,
2012]. In the interference results, Cer and PA virtual knockouts were
observed to positively affect Mmp9 and Mmp2 betweenness, which
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These stimuli, along with the release of cytokines such as TNF-alpha and IL-6 by fibroblasts, transiently activate SMase, which converts SM to Cer and PtdC. Sph can be
phosphorylated by SphK1, thereby forming S1P and avoiding the accumulation of Cer in the cell. However, PtdC can form PA through PLD activity, which is converted to DAG or
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to promote the activation of the PI3K/AKT signaling pathway, which induces the synthesis of hyaluronan by activating Has and promoting the expression of key transcription
factors involved in cardiac development. Additionally, STP induces Myocd translocation to and accumulation in the nucleus through the activation of Rho, which acts as a
cofactor for Srf, thereby promoting the expression of genes essential to cardiogenesis. S1P also regulates the location of Yap1 through RhoA activation. Yap1 acts as a sensor and
mediator of mechanotransduction, being associated with cardiac growth, in addition to acting as a cofactor for Tbx5, a cell cardiac marker. LPA can also stimulate the expression
of Mmp2 and Mmp9, in addition to the regular STP-mediated secretion of Timp2, which is associated with extracellular matrix remodeling and is essential for tissue remodeling

and cardiac looping.

was expected, given that LPA and S1P positively regulate Mmp9 and
Mmp2, and the presence of these lipids is associated with Cer and PA
conversion.

Serpinel was an overexpressed HB, whose betweenness topology
was negatively affected by Cer virtual knockout (Table II).
Interestingly, SMases and Cer induce Serpinel release in response
to Tnf-a stimulation in vascular endothelial cells [Soeda et al., 1995;
Soeda et al., 1998]. Serpinel is also involved in cardiac remodeling
and the regulation of cell adhesion and migration, in addition to
influencing ECM homeostasis [Xu et al., 2010; Czekay et al., 2011].

INFLAMMATORY AND APOPTOTIC MOLECULES ASSOCIATED WITH
BIOACTIVE LIPID SIGNALING

According to our interference analysis, Cer virtual knockout
negatively affected the betweenness score of Casp8, Fas, and

Bcl2l1 in the CI-CP, CII-CP, and CIII- CP networks, indicating that
Cer signaling can play a role in the activity of these gene products
(Table T). In the CP network, Casp8, Fas, and Bcl2l1 were
overexpressed HB node-DEGs that directly interacted with Cer,
while in the CM network, Cer interacted with Casp8 and Bcl2 (Fig. 3).
This lipid is associated with apoptosis induction, being activated by
Fas, leading the mitochondrial Ca®" increase and activating Casp
and Bid [Darios et al., 2003]. Apoptosis is an essential mechanism
during embryogenesis that orchestrates tissue morphogenesis during
development by eliminating unwanted cells and was represented by
GO analysis in the CI-CP, CIII-CP, and CIII-CM networks (Supp. 3A, C
and 4C) [Sakamaki et al., 2002]. Casp8-null mice were previously
shown to die at E11.5, presenting neural and cardiac formation
defects [Sakamaki et al., 2002]. In addition, Cer affects Bcl2 function

by inducing the dephosphorylation of serine 70, whose
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phosphorylation is necessary for the anti-apoptotic activity of Bcl2
[Ruvolo et al., 1999].

Furthermore, S1P virtual knockout affected the betweenness
scores of 116, Cxcl12, Cxcl13, and Cxcr4 in CII-CP (Table II). 116 was
an overexpressed HB node-DEG in the CP and CM networks that
interacted directly with S1P. This cytokine is secreted by
cardiofibroblasts and functions in heart remodeling [Porter and
Turner, 2009]. Cardiac cells that lack Il6 activity attenuated the
activation of Stat3 and Vegfa production, leading to interstitial
collagen accumulation, which promotes cardiac dilatation and
ventricular dysfunction [Banerjee et al., 2009; Porter and Turner,
2009]. In both the CP and CM networks, Cxcr4, Cxcl12, and Cxcl13
interacted directly with S1P (Fig. 3). S1P has been shown to
cooperate with Cxcl12 to increase cell adhesion in an a4p1 integrin-
dependent manner [Garcia-Bernal et al., 2013]. In addition, Cxcl12
can drive neural crest cell migration and bind to its main receptor
Cxcr7, which heterodimerizes with Cxcr4 and potentiate Cxcl12
responses [Escot et al., 2013]. Neural crest cells in Cxcl127/" or
Cxcr4~/~ mice showed delayed migration and increased apoptosis,
which leads to malformation of the conotroncus region, ventricular
septum defects, and double-outlet right ventricle [Escot et al., 2013].
Moreover, in stromal cells and hematopoietic progenitors, S1P was
observed to induce Cxcl12 release [Golan et al., 2012].

In the CI-CP, CII-CP, and CIII-CP networks, Ptgs2 betweenness
score was negatively affected by the virtual knockout of S1P and Cer
(Table II). In both the CP and CM networks, Ptgs2 directly interacts
with Cer and S1P (Fig. 3) and is essential for proper myocardial cell
morphogenesis in the atrioventricular valve region [Scherz et al.,
2008]. Different studies observed that S1P induces Pfgs2 expression
and the promotion of prostaglandin e2 release in response to TNF-a,
which is secreted by cardiofibroblasts [Pettus et al., 2003; Porter and
Turner, 2009; Hsu et al., 2015]. In addition, Egfr activation is also
associated with increased Ptgs2 expression (Xu and Shu, 2007).
However, given that Egfr is located in lipid rafts and that
transactivation is regulated by S1P, this lipid may be related to
Ptgs2 expression mediated by Egfr [Tanimoto et al., 2004]. Egfr acts
in valve formation during cardiac development by modulating the
activity of P1d2 and Bmp, as well as by interacting with Sph and LPA.
Egfris also negatively affected by the virtual knockout of these lipids
[Czarny et al., 2000; Iwamoto and Mekada, 2006].

In this study, we propose an interaction between the extracellular
environment, which is composed of matrix molecules, and bioactive
signaling lipids. External environmental stimuli and morphogens
affect lipid membrane composition and lipid rafts, inducing several
signaling cascades by altering the levels of available Cer, SM, and
cholesterol. Additionally, transient changes in the Cer and SM levels
can stimulate S1P and LPA and activate signaling cascades
associated with cell communication, adhesion, and motility. The
signaling pathways modulated by bioactive lipids also induce the
remodeling of the ECM and the synthesis of new ECM components.
Currently, it is understood that changes in the external cellular
environment can regulate gene expression. Similarly, this study

suggests that the signaling activated by bioactive lipids may be
associated with the cellular response to various stimuli; these
responses generate cell signaling and gene expression adaptation
during differentiation and cardiac morphogenesis.
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