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Simple Summary: A complete and exploratory landscape of developmental biology during mam-
malian organogenesis is needed to improve livestock production and contribute with comparative
developmental studies in other relative species, including humans. Since transcriptome analysis
is suitable to understand systemic context and genomic interactions, we evaluated the main tran-
scriptional changes during overall organogenesis comparing fetal and embryonic stages through
RNA-seq analysis, using the pig as model. The differentially expressed genes between pig fetuses
and embryos highlight the main biological events and pathways required for primary organs and
body structure development at the embryonic stage, the biological events and pathways related to
growth and specialization of these organs at the fetal stage, as well as the molecular mechanisms
involved in embryonic to fetal transition. This exploratory transcriptional landscape contributes
to improving our knowledge of the crucial biological events during normal prenatal development,
which is relevant in prenatal programing studies as well as in livestock production.

Abstract: Since pre- and postnatal development are programmed during early prenatal life, studies
addressing the complete transcriptional landscape during organogenesis are needed. Therefore, we
aimed to disentangle differentially expressed (DE) genes between fetuses (at 35 days old) and em-
bryos (at 25 days old) through RNA-sequencing analysis using the pig as model. In total, 1705 genes
were DE, including the top DE IBSP, COL6A6, HBE1, HBZ, HBB, and NEUROD6 genes, which are
associated with developmental transition from embryos to fetuses, such as ossification, skeletal
muscle development, extracellular matrix organization, cardiovascular system, erythrocyte differenti-
ation, and neuronal system. In pathway analysis, embryonic development highlighted those mainly
related to morphogenic signaling and cell interactions, which are crucial for transcriptional control
during the establishment of the main organs in early prenatal development, while pathways related
to myogenesis, neuronal development, and cardiac and striated muscle contraction were enriched
for fetal development, according to the greater complexity of organs and body structures at this
developmental stage. Our findings provide an exploratory and informative transcriptional landscape
of pig organogenesis, which might contribute to further studies addressing specific developmental
events in pigs and in other mammals.
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1. Introduction

Early prenatal development is highly susceptible to developmental abnormalities,
which may lead to impaired survival of conceptuses [1]. In mammals, the prenatal de-
velopment is characterized by three main stages. First, the pre-implantation period that
comprises from fertilization to attachment of the embryo into the uterine wall. Second, the
organogenesis period in which the main tissues, organs, and body structures are formed.
Finally, the third stage is marked by the refinement and growth of these organs, structures
and tissues, characterizing the fetal period [1–3]. During embryogenesis, the development
of complex and multicellular tissues and organs requires a well-orchestrated set of cellular
events, involving cell–cell signaling and an intrinsic transcriptional program [4].

In pigs, a substantial increase in prenatal losses during the post-implantation pe-
riod has been reported as a consequence of uterine crowding, mainly in highly prolific
breeds [5,6]. In contrast, the surviving conceptuses under uterine crowding conditions
may present intrauterine growth restriction (IUGR) [6], resulting in developmental biology
impairments, such as a reduced number of pancreatic islets, kidney glomeruli, and muscle
fibers, which, ultimately, compromise the productivity and functionality of the affected
progeny in postnatal life [7]. As many of these adverse effects on postnatal life are usually
programmed in the prenatal development [6], the knowledge of the key genes and their
signaling pathways that regulate biological events related to organogenesis may provide a
valuable support for studies addressing the causes and consequences of prenatal program-
ming in the context of molecular biology, as well as the improvement of swine and other
livestock production.

Several studies have reported on transcriptional changes during prenatal development
in pigs. However, most of them have been conducted in embryos or endometrium in the
pre-implantation period [8,9], whereas others have addressed the post implantation events
mainly related to myogenesis from a limited set of genes obtained from microarray exper-
iments [10,11]. Therefore, the complete background regarding the main transcriptional
changes and their association with the biological events during pig organogenesis remain
poorly understood.

Based on this, a high-throughput transcriptome analysis was used to identify differen-
tially expressed (DE) genes between early fetuses (35 days old) and embryos (25 days-old),
to obtain an exploratory and complete transcriptional landscape during these development
stages. In addition, we aimed to disentangle some of the biological processes and pathways
associated with developmental biology, which can contribute to further studies addressing
a specific biological event in pigs and also in other mammals.

2. Materials and Methods
2.1. Animal Experiment

The experimental protocol has followed ethical principles in animal research (CON-
CEA, 2016) and was approved by the Ethical Committee on Animal Use of Universidade
Federal de Viçosa (UFV), Minas Gerais, Brazil (protocol no. 06/2017).

The present study is part of a whole experiment initially designed to understand the
effects of maternal dietary L-arginine supplementation on pig embryos at 25 days old and
fetuses at 35 days old [12,13], as well as compare organogenesis. Particularly, in the current
study, we describe the transcriptional changes that occur during the development stages
instead of the effects of L-arginine supplementation. Therefore, only data from embryos and
fetuses from non-supplemented gilts (n = 3 embryos from each three non-supplemented
gilts at 25 days of gestation and n = 3 fetuses from each three non-supplemented gilts
at 35 days of gestation), totalizing 9 embryos and 9 fetuses, were used for the analyses.
After sampling, each embryo and fetus was entirely and separately macerated in liquid
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nitrogen for RNA-sequencing procedures. Additional details regarding the experimental
design, animal management, and sample collection and preparation for RNA-sequencing
(RNA-seq) analyses are available in Supplementary Materials S1.

2.2. RNA Extraction, Library Preparation and Sequencing

The procedures of RNA extraction, library preparation, and sequencing were per-
formed as previously described in [14]. Briefly, 100 mg of whole macerated conceptuses
were mixed to 1 mL Trizol® reagent (Invitrogen, San Diego, CA, USA) and the Qiagen
RNeasy® Mini kit (Qiagen, Hilden, Germany) was used for total RNA isolation, following
the manufacturer’s instructions. Afterwards, the QUBIT fluorometer (Thermo Scientific,
Waltham, MA, USA) was used to quantify the extracted RNA and its integrity was deter-
mined in 1.0% agarose gel. In addition, the RNA integrity number (RIN) was evaluated
using an Agilent 2100 BioAnalyzer (Agilent Technologies, Santa Clara, CA, USA) and
samples with RIN > 8 were kept for further analyses. The cDNA libraries of 35 conceptuses
samples were prepared using the truSeq Stranded mRNA Library Prep Kit (Illumina, Inc.,
San Diego, CA, USA), followed by purification of the poly-A tail using 2 µg of total RNA
starting material, according to the manufacturer’s recommendations. Sequencing was
performed in an Illumina HiSeq2500 (Illumina, Inc.; San Diego CA, EUA), following the
2 × 100 bp paired-end protocol, at the Functional Genomics Center, ESALQ, Universidade
de São Paulo, Piracicaba, SP, Brazil.

From the 35 sequenced samples, 18 conceptuses samples from the non-supplemented
gilts (n = 9 embryos at 25 days old and n = 9 fetuses at 35 days old) were used in the present
study to obtain an exploratory transcriptional landscape occurring during the development
of pig embryos and fetuses.

2.3. RNA-Sequencing Data Analysis

The sequence data were deposited in the Sequence Read Archive of the NCBI databases un-
der Bioproject number PRJNA576701 (https://www.ncbi.nlm.nih.gov/sra/?term=PRJNA5
76701, accessed on 10 October 2019) and the 18 conceptuses samples used in the present
study are under Biosample numbers SAMN13003040, SAMN13003041, SAMN13003042,
SAMN13003043, SAMN13003044, SAMN13003045, SAMN13003046, SAMN13003047, SA-
MN13003048, SAMN13003049, SAMN13003050, SAMN13003051, SAMN13003052, SAMN1-
3003053, SAMN13003054, SAMN13003055, SAMN13003056 and SAMN13003057.

Raw reads (FASTQ) were trimmed with Trimmomatic tool [15], version 0.38, using
the Phred quality score ≥20 and reads length ≥70 bp as parameters. Then, the remaining
sequences were mapped against the pig reference genome (Sus scrofa, v. 11.1) using
Hisat2 software [16], version 2.1.0, and the read counting was performed with HTSeq count
software [17], version 0.11.2, using Ensembl annotation (release 95). All these analyses were
performed following the BAQCOM pipeline [18]. The conceptuses’ sexes were determined
according to Teixeira et al. [14].

The DE genes between pig fetuses and embryos were accessed using the limma [19]
package in the R environment [20], with the sex effect used as an adjustment factor in this
analysis. Since the DE genes were obtained through contrasts between fetal and embryonic
developmental stages, the positive and negative log2-fold changes (logFC) indicate genes
upregulated in fetuses and embryos, respectively. Genes were considered DE using a
set of significance thresholds, such as an adjusted p-value for the false discovery rate
(FDR) < 0.05, according to the Benjamini–Hochberg method [21], and |logFC| > 0.5.

2.4. Functional Analyses

The functional annotation of DE genes was performed in the Database for Annotation,
Visualization, and Integrated Discovery (DAVID) tool, version 6.8 (https://david.ncifcrf.
gov/tools.jsp, accessed on 12 January 2020) [22], using all DE genes as input list and the
Sus scrofa genome (version 11.1) as the background list. The biological processes (BP)
categories were considered as functionally enriched at FDR < 0.05 after the Benjamini–

https://www.ncbi.nlm.nih.gov/sra/?term=PRJNA576701
https://www.ncbi.nlm.nih.gov/sra/?term=PRJNA576701
https://david.ncifcrf.gov/tools.jsp
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Hochberg procedure [21] and submitted to REVIGO [23] to summarize and visualize the
gene ontology (GO) terms. The Toppcluster [24] online tool (http://toppcluster.cchmc.org,
accessed on 20 January 2020) was used to visualize the enriched pathways (FDR < 0.05)
related to the set of annotated genes upregulated in embryos (Cluster 1) and fetuses
(Cluster 2). Finally, the visualization of the functional enrichment from the GO terms and
network pathways was improved using Cytoscape [25], version 3.8.0.

3. Results
3.1. RNA-Sequencing Data

From the whole transcriptome of conceptuses samples (n = 9 embryos and n = 9
fetuses), an average of 29.4 million reads/samples was generated. After quality control,
an average of 26.1 million reads/samples was kept. Moreover, an average of 98.7% of the
reads were mapped against the pig reference genome (Sus scrofa, v.11.1, Ensembl 95).

A principal component analysis for all genes expressed in conceptuses samples
(14,587 in total) was performed and revealed that conceptuses of the same developmen-
tal stage were grouped together, and high distances were observed between embryonic
and fetal stages (Figure 1). This result reflects the accentuated transcriptional differences
between the prenatal ages evaluated in the current study.

Figure 1. Principal component analysis of embryo samples at 25 days old (n = 9) and fetuses’ samples
at 35 days old (n = 9), based on all genes detected in the pig’s prenatal transcriptome. Conceptuses
from different prenatal ages show an evident separation.

http://toppcluster.cchmc.org
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3.2. Differentially Expressed Genes between Fetuses and Embryos

In DE analysis, a total of 1705 genes were differentially regulated (adjusted p-value < 0.05
and |logFC| > 0.5) between pig fetuses and embryos, in which 1258 genes were upreg-
ulated in pig fetuses only, and 447 genes were upregulated in pig embryos (Figure 2).
The top 10 genes upregulated in pig embryos and the top 10 genes upregulated in pig
fetuses according to the logFC (Table 1) were related to erythrocyte differentiation, heart
development, ions transport, skeletal muscle system, neuronal development, ossification,
and renal function. The complete list containing all DE genes is available in Table S1.

3.3. Functional Analyses

In GO analysis, a total of 203 GO terms associated with BP categories were enriched
(FDR < 0.05) using the DAVID tool and submitted to the REVIGO tool, resulting in 71 BP
(Figure 3). The enriched GO terms highlighted several BP crucial for developmental biology,
such as anatomical structure development, regulation of cell growth, negative regulation of
development process, and regulation of biologic quality. Additionally, other BP related to
the physiology of embryonic to fetal transition, including ossification, extracellular matrix
organization, skeletal muscle development, erythrocyte differentiation, neuronal system,
and cardiovascular system, were enriched by many of the top DE genes between pig fetuses
and embryos. More detailed information regarding the GO terms is available in Table S2.

Table 1. Top 10 upregulated genes in pig embryos and top 10 upregulated genes in pig fetuses.

Embryos

Ensembl ID logFC 1 Gene Name Gene Description adj. p-Value 2

ENSSSCG00000014726 −6.764396328 HBE1 Hemoglobin subunit epsilon 1 1.38 × 10−8

ENSSSCG00000007975 −6.379504386 HBZ Hemoglobin subunit zeta 8.50 × 10−10

ENSSSCG00000031865 −5.217417343 AQP8 Aquaporin 8 8.04 × 10−6

ENSSSCG00000021902 −4.96041836 GABRP Gamma-aminobutyric acid
type A receptor subunit pi 3.70 × 10−12

ENSSSCG00000040513 −4.537759202 AQP3 Aquaporin 3 1.18 × 10−9

ENSSSCG00000006731 −4.451641793 VTCN1 V-set domain containing T
cell activation inhibitor 1 7.08 × 10−10

ENSSSCG00000031080 −3.795925653 HAND1 Heart and neural crest
derivatives expressed 1 6.49 × 10−7

ENSSSCG00000000418 −3.699759861 TAC3 Tachykinin precursor 3 1.53 × 10−11

ENSSSCG00000030461 −3.607432588 HEPHL1 Hephaestin like 1 2.04 × 10−9

ENSSSCG00000002432 −3.418006247 KCNK13
Potassium two pore domain
channelsubfamily K member

13
1.87 × 10−8

Fetuses

ENSSSCG00000009219 7.553512845 IBSP Integrin binding sialoprotein 3.58 × 10−12

ENSSSCG00000014725 7.383041924 HBB Hemoglobin, beta 1.01 × 10−10

ENSSSCG00000040098 6.688192867 Uncharacterized 1.21 × 10−11

ENSSSCG00000037430 6.022006128 COL6A6 Collagen type VI alpha 6
chain 3.09 × 10−10

ENSSSCG00000039501 6.020672325 NEUROD6 Neuronal differentiation 6 4.32 × 10−8

ENSSSCG00000008072 5.978854537 ASPN Asporin 1.58 × 10−14

ENSSSCG00000009955 5.824620103 CRYBB2 Crystallin beta A2 9.52 × 10−8

ENSSSCG00000035520 5.774356588 Uncharacterized 0.01103
ENSSSCG00000040641 5.70621141 CRYBA1 Crystallin beta A1 9.23 × 10−5

ENSSSCG00000031903 5.684525698 TNNT3 Troponin T3, fast skeletal type 2.33 × 10−12

1 Log2-fold change values through contrasts between pig fetuses and embryos; 2 Adjusted p-value for multiple correction testes to reduce
type I error; significance threshold: Adjusted p-value < 0.05 and |logFC| > 0.5.
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Figure 2. Mean-difference plot showing the log2-fold change (logFC) and average abundance of each differentially expressed
(DE) gene between pig fetuses and embryos. The downregulated genes in pig fetuses were described as upregulated in pig
embryos. Significantly (adjusted p-value < 0.05 from Benjamini–Hochberg and |logFC| > 0.5) upregulated genes in fetuses
and embryos are highlighted in red (1) and blue (−1), respectively, and non-differentially expressed genes are highlighted
in black (0).

Figure 3. Enriched biological processes (bubbles) (adjusted p-value < 0.05 from Benjamini–Hochberg) obtained in the
REVIGO tool for all differentially expressed genes between pig fetuses and embryos. Bubbles´ color represents the adjusted
p-value of the gene ontology (GO) terms, in which a more intense red color indicates more enriched biological processes.
Line width indicates the degree of similarity among GO terms, in which thinner lines represent less similarity among GO
terms. The design of this network was modified in Cytoscape version 3.8.0.
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From the 173 pathways obtained in the Toppcluster tool, 44 specific pathways were
enriched by upregulated genes in pig embryos. Among them, we found genes related
to Hippo and TGFB signaling pathways, pluripotency, and proliferation pathways, as
well as cell–cell interaction (Figure 4). Other pathways were enriched by upregulated
genes in pig fetuses, including myogenesis, collagen synthesis, and neuronal systems
pathways (Figure 4). These pathways are in line with the greater number of differentiated
tissues established at the fetal development compared to embryonic stage. Moreover, we
detected three pathways shared between upregulated genes in both embryos and fetuses,
mostly related to transport of small molecules, transport of anions/cations, and protein
digestion and absorption. These enriched pathways were encoded by genes related to
transporters proteins, such as the Solute Carrier family and ATP-binding pumps, and
collagen compounds, including the COL6A6 that was one of the most upregulated genes
in pig fetuses. Additional details regarding the pathways enriched for the embryos and
fetuses’ development, as well as the pathways shared by them, are available in Table S3.

Figure 4. Pathway network for annotated genes upregulated in pig embryos and fetuses. The upregulated genes in pig
embryos (blue) and in fetuses (red) were submitted to the ToppCluster online tool. Pathway category (adjusted p-value < 0.05
from Benjamini–Hochberg) was used in functional enrichment and Cytoscape version 3.8.0 was used to modify the network
design. Green nodes represent specific pathways and yellow nodes represent shared pathways between embryos and fetuses.

4. Discussion

Organogenesis is a crucial period in which the main tissues, organs, and systems are
established [2,26]. During organs development, a tight transcriptional control of genes
involved in cell-cell interaction, and cellular proliferation and differentiation is required to
ensure the normal development and functionality of the organs [27]. In this study, through
RNA-seq analysis, we identified several DE genes that enriched important BP during pig
prenatal development, such as biological regulation of cell proliferation and differentiation,
cell morphogenesis, growth, and ossification. Moreover, the general pathways of devel-
opmental biology, such as Hippo and morphogenic related pathways, E2F transcription
factor and more specialized pathways, including myogenesis, neurodevelopmental and
extracellular matrix assembly, were evidenced from DE genes. Since these events are
determinant for the successful establishment of tissues, organs, and body structures, the
complete organogenesis overview provided by this study can contribute to further studies
addressing specific biological events during prenatal development.
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4.1. General Pathways during Prenatal Development

The Hippo pathway was initially discovered during organs growing in Drosophila,
and it is highly conserved in mammals, mediating transcriptional control during the
development, homeostasis, and pathological conditions [27–29]. In the developmental
context, in this study, the Hippo signaling pathway was enriched by upregulated genes
in pig embryos, including genes that encode the Hippo pathway upstream modulators,
the FERM Domain Containing 1 (FRMD1), Crumbs Cell Polarity Complex Component 2
(CRB2), LGL/LLGL Scribble Cell Polarity Complex Component 2 (LLGL2), Par-6 Family
Cell Polarity Regulator Beta (PARD6B; member of PAR6 family), Membrane Palmitoylated
Protein 5 (PALS1/MPP5), PALS1-Associated Tight Junction Protein (PATJ), Ras Association
Domain Family Member 6 (RASSF6), and Ajuba LIM Protein (AJUBA) [27,30]. Although
the mechanism and critical physiologic functions of these upstream proteins in mammalian
Hippo signaling are not completely clear, some of them are also components of cell-cell
junctions (CRB1-3, PAR6, PALS1 and AJUBA) [27], suggesting that the Hippo signaling
is regulated by multiple inputs, including cell polarity and density, cytoskeleton, and
extracellular environment interaction during the development [27,29]. Accordingly, the
CRB2, MMP5, and PARD6B genes related to Hippo signaling were also associated with
tight junction and cell junction pathways enriched for embryos development. The multi-
ple inputs modulate the activity of Hippo signaling downstream effectors, such as YAP
(Yes1 Associated Transcriptional Regulator; YAP1), which bind to transcription factors
in the nucleus and promote the expression of target genes related to cell proliferation,
differentiation and apoptosis [27]. The encoding YAP1 gene was also upregulated in pig
embryos and associated with Hippo pathway, which may reflect its association with tran-
scriptional control during early events related to organogenesis in pigs, since the YAP
has been associated with brain, heart, kidney, liver and lung development (for review,
see [29,31]), and cell fate determination in preimplantation embryos [32,33]. Therefore, our
findings reinforce the transcriptional regulation mediated by the Hippo signaling pathway
mainly during pig embryonic stage, since multiple inputs from cell-cell interaction and
extracellular environment are crucial for organogenesis related events, such as cell fate and
cell differentiation, mainly during embryogenesis [29].

Despite the key role of Hippo signaling in transcriptional control, a possible crosstalk
between Hippo and other signaling pathways, such as TGFB (Transforming Growth Factor
Beta), can be required to enhance the transcriptional responses during critical stages of
developmental biology [28,30]. In this sense, TGFB signaling pathway was enriched by
upregulated genes in pig embryos here, in which TGFBR1 (Transforming Growth Factor
Beta Receptor type 1) and BMP4 (Bone Morphogenetic Protein 4) genes were also associ-
ated with Hippo signaling pathway. The TGFB signaling is required for cell patterning,
organogenesis, and tissue homeostasis from binding of TGFB superfamily members, in-
cluding TGFBs and BMPs, to transmembrane receptors type I and II [34–36]. The BAMBI
(BMP and Activin Membrane Bound Inhibitor; BAMBI) is a transmembrane protein struc-
turally similar to receptors type I of TGFB family, except by the kinase activity required
for signaling [35]. Since BAMBI dimerizes with I and II receptors of TGFB superfamily,
inhibiting the transcriptional response mediated by TGFBs and BMPs, the BAMBI is related
to developmental homeostasis [37,38]. Our findings showed that the BAMBI gene was
upregulated in pig embryos, being associated with TGFB signaling pathway. Additionally,
BAMBI, TGFBR1, and BMP4 genes shared several BP, such as development processes, cell
surface receptor signaling, cellular response to stimulus, and cell morphogenesis involved
in differentiation, biological regulation, positive regulation of biological processes, and
anatomical structure. Taken together, our findings highlight important mediators of the
TGFB superfamily signaling, which may be relevant for developmental homeostasis during
pig organogenesis. This fact is mainly relevant for the embryonic stage, once the mor-
phogenesis of the heart, limb, and gonads are events particularly sensitive to the TGFB
superfamily signaling [39].
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As long as the prenatal development advances, a greater degree of cell specialization
is required for normal tissue functionality, depending on a strict control of cell proliferation
and differentiation [40,41] which can be mediated by E2F family of transcription factors
and their regulators (for review, see [41]). In line with this, the E2F transcription factor
network was enriched by E2F2, RB1, CCND3 (D3-type cyclin), CCNE2 (E2- type cyclin)
genes and cyclin-CDK complex regulators, namely CDKN1A (Cyclin Dependent Kinase
Inhibitor 1A, encoding a component of Cip/Kip inhibitor family) and CDKN2C (Cyclin
Dependent Kinase Inhibitor 2C, encoding a component of INK4 inhibitor family) genes that
were upregulated in pig fetuses. In addition, the RB1, CDKN2C and CCNE2 genes enriched
BP related to cell differentiation, such as biological regulation, negative regulation of cell
proliferation, striated muscle cell differentiation and erythrocyte differentiation. Since the
cell cycle control is required to avoid developmental abnormalities mainly in differentiated
tissues [40] and the transcriptional control involving E2F pathway is associated with
pluripotent cells differentiation [42], the upregulation of genes related to E2F pathway in
pig fetuses might evidence a transcriptional regulation to maintain the differentiated cells,
which is required for a proper tissue and organ development and function.

Furthermore, the KAT2B gene was also associated with E2F transcription factor net-
work enriched for pig fetuses’ development, and shared with RB1 and CDKN2C the
biological regulation and negative regulation of cell proliferation BP. The KAT2B gene
encodes the p300/CBP-associated factor containing a histone acetyl transferase (HAT)
domain, which has also been associated with acetylation of non-histone proteins [43], such
as E2F1, and forms a pro-apoptotic complex with RB and E2F1 [44]. Moreover, recently,
the KAT2B gene has been related to cell growth and differentiation during craniofacial
and cartilage development in zebrafish and mouse embryos, which may be mediated by
acetylation activity of the encoded protein [45]. These findings reinforce important levels
of gene transcription control related to proliferation and differentiation mediated by E2F
transcription factors, as well as their partners, which is in line with the control of cell cycle
progression to maintain the function and development of specialized organs and systems
that are more numerous at fetal stage, as highlighted in further sections of this article.

4.2. Cardiovascular System

Among the events related to this system is the establishment of the heart, which is
a primitive tube around 21-22 days of gestation [1], and thus, undergoes morphogenic
changes to four-chambers based-system (left and right ventricles and atrium) [46,47]. In
this context, the HAND1 gene that encodes the transcription factor HAND1 (Heart And
Neural Crest Derivatives Expressed 1), which is exclusively expressed in left ventricle
during heart development and induces the expression of cardiac genes [1,48], was one of
the most upregulated genes in pig embryos at 25 days-old. Similarly, the chamber septation
is visible in mammalian species at similar gestational age, including equine embryos at
25 days-old [49], dog and cat embryos around 23-25 days-old [3]. The heart septation
allows the pumping of blood based on routes instead of unidirectional flow, which is
required due to the quick fetal growth [47]. Therefore, the upregulation of HAND1 gene in
pig embryos suggests the heart morphogenesis and induction of cardiac genes expression,
which are important events to ensure the satisfactory supply of nutrients and oxygen for
the development of many tissues and organs that will continue to grow at fetal stage.
Additionally, this upregulation of HAND1 gene in pig embryos reinforces its essentiality
for normal cardiac system development at early prenatal life, since deletion of this gene in
mouse embryos resulted in cardiac abnormalities, including ventricular malformation and
dysregulated cardiac gene expression, leading to death in the perinatal stage [50].

Once stablished, the heart presents fast and irregular contractions that start around
21-22 days of gestation in mammalian species [1,51,52]. However, in humans, the first
expressive increase in the heart contraction is detected from embryo to fetus transition,
as a consequence of increased heart size and circulatory system maturation, which are
events necessary to ensure adequate blood supply for body growth [51,53]. In line with the
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greater activity of the heart in fetal stage, the cardiac conduction pathway was specifically
enriched by upregulated genes in pig fetuses, including genes related to contractile activity,
such as ATPases (ATP1A2, ATP1B2, ATP2A1, ATP2B4), Calcium Voltage-Gated Chan-
nel (CACNA1D, CACNA1S, CACNA2D1, CACNA2D2, CACNA2D3, CACNB1, CACNG1,
CACNG5), Ryanodine Receptor 3 (RYR3), Alpha Actin Cardiac Isoform (ACTC1) and Tro-
ponin Cardiac Isoforms (TNNC1, TNNI1). Furthermore, some of these genes, including
TNNC1, TNNT2 and ACTC1, enriched the Hypertrophic cardiomyopathy (HCM) pathway.
The HCM is characterized as a pathological condition of cardiac contraction caused by
defects in the sarcomeric proteins, which result in failure of heart contraction as a pri-
mary defect, followed by cardiac cells hypertrophy as a compensation mechanism for this
stress [54]. The enrichment of pathways related to cardiac conduction by upregulated
genes during pig fetal development highlights the cardiac contraction activity required for
the faster body growth in the fetal stage.

During the cardiovascular system development, the primitive vascular plexus and
blood vessels are formed, which can be mediated by signaling molecules including
Semaphorin [46]. Regarding this, the cardiovascular system BP was enriched by members
of Semaphorin family, such as SEMA3E (Semaphorin 3E) gene, which was upregulated in
pig embryos, and SEMA3C (Semaphorin 3C) gene, upregulated in fetuses. The SEMA3E
gene is associated with vascular patterning (vasculogenesis), in which the blood vessels
are originated from endothelial progenitor cells (EPCs) or angioblasts [55], whereas the
SEMA3C gene has been associated with angiogenesis, defined as new blood vessels forma-
tion from preexistent vessels (for review, see [46]). Moreover, the Notch signaling pathway
is required for vessels formation, stabilization, homeostasis and anastomosis, while the
Angiopoietin 2 (ANGPT2) is responsive to angiogenic stimulus, which destabilizes the
quiescent vasculature and activates the endothelial cells differentiation to form new ves-
sels [56]. The cardiovascular system was also enriched by NRARP (Notch-Regulated
Ankyrin Repeat Protein) gene, upregulated in pig embryos, and ANGPT2 gene, upregu-
lated in fetuses. The upregulation of genes related to vasculogenesis (SEMA3E) and vessels
stabilization (NRARP) in pig embryos and related to angiogenesis (SEMA3C and ANGPT2)
in fetuses suggests a differential regulation of the blood vessels formation during prenatal
development. This is in line with the importance of vasculogenesis to form the main
vessels (dorsal aorta and cardinal vein) and primitive vascular plexus mainly at embryonic
stage [46,47,57], and all the other blood vessels from angiogenic stimulus [47] at fetal stage,
which is mediated by angiogenic genes.

The circulatory system development also involves the erythrocytes maturation, which
are the first cells identified as blood cells during prenatal development and undergo
many stages of differentiation until became mature and definitive blood cells [58]. The
primitive erythrocytes, produced in yolk sac, mainly express genes of the globin Epsilon
(HBE1), a member of beta like globin, and Zeta (HBZ) subunits, a member of alpha like
globin, known as embryonic globin genes, while the definitive erythroid cells, produced
in the fetal liver, mainly express fetal globin genes of Gamma (HBG) and adult globin
subunits, such as Beta (HBB) [59,60]. Considering the tight transcriptional control of
globin genes during the development, these genes that enriched BP related to blood cells,
including erythrocyte differentiation and transport, were the most differentially regulated
in prenatal pig transcriptome, being the HBZ and HBE1 genes the most upregulated genes
in embryos, while the HBB gene was one of the most upregulated gene in fetuses. The
switch from primitive to definitive erythrocytes mediated by globin gene expression is
compatible with the quick fetal growth, since as the prenatal development advances, more
oxygen needs to be extracted from maternal blood, which is supported by enucleated
definitive erythrocytes [58]. In addition to globin genes, the erythrocytes maturation
involves the erythropoietin synthesis encoded by EPO gene required for primitive erythroid
cells maturation (for review, see [60]) and onset of definitive erythropoiesis in mouse
embryos [61], and GATA1 (GATA Binding Protein 1; GATA1) and KLF1 (Kruppel Like
Factor 1; KLF1) transcription factors are involved in transcription of genes related to
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definitive erythropoiesis (for reviews, see [60,62]). In line with primitive erythropoiesis,
the EPO gene was upregulated in pig embryos, while GATA1 and KLF1 genes related to
definitive erythropoiesis were upregulated in pig fetuses.

4.3. Kidney Development

The mammalian kidney development involves transition of the three main structures,
the pronephros, mesonephros (intermediary kidney), and metanephros (definitive kid-
ney) [49,63]. A temporal overlapping mainly related to mesonephros and metanephros
development is observed in several mammalian species, including pigs, in which the
mesonephros structure is observed from 15 to 24 days of gestation, overlapping with
metanephros developing structure around 20 days of gestation [64]. Regarding this ges-
tational period, genes related to kidney organogenesis were upregulated in pig embryos
at 25 days old. Among them are genes encoding key transcription factors required for
mesonephric tubules development, renal vesicles formation, and metanephros function,
such as SALL1 (Spalt Like Transcription Factor 1; SALL1), and WT1 (Wilms Tumor Protein;
WT1) [65,66], as well as morphogens inductors, such as WNT9B (Wnt Family Member 9B;
WNT9B) [65,67], associated with mesonephric kidney tubules and renal vesicle formation,
and initial induction of nephron development from morphogenic stimulus [65–67]. In the
functional analyses, SALL1 and WT1 genes shared the anatomical structure, biological
regulation, and cell morphogenesis BP, and the WNT9B gene was associated with the
regulating pluripotency of stem cells signaling pathway enriched for embryonic stage,
which are events that can be associated with initial signaling for kidney organogenesis.

The nephron, which is a common filtering unit among stages of kidney organogenesis,
is mainly composed by glomerulus, proximal and distal ducts at early stages of kidney
development [68]. The glomerulus is the most complex filtering structure, and podocytes
are the main specialized cells that maintain its function [67,69]. There are many genes
expressed by glomerular podocytes during kidney development, including the above
mentioned WT1 gene, and NPHS1 (Nephrin), and NPHS2 (Podocin) [1,67,70], which were
also upregulated in pig embryos in the current study. Moreover, genes members of Solute
Carrier family (SLC), aquaporins and carbonic anhydrase [70], were upregulated in pig
embryos and are related to the physiologic function of renal structures. Additionally,
the SLC9A2 and SLC39A2 genes were expressed in the collecting duct in human kidney
development, whereas SLC3A1 and SLC34A3 genes were expressed in proximal duct [70].
In addition, members of Aquaporins (AQP3) and Carbonic Anhydrase (CA2), which are
involved in water reabsorption and acid-basic equilibrium and were also considered as
markers of collecting and proximal ducts in human prenatal kidney development [70], were
upregulated in pig embryos. During embryonic development of many species including
pigs and humans, the mesonephros are considered highly active structures [64,71], which
are well-developed in 25 day-old pig embryos [71]. Accordingly, the functional markers
of glomeruli filtering (NPHS1 and NPHS2 genes), and distal and proximal tubules (SLC
gene members, AQP3 and CA2 genes) enriched pathways related to renal function, such as
nitrogen metabolism, mineral absorption, and proximal tubule bicarbonate reclamation
during embryonic development. Taken together, our findings may indicate the transcrip-
tional control compatible with the development and functionality of mesonephros during
pig embryogenesis. Moreover, these findings provide valuable information for further
investigation about this intermediary structure, since only recently the prenatal stages of
kidney development have been reported in pigs [71] and many of the current knowledge
regarding kidney organogenesis at molecular level is based on metanephros [65,72].

4.4. Skeletal Muscle Development

Myogenesis is the most well-described biological event during the prenatal develop-
ment in livestock, since the number of muscle fibers is determined in the fetal stage and
it is closely related to muscle mass [73,74]. Among genes that encode Muscle Regulatory
Factors (MRFs), the MYF5 (Myogenic Factor 5) and MYOD1 (Myogenic Differentiation
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1), which regulate myoblasts differentiation from myogenic precursor, and MYF6 (Myo-
genic Factor 6) and MYOG (Myogenin), which are markers of myotubes formation from
myoblasts fusion [73,75,76], were upregulated in pig fetuses at 35 days-old. These findings
are in line with the formation of the primary myotubes during first myogenic wave [76],
that occurs around 35-55 days of gestation in pigs [77]. Accordingly, genes expressed
by primary myotubes [76], such as MYH3 (Myosin Heavy Chain embryonic) and MYH8
(Myosin fetal/neonatal isoforms), were also upregulated in pig fetuses.

During myogenesis, the Myostatin (MSTN) is an important negative regulator of my-
oblasts proliferation, stimulating the muscle fiber differentiation [78], and the Myomaker
Myoblast Fusion Factor (MYMK/TMEM8C) is a key muscle-specific factor required for my-
oblast fusion [79]. These encoding genes were upregulated in pig fetuses and shared many
BP, including developmental process, homeostatic process, muscle structure development
and anatomical structure, reflecting their physiological role during muscle development.
These findings highlight events required for normal skeletal muscle development, which
are mainly important during fetal development, when myoblasts proliferate and fuse.

The molecular mechanism that culminates in muscle growth is mediated by the
mitogenic factors, such as IGFs (Insulin-like Growth Factors), that binds to IGF1R (Insulin-
like Growth Factor 1 Receptor) [80,81]. The availability of IGFs is regulated by IGFBPs
(Insulin Growth Factors Binding Proteins), which may result in increased or reduced IGF
release for binding to its receptor [81]. Particularly, during myogenesis, greater levels of
IGBP-5 are needed for myoblasts differentiation, since the increase in the IGFBP-5 levels
increases the local concentration of the IGF-2 ligand, increasing its release to IGFR1 (for
review, see [81]). The IGFBP-5 gene, that was also upregulated in pig fetuses, shared with
MRFs genes BP that may be associated with myogenesis, including response to endogenous
stimulus, growth and biological regulation BPs. Additionally, based on IGFBP5 and other
IGFBP family genes, including IGFBP4, IGFBP6 and IGFBP7, which were upregulated
in pig fetuses, and the lack of differentially regulated IGFs genes, it is suggested that
IGFBPs rather than IGF itself may act as major molecular mediators of growth during pig
prenatal development.

4.5. Skeleton Development

The skeleton development occurs simultaneously with myogenesis, given the comple-
mentary functional properties of the musculoskeletal system, such as body stability [82].
During embryogenesis, the body patterning in three major skeletons (craniofacial, axial and
appendicular) is mediated by transcription factors of Hox family and signaling molecules,
such as SHH (Sonic Hedgehog) (for review, see [83]). In the pig prenatal transcriptome,
SHH gene and the Hox family genes (BARX1, MSX1, HOXA1, HOXA2) were upregulated
in pig embryos and enriched the BP related to body pattern, such as head development
(SHH, MSX1 and HOXA2 genes) and anatomical structure development (SHH, HOXA1,
HOXA2, BARX1 and MSX1 genes). In addition, the TWIST1/TWIST (Twist Family BHLH
Transcription Factor 1) and DLL3 (Delta Like Canonical Notch Ligand 3) genes, which
have previously been associated with skeletal patterning [83], were also upregulated in
pig embryos. Since these genes induce specific transcriptional programs necessary for cell
patterning events, mainly important in embryonic development [1,83], these findings are
in accordance with the body patterning from transcription factors and signaling molecules
at early prenatal development.

As the muscle skeletal system is established, the initial signals for bone development
are required, which is observed in early equine fetuses [49]. The bone matrix synthesis
depends on osteoblasts, that differentiate from the mesenchymal progenitor cells [83] in
a process that can be mediated by WNT signaling stimulating pro-osteogenic transcrip-
tion factors, such as OSX/SP7 (Osterix/Sp7 Transcription Factor) [84]. In the present
study, members of the WNT signaling, namely WNT9A/WNT14 (Wnt Family Member
9A/14), FDZ9 and LRP5 genes, as well as SP7 gene, were upregulated in pig fetuses.
Moreover, the WNT9A and FZD9 genes shared the cell surface receptor and anatomical
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structure development BP. Since the activation of the Frizzled receptor (FZD) and/or the
Lipo-Protein Receptor-Related Protein (LRP5/LRP6) by WNT molecules binding, such
as WNT9A/WNT14 [85,86], leads to beta-catenin stabilization and the expression of pro-
osteogenic factors, including OSX/SP7 [84,87], our findings may provide an important
molecular mechanism involved in osteoblasts differentiation in pig fetuses.

Upon differentiation, the osteoblasts and other cells, as odontoblasts, start to express
genes that encode proteins involved in extracellular matrix mineralization [83,88]. Several
of these genes were upregulated in fetuses, including Osteopontin, also known as Secreted
Phosphoprotein 1 (SPP1), Bone Sialoprotein (IBSP/BSP), which was one of the most upreg-
ulated genes in pig fetuses, Osteomodulin (OMD), Dentin Matrix Acidic Phosphoprotein-1
(DMP1) and Phosphate-Regulating Endopeptidases Homolog X-Linked (PHEX) [87–91].
Additionally, these genes were associated with ossification, biomineral tissue development
and bone mineralization BP. In line with osteoblasts differentiation during pig fetal devel-
opment, the upregulation of genes related to bone development in pig fetuses highlights
initial signals required for bone development and mineralization, which are important
events related to skeleton development and embryonic-fetal transition in pigs [92].

4.6. Extracellular Matrix and Prenatal Development

The extracellular matrix (ECM) is copiously synthetized by differentiated cells to
maintain the mechanical and biomechanical features of the specialized tissue, including
bone and muscle [93,94]. The collagen is the most abundant component of the ECM, and it
is widely distributed among body tissues [93]. In the pig prenatal transcriptome, several
coding genes for collagen compounds were upregulated in fetuses and enriched collagen
biosynthesis related pathways. Among these genes, the members of collagens type VI, such
as COL6A2, COL6A3 and COL6A6, the latter being one of the most upregulated genes in pig
fetuses, are important to maintain the skeletal muscle functional integrity [95]. Therefore,
the upregulation of these genes at fetal stage is in line with the myogenesis related events,
which were more evident in pig fetuses from upregulation of MRFs genes.

Among the non-collagen compounds of the ECM are Matrilin 1 (Crtm/MATN1) and
Aggrecan (Agc1/ACAN), which are synthesized and secreted by chondrocytes and highly
active chondroblasts during prenatal development [96]. In equine embryos at 35 days of
gestation, the chondrocytes and chondroblasts are present in the bud of limbs and in some
developing vertebrate [49]. Therefore, the upregulation of the MATN1 and ACAN genes
in pig fetuses may suggest increased synthesis of cartilaginous tissue at this development
stage. The cartilaginous tissue, besides contributing to the biomechanical stability of the
organs, is crucial during endochondral ossification, which is when this abundantly secreted
tissue is remodeled to allow the invasion of cells that will act in the ossification process,
including osteoblasts [96–98]. The matrix Metalloproteinases (MMPs) and the Tissue
Inhibitors of Metalloproteinases (TIMPS) are associated with ECM remodeling during
endochondral ossification (for review, see [97,99]). In our study, the MMP2 and TIMP2
genes were upregulated in fetuses. According to their function during endochondral
ossification, the MMP2 gene was associated with ossification BP, while the biological
events potentially involved in the modulation of its proteolytic activity, such as response
to endogenous stimulus and biological regulation, were enriched by TIMP2 gene. Taken
together, these findings highlight the function of these genes during bone formation in pig
fetuses at 35 days-old of gestation, through ECM remodeling.

4.7. Neuronal Development

The neurogenesis is a biological event in which the stem cells or progenitor cells
differentiate into neurons [100]. During neurogenesis, the neural basic helix-loop-helix
(bHLH) transcription factors, which induce the neurogenesis transcriptional program and
activation of the neuronal differentiation effectors [101], are differentially expressed in
order to ensure the correct neuronal identity during prenatal development [102,103]. In
this context, the members of neural bHLH were differentially regulated in pig prenatal
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transcriptome, namely NEUROG1 (Neurogenin 1) gene, upregulated in pig embryos, and
NEUROD6 (Neuronal Differentiation 6) gene, which was one of the most upregulated genes
in pig fetuses. This differential expression reflects the functional role of NEUROG1 during
embryogenesis, which acts as a cell fate determination factor and is exclusively expressed
by neuronal proliferative cells [103], while the NEUROD6 is exclusively expressed by
differentiated neurons [102]. Therefore, the upregulation of NEUROG1 gene in pig embryos
suggests an initial transcriptional program required for neuronal differentiation during
embryogenesis, which was also evidenced by its association with signaling pathways
regulating pluripotency of stem cells pathway, whereas the upregulation of the NEUROD6
gene in pig fetuses highlights the presence of differentiated neuronal cells.

During neuronal development, the excitatory neurons migrate from the proliferative
zones to the cerebral cortex surface, characterizing the radial migration, while in the
tangential migration, inhibitory neurons migrate from ganglionic eminence also toward
cortical region [104]. The glutamate receptors, including Glutamate Ionotropic Receptor
AMPA type, and GABA receptors, including Gamma-Aminobutyric Acid Type A Receptor,
are involved in the neuronal migration during brain prenatal development [105–107]. In
the current study, many genes encoding different subunits of the glutamatergic AMPA type
receptors, such as GRIA1, GRIA2, GRIA3, GRIA4, and GABAergic type A receptors, such as
GABRA3, GABRA4, GABRA5, GABRB1, GABRB2, GABRB3 and GABRG2, were upregulated
in pig fetuses and enriched the neuronal system pathway. In addition to these receptors,
the gene encoding Roundabout Guidance Receptor 3 (ROBO3), which has also been related
to cortex development and neuronal migration [108], was also upregulated in pig fetuses.
In humans, an intense neuronal migration is observed at fetal stage in order to create a
population of cortical neurons [109]. Our results suggest important signals for neuronal
migration in pig fetal development in line with events related to neurodevelopment that
were also highlighted at this stage, including synaptogenesis.

The synaptic transmission is dependent on the suitable balance between excitatory
and inhibitory neurons in the cortex [104,110]. In humans, the synaptogenesis starts from
the embryos to fetuses transition as transitory circuits, which are important to ensure
normal brain development and function [109,111]. In line with this early synaptogenesis
in humans, several upregulated genes in pig fetuses were associated with synapse orga-
nization, regulation of synapse structure, regulation of synapses activity and chemical
synapses transmission BP, including, in addition to GABAergic and glutamatergic receptors
encoding genes, genes that encode molecules directly involved in the synaptogenesis, such
as SYT1 (Synaptotagmin 1), SYN1 (Synapsin I), SYP (Synaptophysin), LRRTMs (Leucine
Rich Repeat Transmembrane proteins) and NRXN1 (Neurexin 1) [105,110]. These findings
highlight genes that encode integral proteins of synaptic vesicles, which may be related to
synaptic transmission events during pig fetal development. On the other hand, in mouse,
the synthesis of synaptogenic molecules, including SYT1, SYN1 and SYP, and the first
synapses only occur in postnatal life [110,112]. Since the early prenatal synaptogenesis is
related to greater complexity of the neurodevelopment [112], our findings, besides sug-
gesting that the transcriptional control of synaptogenesis is an event required for proper
neurodevelopment at fetal stage, reinforce the similarities between pig and human fetuses
regarding neuronal development, which can support further studies addressing human
prenatal issues related to synaptic plasticity, such as learning and memory [105].

5. Conclusions

This study provides a comprehensive and exploratory landscape about the transcrip-
tional changes associated with morphogenesis and organogenesis in pigs. During the
embryonic stage, genes related to Hippo signaling and TGFB/BMP4 signaling pathway
evidenced the transcriptional regulation from cell interactions and morphogens, which
coordinate the transcriptional control mainly at early prenatal development. On the other
hand, biological processes and pathways related to myogenesis, neuronal development,
and cardiac and striated muscle contraction were evidenced mainly by upregulated genes
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in fetuses, reflecting the greater complexity of organs and body structures at this stage of
development. Therefore, in the current study we describe the genes and networks that
shall be further disentangled in future studies addressing more specific biological events,
not only in the pig but also in other mammals.
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