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Abstract

Umbilical hernia (UH) is one of the most frequent defects affecting pig production, however,
it also affects humans and other mammals. UH is characterized as an abnormal protrusion
of the abdominal contents to the umbilical region, causing pain, discomfort and reduced per-
formance in pigs. Some genomic regions associated to UH have already been identified,
however, no study involving RNA sequencing was performed when umbilical tissue is con-
sidered. Therefore, here, we have sequenced the umbilical ring transcriptome of five normal
and five UH-affected pigs to uncover genes and pathways involved with UH development. A
total of 13,216 transcripts were expressed in the umbilical ring tissue. From those, 230
genes were differentially expressed (DE) between normal and UH-affected pigs (FDR
<0.05), being 145 downregulated and 85 upregulated in the affected compared to the nor-
mal pigs. A total of 68 significant biological processes were identified and the most relevant
were extracellular matrix, immune system, anatomical development, cell adhesion, mem-
brane components, receptor activation, calcium binding and immune synapse. The results
pointed out ACAN, MMPs, COLs, EPYC, VIT, CCBE1 and LGALS3 as strong candidates to
trigger umbilical hernias in pigs since they act in the extracellular matrix remodeling and in
the production, integrity and resistance of the collagen. We have generated the first tran-
scriptome of the pig umbilical ring tissue, which allowed the identification of genes that had
not yet been related to umbilical hernias in pigs. Nevertheless, further studies are needed to
identify the causal mutations, SNPs and CNVs in these genes to improve our understanding
of the mechanisms of gene regulation.

Introduction

Pig husbandry has become one of the most important activities in livestock production and
increment in pig production in the last years has been observed [1,2]. However, at the same
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time that production has increased some physiological problems have emerged, causing eco-
nomic losses and affecting animal welfare. The umbilical hernia (UH), an anatomic defect
characterized by the protrusion of abdominal content through the umbilical ring, is one of the
most frequent defects affecting pig production. UH prevalence in pigs ranges from 0.40 to
2.25%, varying according to the breed, farm and production system [3,4]. Animals affected
with UH experience generally reduced performance, with low growth rates, poor feed conver-
sion, low meat quality and pain and discomfort, which could also lead to death [5,6]. Although
it is known that economic losses caused by umbilical hernia have a huge impact in the pig
industry, it is really hard to find reports with their estimates. However, considering only the
mortality rate caused by the four most prevalent defects (Splayleg, scrotal/inguinal hernia,
umbilical hernia and atresia ani), economic losses over US$100 million annually dollar in the
global pig industry have already been estimated [7].

The development of umbilical hernia can be caused by external factors, such as physical
lesions, high pressure in the abdomen, inappropriate removal of the umbilical cord, infections
and management [5]. Meanwhile, it has been observed that related animals with the same
management practices could present different phenotypes, i.e., being normal or affected with
hernias [5], indicating that a genetic factor is also present [8]. Moreover, the heritability esti-
mate of 0.25 for UH in pigs [9] and 0.40 in cattle [10] reinforce the genetic component regulat-
ing this trait. However, the mode of inheritance and its etiology remain unclear.

Several quantitative trait loci (QTL) associated with UH have already been reported for
pigs. In a search in the pig QTLdb (https://www.animalgenome.org/cgi-bin/QTLdb/SS/index -
11/02/2019), 54 QTLs for umbilical hernia have been found in several pig breeds, being located
in chromosomes SSC1, SSC2, SSC3, SSC4, SSC6, SSC7, SSC8, SSC9, SSC10, SSC11, SSC13,
SSC14, SSC15, SSC16 and SSC17 [11-14]. Ding et al. (2009) [11] performed the first genomic
study with UH and found some chromosomic regions related to the appearance of this condi-
tion. More recently, a copy number variation (CNV) polymorphism on SSC14 was found to be
related to UH [12] and a highly significant QTL for this trait was detected in Norwegian Land-
race pigs also in SSC14 [13]. This QTL explained approximately 8.6% of the phenotypic vari-
ance for UH, and the LIF Interleukin 6 Family Cytokine (LIF) and Oncostatin M (OSM) genes
were located within this QTL, being considered candidates for functional studies [13].
Recently, in a genome-wide association study (GWAS) with crossbred pigs, SNPs in the chro-
mosomes SSC4, SSC6, SSC11 and SSC13 were associated with umbilical hernia. In these
regions, novel genes: TBX15 (T-box 15) and WARS2 (tryptophanyl-tRNA synthetase 2) in
SSC4, and LIPI (lipase I) and RBM11 (RNA Binding Motif Protein 11) in SSC13, were identi-
fied as possible candidates to the UH development [15].

Although some genomic regions associated with UH have already been identified, no func-
tional studies with the umbilical ring tissue were performed in pigs. Therefore, knowing the
complexity of this disorder, in this study, we have sequenced the umbilical ring transcriptome
of normal and affected pigs to discover genes and pathways involved with the development of
umbilical hernia in a swine purebred line using RNA-Seq.

Material and methods
Animals and sampling

In this study, 10 unrelated Landrace purebred females from the same nucleus farm, with high
sanitary status, located in Santa Catarina State, south of Brazil, with approximately 90 days of
age were used in a case and control design. The UH occurrence in this line is around 1.7%.
From those 10 animals, 5 were affected with umbilical hernia (with intestinal loops forming a
herniary sac) and 5 were normal (with no malformations and coming from families with no
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history of hernias). For each affected animal, a contemporary normal pig was chosen. The ani-
mals were transported to the Embrapa Swine and Poultry National Research Center, located in
Concordia-SC, to be evaluated and necropsied. Euthanasia was performed by electrocution
desensitization for 10 seconds, followed by bleeding, according to the practices recommended
by the Embrapa Swine and Poultry National Research Center Ethics Committee on Animal
Utilization, approved under protocol #011/2014. Necropsy was carried out to evaluate the exis-
tence of eventual problems that could compromise the accuracy of the data and for the correct
characterization of the umbilical hernia phenotype. Tissue samples were collected from the
umbilical ring of normal and umbilical hernia-affected animals. Samples were placed in 4%
paraformaldehyde buffer for histopathological analysis and those for gene expression analysis
were immediately frozen in liquid nitrogen and, subsequently, stored at -80 °C for further
RNA extraction.

Histological analyses of umbilical ring tissue

Tissues from the umbilical ring region of the herniated or non-herniated animals were dehy-
drated in a series of crescent ethanol concentration, diaphanized with xilol and embedded in
paraffin. Tissue sections with 2 to 5 um thickness were cut with an automatic microtome,
stained by the hematoxylin & eosin method and analyzed with optical microscopy. The cell
types were evaluated in a 10x eyepiece with 5x to 100x objectives, following a routine histo-
pathological analysis.

RNA extraction, library preparation and sequencing

For RNA extraction, about 100 mg of each sample were macerated in liquid nitrogen using 1
mL of Trizol (Invitrogen, USA), according to the manufacturer’s instructions. Next, 200 pL of
chloroform was added, shaken vigorously for 15 seconds and incubated at room temperature
for 5 minutes. Centrifugation at 11,000 xg at 4 °C for 15 minutes was performed and 600 uL of
the aqueous phase were transferred to a new tube containing 600 uL of 70% ethanol. This vol-
ume was then added to an RNEasy mini silica column (Qiagen, Germany) following the man-
ufacturer’s instructions. The quality and quantity of the total RNA were evaluated in Biodrop
spectrophotometer (Biodrop, UK), 1% agarose gel electrophoresis and Agilent 2100 Bioanaly-
zer (Agilent Technologies; Santa Clara, CA, USA). Samples with 260/280 nm ratio above 1.9
on Biodrop and with RNA integrity number (RIN) greater than 8.0 were used for preparing
the RNA-Seq libraries.

To prepare the libraries, 4ug of total RNA from each sample were used with the TruSeq
Stranded mRNA Kit (Illumina, Inc.; San Diego CA, USA) following the manufacturer’s recom-
mendation. The size of the libraries was evaluated in the Bioanalyzer obtaining an average size
of 300 bp for each sample. After checking the concentration and size of the libraries, the
paired-end (2x100 bp) RNA sequencing was performed in the Illumina HiSeq2500 equipment
(Nlumina, Inc.; San Diego CA, USA) at the Center for Functional Genomics of ESALQ/USP.
All samples (normal and affected pigs) were placed and sequenced in the same lane.

Quality control, assembly and differential expression analysis

For the quality control, the SeqyClean tool [16] was applied for the removal of short reads
(<70bp), low quality reads (QPhred <24), adapter sequences, contaminants (phiX) and poly
A/T tails. After, the sequences were mapped against the pig reference genome (Sus scrofa,
assembly 11.1), available in the Ensembl database version 94 (www.ensembl.org), using the
STAR program [17]. The reads counting was performed with the HTSeq-count program [18].
The EdgeR package [19] from R [20] was used for identifying differentially expressed (DE)

PLOS ONE | https://doi.org/10.1371/journal.pone.0232542 May 7, 2020 3/23


http://www.ensembl.org
https://doi.org/10.1371/journal.pone.0232542

PLOS ONE

Transcriptome analysis of umbilical hernias in pigs

genes between normal and UH-affected pigs. The significance threshold to declare genes as
DE was set to a False Discovery Rate (FDR) < 0.05 after multiple correction tests to reduce
type I error, following the Benjamini and Hochberg (BH) method [21]. The Multi-Dimen-
sional Scaling (MDS) plot was created with R using the LogFC values of each expressed

gene in the umbilical ring tissue of the normal and UH-affected pigs. The heatmaps were gen-
erated with the plots package from R [20] using the expression data of each sample for each
DE gene. The FASTQ files were deposited at the SRA database with BioProject number
PRJNA445856 and biosample numbers: SAMN08801040, SAMNO08801041, SAMN08801042,
SAMNO08801043, SAMNO08801044, SAMNO08801045, SAMNO08801046, SAMNO08801047,
SAMNO08801048 and SAMNO08801049.

Validation of DE genes using quantitative PCR (qPCR)

The qPCR analysis was used to confirm the results found in the RNA-Seq, using the same tis-
sue samples from the normal and affected pigs. The RNA extraction was performed as previ-
ously mentioned and the cDNA synthesis was carried out using 3 ug of total RNA and the
SuperScript III First-Strand Synthesis SuperMix kit (Invitrogen, USA) standard protocol. For
validation, the following 12 DE genes were chosen according to their functions: Matrix metal-
lopeptidase 13 (MMP13), Vitrin (VIT), Alkaline ceramidase 2 (ACER2), Molecule CD3D
(CD3D), Galactin 3 (LGALS3), Fos proto-oncogene, AP-1 transcription factor subunit (FOS),
collagen and calcium binding EGF domains 1 (CCBE1), Plakophilin 3 (PKP3), Epiphycan
(EPYC), S100 calcium binding protein A2 (S100A2), Aggrecan (ACAN) and Microtubule asso-
ciated protein 1 light chain 3 gamma (MAPILC3C). In addition, ten candidate reference genes
were tested to select the appropriate reference genes to be used in the qPCR analysis (Table 1),
as described by [22]. The primers were designed in exon-exon regions using primer-blast tool
[23] and their quality was evaluated in the NetPrimer program (http://www.premierbiosoft.
com/NetPrimer) (Table 1). The qPCR reactions were performed in the Quantstudio 6
(Applied Biosystems, USA) with a final volume of 15 pL containing 1X GoTaq qPCR Master
Mix (2x) (Promega), 0.13 uM of the forward and reverse primers and 2.0 pL of 1:10 diluted
cDNA. Reactions were performed in duplicates, with cycling 95° for 2 minutes, 40 cycles for
15 seconds of 95°C and 60° for 30 seconds. Furthermore, negative control samples were
included to detect contaminations.

To determine the stability of the ten candidate reference genes in the umbilical ring tissue
for selecting the best gene(s) as normalizer(s) in the QPCR analyses, the endoGenes pipeline
(https://github.com/hanielcedraz/endoGenes) was used. This pipeline performs an automated
analysis of the BestKeeper [24], geNorm [25] and NormFinder [26] tools and ranks the most
stable genes with the RankAggreg package from R [27].

The Ct means of the 12 evaluated target genes were obtained and normalized using the
most stable reference genes selected based on the previous step. After data normalization, the
log2FC (Log, Fold Change) values obtained from both gPCR and RNA-Seq analyses were
compared using the Pearson s correlation analysis in the R program [20].

In silico functional analysis

Functional annotation of DE was performed using DAVID 6.8 database (https://david.ncifcrf.
gov/). The clustering of biological processes (BP) was performed in Revigo (http://revigo.irb.
hr/). A gene network was constructed with the BP in Cytoscape v3.7.1 [28]. Furthermore, it
was verified whether the DE genes were in QTL regions for umbilical hernia occurrence in
pigs using the Pig QTLdb from the Animal Genome Database (http://www.animalgenome.
org/QTLdb/app).

PLOS ONE | https://doi.org/10.1371/journal.pone.0232542 May 7, 2020 4/23


http://www.premierbiosoft.com/NetPrimer
http://www.premierbiosoft.com/NetPrimer
https://github.com/hanielcedraz/endoGenes
https://david.ncifcrf.gov/
https://david.ncifcrf.gov/
http://revigo.irb.hr/
http://revigo.irb.hr/
http://www.animalgenome.org/QTLdb/app
http://www.animalgenome.org/QTLdb/app
https://doi.org/10.1371/journal.pone.0232542

PLOS ONE

Transcriptome analysis of umbilical hernias in pigs

Table 1. Primers for the 12 target genes and the 10 candidate reference genes used in qPCR analysis of the umbilical ring tissue in pigs.

Ensembl ID Target genes Chr. Primer sequence (5’ to 3’)
ENSSSCG00000001832 ACAN 7 F:CAGGAGGGGTTGTGTTCCATTA
Aggrecan R:CCTCCTCGAAAGTCAGTGAGTAG
ENSSSCG00000034213 ACER2 1 F:AAGGAGGTGCGACAACGTG
Alkaline Ceramidase 2 R:TAGGGGAAGTGGAAGGCAGAT
ENSSSCG00000034214 CCBE1 1 F:GGGGGACAAGTACCCCAATG
Collagen and Calcium binding EGF domains 1 R:GGGAGCAGGGCAATCTTCTG
ENSSSCG00000034215 CD3D 9 F:CTCCCGAGTGAGCCCCTAT
CD3d molecule R:GATCCAGGATGCGTTTTCCCA
ENSSSCG00000034216 EPYC 5 F:CTGCTGTGACTGCCCCAA
Epiphycan R:TCGATCTCAGCTGGACCCAT
ENSSSCG00000034217 FOS 7 F:GTGAAGACCATGCCAGGAGG
Fos proto-oncogene, AP-1 transcription factor subunit R:TAGCTGGTCTGTCTCCGCTT
ENSSSCG00000034218 LGALS3 1 F:CCCCTTCTGGACCACTGAAT
Galectin 3 R:TGTTGTCCTCGTTGAAGCGT
ENSSSCG00000034219 MAPILC3C 10 F:TGGAAACAGCTGGAGGAATGAG
Microtubule Associated Protein 1 Light Chain 3 gamma R:CCTCTCTTCTGGTTGCTAAGCTC
ENSSSCG00000034220 MMPI13 9 F:AAGAGCATGGAGACTTCTACCC
Matrix Metallopeptidase 13 R:GGAGGAAAAGCATGAGCCAA
ENSSSCG00000034221 PKP3 2 F:GCAGACAATAAGCTGGCCCT
Plakophilin 3 R:ATCCCTGTGACGTTCTTGCG
ENSSSCG00000034222 S100A2 4 F:ACAAGTACTCGGGCCAAGAAG
$100 calcium binding protein A2 R:TTCTCCCCTACAAAGCTGGG
ENSSSCG00000034223 VIT 3 F:GTCGAAGCCACCCACACTG
Vitrin R:AAGTCAGGTTCCTCCCCCA
Ensembl ID Candidate reference genes* Chr. Primer sequence (5’ to 3’)
ENSSSCG00000023971 H3F3A 10 F: CTTTGCAGGAGGCAAGTGAG
H3 histone, family 3A R: TGGCATGGATAGCACACAGG
ENSSSCG00000027637 RPL32 13 F: CAAAATTAAGCGGAACTGGCGG
Ribosomal protein 32 R: GCACATTAGCAGCACTTCAAGC
ENSSSCG00000015108 HMBS 9 F: AGGATGGGCAACTCTACCTGA
hydroxymethylbilane synthase R: ATGGATGGTGGCCTGCATAG
ENSSSCG00000017509 RPL19 12 F: ACCGCCACATGTATCACAGTC
ribosomal protein L19 R: TGTGCTCCATGAGAATCCGC
ENSSSCG00000004489 EEFIAI 1 F: CCGCCAGGACACAGGT
eukaryotic translation elongation factor 1 alpha 1 R: TTCCCATCTCCGCAGCCT
ENSSSCG00000003166 RPLI3A 3 F: CCAAGCAGGTACTTCTGGGC
ribosomal protein 13A R: GGCAGCATGCCTCGCA
ENSSSCG00000011213 TOP2B 13 F: AGAAGAGCTGCTGCTGAAAGG
topoisomerase (DNA) II beta R: TCCCCGTCATTTGTCACAGG
ENSSSCG00000020686 SDHA 16 F: TTGTACGGAAGGTCTCTGCG
succinate dehydrogenase complex flavoprotein subunit A R: GATGACTCCACGACACTCCC
ENSSSCG00000006062 YWHAZ 4 F: ATCAGATTGGGTCTGGCCCT
tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta R: GGTATCCGATGTCCACAATGTC
ENSSSCG00000016737 PPIA 18 F: GCGTCTCCTTCGAGCTGTTT
peptidyl-prolyl cis-trans isomerase A R: ACTTGCCACCAGTGCCATTA

Chr: chromosome; F: forward; R: reverse;

*Lorenzetti et al. (2018).

https://doi.org/10.1371/journal.pone.0232542.t001
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Results
Histological analysis

The histopathological evaluation has shown that, in general, the umbilical ring tissue of animals
affected with umbilical hernia was thickened by an abundant proliferation of dense connective
tissue. On the other hand, a normal amount of collagen fibers of connective tissue interspersed
with adipose tissue was found in the umbilical ring tissue of the normal pigs (Fig 1).

Sequencing and mapping

Sequencing of the umbilical ring tissue transcriptome produced about 24 million paired-end
reads per sample (S1 Table). After the quality control, about 2.3 million reads were removed,
remaining in average 21.7 million reads/sample (S1 Table). About 99.85% of the reads were
mapped in the genome (Sus scrofa 11.1), with an average of 82% of the reads mapped in genes.

Differentially expressed genes

From the 25,880 genes annotated in the swine genome (Ensembl 94), a total of 13,216 was
expressed in the umbilical ring tissue. From those, 230 genes were DE, being 145 (63.04%)
downregulated and 85 (36.96%) upregulated in animals affected with umbilical hernia com-
pared to the normal pigs (S2 Table). A clear separation of samples from UH-affected and nor-
mal pigs was observed in both the heatmap (Fig 2) and the MDS plot (S1 Fig), comparing the
groups of animals used in this study. Some variation between samples within group is expected
(Fig 2) since the tissue evaluated is quite complex, especially in animals from the normal
group, where the umbilical ring is not as apparent as it is in the affected pigs.

The 10 most down and upregulated genes based on the Log2FC of the UH-affected com-
pared to normal pigs (Table 2) are mainly related to the organization of the extracellular
matrix, morphogenesis, cartilage development and biosynthesis processes. Some of these tran-
scripts identified in our study have not yet been characterized in Ensembl 94.

Selection of reference genes and confirmation of RNA-Seq results with
qPCR

From the 10 candidate reference genes tested, H3 histone 172 family 3A (H3F3A) and Ribo-
somal protein 32 (RPL32) were considered the most stable and therefore used in qPCR nor-
malization. The qPCR analysis confirmed the RNA-Seq results with a high concordance
between the Log2FC of the RNA-Seq and the qPCR analysis (Fig 3). The pairwise correlation
analyses between the Log2FC of the two methodologies showed that the results from RNA-Seq
obtained in this study were consistent (r = 0.82, Fig 4).

In silico analyses

From the 230 DE genes found in this study, 161 were selected for the in silico analyses consid-
ering the Log2FC interval from -1.5 to +1.5. From this set of genes, 91 were identified in David
6.8 database, comprising BP, molecular functions (MF) and cellular components (CC). A total
of 68 significant BP (p <0.05) were identified, which were grouped using Revigo in 20 super-
clusters: cell adhesion, lymphocyte activation, extracellular matrix organization, cell activation,
biological adhesion, regulation of cell proliferation, immune system, among others (Fig 5, S3
Table). The main cell components were involved in the cell matrix, T cells and cell membrane,
comprising the molecular functions related to calcium activity, molecular transduction and
receptor activity (Fig 6).

PLOS ONE | https://doi.org/10.1371/journal.pone.0232542 May 7, 2020 6/23


https://doi.org/10.1371/journal.pone.0232542

PLOS ONE Transcriptome analysis of umbilical hernias in pigs

Fig 1. Hematoxylin & eosin stain histological section of the umbilical ring tissue sample from a normal (A) and an
umbilical hernia-affected (B) piglet.

https://doi.org/10.1371/journal.pone.0232542.9001
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Fig 2. Heatmap with 230 differentially expressed genes between animals affected with umbilical hernia (21A, 27A,
27A,29A, 31A and 36A) and normal piglets (20C, 26C, 28C, 30C and 37C). The expression for each gene is shown
in the rows and samples are visualized in the columns, showing a hierarchical clustering of genes and samples. Genes
are upregulated (in green) and downregulated (in red) in the affected samples.

https://doi.org/10.1371/journal.pone.0232542.9002
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Table 2. Top 10 down and upregulated genes in the umbilical ring tissue of normal and umbilical hernia-affected piglets.

ENSEMBL ID Gene symbol Gene name Log2FC
ENSSSCG00000037358 SAA3 Serum Amyloid A-3 Protein -7,40
ENSSSCG00000014988 MMPI3 Matrix Metallopeptidase 13 -7,31
ENSSSCG00000037009 -5,94
ENSSSCG00000036318 -5,75
ENSSSCG00000036203 -5,64
ENSSSCG00000004195 ARGI Arginase 1 -5,53
ENSSSCG00000036127 -5,24
ENSSSCG00000040651 -5,21
ENSSSCG00000037141 -4,93
ENSSSCG00000036445 CXCL13 C-X-C Motif Chemokine Ligand 13 -4,85
ENSSSCG00000003509 SH2D5 SH2 Domain Containing 5 2,76
ENSSSCG00000016883 ISL1 ISL LIM Homeobox 1 2,78
ENSSSCG00000001832 ACAN Aggrecan 2,81
ENSSSCG00000006021 KCNV1 Potassium Voltage-Gated Channel Modifier Subfamily V Member 1 2,99
ENSSSCG00000026780 EDIL3 EGF Like Repeats And Discoidin Domains 3 3,01
ENSSSCG00000003431 NPPB Natriuretic Peptide B 3,05
ENSSSCG00000036566 LY6G6C Lymphocyte Antigen 6 Family Member G6C 3,38
ENSSSCG00000038121 TCHH Trichohyalin 3,76
ENSSSCG00000034838 MAPILC3C Microtubule Associated Protein 1 Light Chain 3 Gamma 3,95
ENSSSCG00000033927 4,26

https://doi.org/10.1371/journal.pone.0232542.t1002

Gene network

The constructed gene network (Fig 7) based on the DE genes, the BP and the cluster performed
with Revigo showed the probable bioprocesses that would be the most involved with the
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Fig 3. Comparison of Log2FC expressed values between the RNA-Seq and qPCR methodologies for the 12 target

genes chosen for validation.

https://doi.org/10.1371/journal.pone.0232542.g003
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Fig 4. Pearson'‘s correlation (r) between Log2FC values of RNA-Seq and qPCR analyses for the 12 target genes
selected for validation.

https://doi.org/10.1371/journal.pone.0232542.9004

umbilical hernia development. A set of 10 BP was selected for constructing the gene network:

development of anatomical structure, biological and cellular adhesion, lymphocyte activation,
leukocyte proliferation, extracellular matrix organization, development processes, and multi-

cellular processes of the organism and regulation of stimulus responses. In this analysis, we
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Fig 5. Significant biological processes of Differentially Expressed (DE) genes related to umbilical hernia in pigs. The X-axis shows the total
number of genes that were DE in each biological process, based on the genetic ontology using the David 6.8.

https://doi.org/10.1371/journal.pone.0232542.g005
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Fig 6. Significant cell components and molecular functions of Differentially Expressed (DE) genes related to umbilical hernia in pigs. The X-axis
shows the total number of genes that were DE in each of them, based on the genetic ontology using the David 6.8 database.

https://doi.org/10.1371/journal.pone.0232542.g006
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Fig 7. Gene network constructed with differentially expressed genes and main biological processes related to umbilical hernia using Cytoscape.
Differentially expressed genes are visualized in the circles and biological processes in the rectangles. Node sizes indicate the number of predicted gene
interactions. The edge colors indicate the betweenness of the edges (low values are in small size and in bright colors).

https://doi.org/10.1371/journal.pone.0232542.9007

PLOS ONE | https://doi.org/10.1371/journal.pone.0232542 May 7, 2020 10/23


https://doi.org/10.1371/journal.pone.0232542.g006
https://doi.org/10.1371/journal.pone.0232542.g007
https://doi.org/10.1371/journal.pone.0232542

PLOS ONE

Transcriptome analysis of umbilical hernias in pigs

were able to relate 53 genes distributed according to their interactions and importance in these
processes. Furthermore, in Fig 7 it is possible to observe that several genes identified in the
enrichment analysis are involved in various BP, since those related to development and cell
adhesion until those related to immune processes, in which the later have not yet been associ-
ated with UH in pigs. This information can be seen, for example, for the genes ACAN, VIT
and some MMPs that are connected and acting in several BP related to the DE genes.

DE genes located in QTL regions for umbilical hernia

With the 230 DE genes, a query performed in the pig QTLdb [29] pointed out that only six of
these genes were located in QTL regions previously associated to UH [29]. Four of them were
mapped to SSC1: Alkaline ceramidase 2 (ACER2), Solute carrier family 2 member 6 (SLC2A6),
Prostaglandin-endoperoxide synthase 1 (PTGSI) and LGALS3; one was located in SSC2: KN
motif and ankyrin repeat domains 3 (KANK3) and the other in SSC7: FOS. Moreover, three
other DE genes found in our study were located in QTL regions for scrotal/inguinal hernias:
ACAN mapped in SSC7, Butyrylcholinesterase (BCHE) in SSC13 and KANK3 in SSC2.

Discussion

Some studies have been performed to identify the genetic factors involved in the development
of umbilical hernias, and QTL regions, SNPs and candidate genes associated with the appear-
ance of this defect have been detected [5,11-13]. In this study, using RNA-Seq, we sequenced
the umbilical ring transcriptome to discover possible genes involved in the occurrence of
umbilical hernias in pigs. Here, a total of 230 genes were DE between normal and UH-affected
pigs (S2 Table), even considering the complexity of the tissue collection and the naturally indi-
vidual response of the animals. Using these genes, it was possible to observe a similar expres-
sion profile within groups, in which the heatmap was able to identify the samples according to
the previous group characterization, reinforcing the correct separation of the animals based on
the phenotypic trait (Fig 2). Additionally, in the current study, the stability of 10 endogenous
candidate genes in the inguinal ring tissue was evaluated since no specific reference genes were
reported for this tissue in pigs to date. Therefore, the H3F3A and RPL32 were the most reliable
reference genes under this experimental condition to obtain accurate gene expression profiles
in this complex tissue. Twelve of 230 DE genes in the RNA-Seq experiment were selected to be
validated by qPCR, which has confirmed the consistence of our RNA-Seq findings (Figs 3 and
4). Since the etiology of umbilical hernias is not yet fully understood, identifying genes and
biological processes involved in the development of this hernia is essential to find strategies to
reduce this anomaly in pig production systems. From the 68 BPs found in our study, the fol-
lowing can be highlighted and will be further discussed: extracellular matrix, cell adhesion,
development of the anatomical structure and immune system. This allowed a closer observa-
tion of the relationship of the DE genes with BPs in the organism.

Extracellular matrix

The extracellular matrix (ECM) provides support and resistance to the tissues and organs of
the whole body, acting in biochemical processes related to morphogenesis, differentiation and
homeostasis of the tissues [30]. Also, in the ECM there are molecules responsible for adhesion,
migration, proliferation, differentiation and cellular survival of the tissue [31]. This very orga-
nized structure is divided into molecules responsible for the formation of fibers (collagens,
elastin and fibronectins) and the interfibrillar proteoglycans and glycoproteins bridges [32,33].
In the fiber-forming group, the collagens can be highlighted, since they are responsible for the
development and tissue resistance, and regulation of cell adhesion [34]. In the interfibrillar
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group, we highlight the proteoglycans that act in several functions, mainly related to binding,
hydration, transport and resistance to force [30].

Two BPs were associated with ECM and both had the five clustered genes: ACAN, MMP13,
Matrix metallopeptidase 9 (MMP9), Serine peptidase inhibitor, kunitz type 1 (SPINTI) and
VIT. In addition, five cellular components related to matrix were found (Fig 6) and the most
enriched genes were ACAN, SPINT1, VIT, MMP13, MMP9, Collagen type XI alpha 2 chain
(COL11A2), CCBEI, LGALS3, Collagen type VI alpha 5 chain (COL6AS5), cathepsin W
(CTSW), S100 Calcium binding protein A4 (S100A4) and EPYC. The association of these
genes in ECM bioprocesses and their location in extracellular matrix-related cell component
(CC) reinforce their relationship with structural support and important biochemical signals in
the cells and tissues of animals [35]. The identified genes involved in the maintenance of ECM
clarify the relationship between ECM and umbilical hernias. It is known that problems in the
connective tissue, such as disturb in collagen production, have already been associated with
the appearance of hernias [36]. Furthermore, in the gene network it was possible to group
genes that were enriched in ECM bioprocesses (Fig 7), such as ACAN, MMP13, MMP9,
SPINT1 and VIT, which were DE in our work.

Matrix metallopeptidase (MMP) family members are directly bound to collagen degrada-
tion and regulation. The MMP13 gene is responsible for the degradation of type II collagen in
cartilage and MMP9 degrades type VI collagen [37,38]. In the present study, the MMP13 and
MMP9 genes were 7.3 and 3.9 times less expressed in animals affected by umbilical hernia
than in normal animals. The downregulation of these genes may be related to tissue disorders
due to their role in collagen production. Also, three other genes of the collagen family were
downregulated in the affected pigs: COL6A5 (-4,3); COL11A2 (-3.7) and Collagen type II
Alpha 1 chain (COL2A1; -3.4). The collagen family genes are involved with the production of
fibers, structural organization and strength to the connective tissues in the animal organism
[39,40]. The relationship of metallopeptidase genes, such as MMPI and MMP13, with inguinal
hernias in humans has already been verified [41]. Moreover, MMP2, COL2A1, COL1A2 and
COLIA1I genes were associated to scrotal herniation in pigs [42]. In addition, mutations in
COL6A1, COL6A2 and COL6A3 genes were considered causal mutations for congenital mus-
cular dystrophy, a disease that affects connective and muscular tissue in humans [43]. Zhang
et al. (2002) [44] reported that mutations in collagen genes COL6A1, COL6A2 and COL6A3
led to their mRNA decay. Moreover, Sabatelli et al. (2012) [45], demonstrated that COL6A5
plays a key role in the tensile stress of connective tissue. Tagliavini et al. (2014) [46], verified
that a defect in the COL6A6 gene might contribute to collagen-related disorders.

There are several studies addressing MMP and collagen families as responsible for problems
in the tissue and also for the manifestation of several types of hernias in different species
[40,42-44,46]. Our findings are similar to those already reported, indicating that those genes
related to ECM might be possibly triggering umbilical hernia in pigs. Thus, the downregula-
tion of this set of genes could lead to problems related to the production of collagen, conse-
quently causing tissue weakness and injury and, eventually, the formation of umbilical hernia.

Cell adhesion

The cell adhesion BP is highly related to biological adhesion (Fig 7), both allowing cellular con-
nections and binding to organisms or substrate. In particular, cell adhesion is directly linked
to adhesion to the extracellular matrix [33], tissue development and maintenance, cell differen-
tiation, migration, communication, regulation and survival [47,48]. In our study, 19 DE genes
were grouped in this BP: ACAN, molecule CD2 (CD2), CD3D, molecule CD5 (CD5), molecule
CD6 (CD6), molecule CD8A (CD8A), cadherin 7 (CDH?), desmoglein 2 (DSG2), indoleamine
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2, 3-dioxygenase 1 (IDO1), interleukin 7 receptor (IL7R), Lymphocyte Cell-Specific Protein-
Tyrosine Kinase (LCK), LGALS3, myelin protein zero like 2 (MPZL2), NLR Family Contin-
gency Domain 3 (NLRC3), 5-nucleotidase ecto (NT5E), PKP3, protein tyrosine phosphatase,
type U receptor (PTPRU), transglutaminase 2 (TGM2) and VIT (Fig 7, S3 Table).

The ACAN gene belongs to the aggrecan proteoglycan family and was 2.8 times more
expressed in the hernia-affected animals than in the normal pigs (Table 1). This gene has an
important role in the cell adhesion process of the matrix, providing integrity, binding and
resistance to cartilaginous tissue [49]. Polymorphisms in the ACAN have already been associ-
ated with hernias and cartilage degeneration [50,51]. However, there are no studies on the lev-
els of ACAN gene expression for comparison. The observed ACAN upregulation in UH-
affected pigs can lead to an exacerbated production of collagen. Association between abnormal
amount of collagen and herniation was already reported [52]. Moreover, the ACAN has also
been associated with other types of hernia, such as disc hernia [53].

The VIT gene was 3.7 times downregulated in the affected animals (52 Table). VIT is
responsible for encoding a protein related to the ECM and also participates in cell adhesion
and cell migration [54,55]. The vitrin protein is similar to proteins that participate in the neu-
ral development and in the integrity of the extracellular matrix [56-58]. In the intact human
cartilaginous tissues, higher levels of VIT were observed, whereas in tissues with cartilage prob-
lems the expression of this gene was reduced [59]. The VIT downregulation detected in the
present study may disturb the production of cell adhesion proteins, reducing the integrity of
the umbilical ring making this tissue more susceptible to hernia occurrence.

Two other genes were clustered only in the cellular and biological adhesion processes: Cad-
herin 7 (CDH?) and Leucine Rich Repeat Containing 15 (LRRC15), being, respectively, 2.5
and 1.8 times upregulated in the affected group compared to the normal pigs (S2 Table). The
CDH?7 gene is involved in the cell structural and functional organization in various tissues
[60]. Cadherins have a very important role in the cell adhesion process promoting cell binding,
and mutations in these genes were associated with delayed growth and development [61,62].
The LRRCI5 gene is involved with cellular interactions, acting mainly on cell adhesion and on
cell-cell and extracellular matrix interactions [63]. In animals, the actions of LRRCI5 are still
poorly understood, however, in humans, cancer-damaged tissues had higher expression of this
gene than normal tissues [64]. Possibly, the imbalance in the expression of the genes grouped
in those BPs can interfere in tissue remodeling, causing disorders related to muscular fibers,
weakening the umbilical ring tissue and favoring the occurrence of umbilical hernias in pigs.

Furthermore, another process that can affect cell adhesion, cell death and ECM BP is the
autophagy, which is involved in cellular degradation to promote cell homeostasis [65]. One of
the genes involved with autophagy is the MAP1LC3C, which was highly expressed in the
affected when compared to the normal pigs in both RNA-Seq and qPCR experiments (Fig 3).
This gene acts preventing the apoptosis, being regulated by different signaling pathways,
including those calcium dependent, helping to maintain the cell fate and, consequently, the
normal physiology [66]. The upregulation of MAPILC3C has already been observed in pigs
with scrotal hernia [67]. Also, the expression of MAPILC3B, another gene from the MAPILC3
family, was increased in humans with incisional hernia (IH), concomitantly with the enhanc-
ing of apoptosis signaling, affecting the cell death and ECM detachment process, which con-
tributed to the appearance of hernias in the fascia of patients with IH [68].

Development of anatomical structure

Twenty-five DE genes were grouped in the development of anatomical structure BP (Fig 5, S3
Table). Furthermore, 11 of them participate in extracellular matrix CC and four enriched
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molecular functions related to calcium ion bonds (Fig 6). From this set of genes, we highlight
KRT14 (Keratin 14), CCBE1, ACAN, Desmoglein 2 (DSG2) and EPYC, which were more
enriched in the anatomic development process in the gene network (Fig 7) and were upregu-
lated in animals affected by umbilical hernia. The KRT14 gene encodes proteins from the kera-
tin family, which are structural proteins that provide skin resistance and elasticity [69,70].
Studies in humans have identified mutations in this gene being responsible for different skin
diseases [69-72]. Other genes involved with the cell development are calcium binding pro-
teins, SI00A2 and S100A4, and PKP3 genes, which were also upregulated in the UH affected
group. These genes are involved in cell differentiation and cell cycle, acting in epithelial tissues
and skin [73,74] and, although there is no information regarding these gene functions in the
UH development, they could maintain the balance between cell growth and differentiation
with apoptosis.

The EPYC gene, previously known as Dermatan Sulfate Proteoglycan 3 (DSPG3), is pre-
dominantly expressed in cartilaginous tissues [75,76]. EPYC has main functions in the fibrilo-
genesis, which is characterized by the development and regulation of collagen fibrils in the
embryonic period [77]. Tajima et al. (1999) [78], demonstrated that deficiency in the EPYC
gene could cause Ehlers-Danlos syndrome in Dutch breed calves. This hereditary syndrome
causes a defect in the connective tissue, due to changes in collagen synthesis and/or assembly
of the collagen structure [79-81]. Due to the problems in the fibrillar collagen, the skin
becomes fragile and with high risk of rupture [81]. Several studies have associated this syn-
drome with defects in collagen production [82], however, the actual function of the EPYC is
not yet well known in pigs.

Two other gene, DSG2 and CCBE1, were enriched in the anatomical structure BP and
grouped in the calcium ion binding MF. The DSG2 gene belongs to the desmoglein family,
which are important components of the cadherins that integrate the desmosomes [83]. Des-
mossomes are characterized as structures of cell-to-cell linkages, which provide mechanical
stability [83,84] and are crucial for embryonic development and tissue integrity [85]. More-
over, DSG2 is expressed in many tissues and participates in calcium binding and cell adhesion
[84]. The CCBE1 gene encodes proteins responsible for the remodeling and migration of the
extracellular matrix and is directly related to the calcium and collagen [86,87]. In humans,
studies have shown that mutations in the CCBEI gene are associated with genetic problems,
including the occurrence of umbilical and inguinal hernias [88-90]. Thus, the differential
expression of these genes related to the development of the anatomical structure is a strong
indication that alterations in this BP can cause deregulations or modifications in the structure
of the tissue. These findings are reinforced by the histological changes observed in the umbili-
cal ring tissue between the normal and UH-affected pigs. The umbilical ring of animals
affected with umbilical hernia was thickened by an abundant proliferation of dense connective
tissue, while a normal amount of collagen fibers of connective tissue interspersed with adipose
tissue was found in the umbilical ring region of the normal pigs (Fig 1).

Immune system

In this study, several DE genes enriched BP related to the immune system, where most of them
were downregulated in the affected animals (S3 Table). Also, the gene network indicated three
significant BP: lymphocyte activation, leukocyte proliferation and immune system process
(Fig 7). These three similar processes grouped 21 genes, of which 11 were grouped in mem-
brane CC and six of them in molecular function of transduction activity (Figs 5 and 6). Here,
the cluster of differentiation (CD) gene family were highly represented by the CD2, CD3D,
CD5, CD6, CD247 and CD8A genes, that were downregulated in UH-affected animals
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compared to the normal pigs. These CD genes are directly linked to other biological processes,
such as regulation of response to stimuli, development of anatomical structure, cell adhesion,
and developmental processes (Fig 7). For instance, the CD3D gene is responsible for encoding
a T cell receptor protein and performing signal transduction [91]. Another gene of this family,
CD34, was downregulated in humans affected by inguinal hernias [92]. However, information
about these genes are scarce in the literature and here is the first time that these genes are
being associated with umbilical hernia in pigs.

The EDIL3 (EGF as repeats and discoid domains 3) is another immune-related gene and
was 3 times upregulated in affected animals compared to normal pigs (S1 Table). Studies have
indicated that when there is injury, epithelial cells, macrophages and fibroblasts produce
growth factors such as epidermal growth factor (EGF) and transforming growth factor (TGF)
to prevent the problem [93]. When this occurs, there is an increase in the epithelial-mesenchy-
mal transition, which is responsible for the healing, regeneration and fibrogenesis of the tissue
[94-96]. However, when the animal has a disease that cannot be controlled, it becomes chronic
and may result in an increase in the expression of EGF, fibronectin and proteoglycans [97]. In
our study, the upregulation of genes responsible for the production of EGF (EDIL3) and pro-
teoglycans (ACAN and EPYC) indicates that this expression profile is due to the advanced pro-
cess of irreversible tissue degradation, where tissue repair genes are no longer active [98,99],
and the EDIL3, ACAN and EPYC genes are over expressed producing high levels of proteogly-
cans and fibronectin. This may account for the accumulation and increased proliferation of
dense connective tissue in pig tissue samples affected with umbilical hernia as observed in the
histopathology (Fig 1). Thus, the downregulated genes clustered in the immune system BP are
probably a consequence of the umbilical hernia, while the upregulated ones are possibly
involved in the cause of the histological changes of the UH-affected tissue.

Genes located in QTL regions

Ding et al. (2009) [11] were the first to identify regions related to the occurrence of umbilical
hernias in pigs. Afterwards, other studies also identified regions related to umbilical hernias in
pigs [5,12,13]. Six of the genes DE in our study were mapped to QTL regions already described
in the literature for umbilical hernias in pigs: ACER2, SLC2A6, PTGS1, LGALS3, KANK3 and
FOS. These genes have very distinct functions, such as cell proliferation and survival (ACER2)
[100], regulation of prostaglandin (PTGSI) [101] and glucose transport (SLC2A6) [102].

The LGALS3 gene is part of membrane CC and was enriched in the gene network due to its
involvement in several BP (Fig 7). Besides harboring a QTL region for umbilical hernia,
LGALS3 differential expression profile was confirmed by the qPCR methodology. This gene
encodes a protein located in the extracellular matrix that acts in cell growth, survival, migra-
tion and adhesion [103]. LGALS3 is also involved in the cellular apoptosis and innate immu-
nity [104,105]. Another gene found in a QTL region for umbilical hernia is the FOS, which
was upregulated in affected pigs and validated by qPCR. The FOS gene has a role in survival,
proliferation, differentiation and cell death, organogenesis and stress response [106]. Studies
with cancer patients have shown that FOS upregulation was correlated with the increase in cell
death [107,108].

Furthermore, three other genes were located in QTL regions already identified for scrotal/
inguinal hernias [11,109]: ACAN, BCHE and KANK3. The ACAN gene, which has been previ-
ously mentioned, related to cell adhesion and extracellular matrix [49], has been pointed out
as a potential gene involved in the occurrence of hernias. The localization of ACAN in the
QTL region for scrotal/inguinal hernias suggests a pleiotropic effect of this gene, being also
involved in the manifestation of umbilical hernia.
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The KANK3 gene was downregulated in the affected animals and has been mapped to a
QTL region for umbilical hernia and for scrotal/inguinal hernia [11]. This indicates a possible
pleiotropic effect of KANK3 in the manifestation of various types of hernias in pigs. Genes
from KANK family (KANKI and KANK2) have already been related to the polymerization of
actin filaments, fiber formation and cell migration [110]. These genes drive many cellular pro-
cesses [111], especially those of transport and muscle contraction. This action may be related
to the problem of umbilical hernia, since actin filaments are an important part of the body and
especially of the muscle [112]. Furthermore, actin polymerization together with that of calcium
is a key part of the adhesion process of epithelial cells [113]. Therefore, KANK3 become a
strong functional candidate to the development of umbilical hernia in pigs.

The umbilical hernia is considered a body wall defect, characterized by a body wall dyspla-
sia, midgut protrusion in the umbilical ring, intact skin, normal umbilical cord and thinner
wall possibly caused by the increased cell death [114,115]. This condition is very complex since
it could be congenital or acquired, and in humans, they are characterized in infantile, when
there is no obliteration of umbilical cord structures, or in adult, usually considered acquired
[116]. Through the characterization of the umbilical ring transcriptome of normal and UH-
affected pigs, a set of DE genes was prospected, where several BP and molecular functions pos-
sibly related to the herniation process were identified. The main biological processes involved
with umbilical hernia were related to extracellular matrix, immune system, anatomical devel-
opment, cell adhesion, membrane components, receptor activation, calcium binding and
immune responses. Although there are few studies addressing the etiology of umbilical hernia
in pigs and even in humans, it was possible to find several studies evaluating the development
of human incisional hernia (IH) in fascia [68,117,118]. This is an acquired condition, which
occurs after some types of surgeries. However, similar mechanisms have been described
between IH and those found in our study with UH, such as unbalance of apoptosis, cell prolif-
eration and migration, with similar MMPs and collagen genes altered [68,117,118]. Further-
more, disruptions in ECM functions and triggering of inflammation mechanisms were also
described as contributing to hernia formation [68,117,118], corroborating with the BP
enriched in this study. Therefore, knowing that samples from divergent phenotypes were col-
lected, considering the family history, it is possible to highlight that the genes, such as ACAN,
MMPs, COLs, EPYC, VIT, LRRC15, CCBEI and LGALS3 can be considered strong candidates
for the development of umbilical hernia in pigs and in other mammals”.

Conclusions

We have generated the first transcriptome of the pig umbilical ring tissue, which allowed the
identification of several genes that had not yet been related to umbilical hernias in pigs. The
results pointed out ACAN, MMPs, COLs, EPYC, VIT, CCBEI and LGALS3 genes as strong can-
didates to trigger umbilical hernias in pigs, because they are involved in hernia related biologi-
cal processes since the embryogenesis. Nevertheless, further studies are needed to identify the
causal mutations, improving our understanding of gene regulation and identifying alleles
related to this defect to be used in animal selection to reduce the occurrence of umbilical her-
nia in pig production systems.
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Resumo

A hérnia umbilical (HU) é um dos defeitos mais frequentes que afetam a produgéo suina, porém,
também afeta humanos e outros mamiferos. A HU é caracterizada como uma protrusao anormal

do conteddo abdominal para a regido umbilical, causando dor, desconforto e redugéo do
desempenho em suinos. Algumas regifes gendmicas associadas a HU ja foram identificadas,
contudo, nenhum estudo envolvendo sequenciamento de RNA foi realizado considerando o tecido
umbilical. Portanto, neste estudo, sequenciamos o transcriptoma do anel umbilical de cinco suinos
normais e cinco com HU para descobrir genes e vias envolvidos no desenvolvimento da HU. Um
total de 13.216 transcritos foram expressos no tecido do anel umbilical. Destes, 230 genes
apresentaram expresséo diferencial (ED) entre suinos normais e com HU (FDR <0,05), sendo

145 genes com expressao reduzida e 85 com expressao aumentada nos suinos afetados em
comparagdo com os suinos normais. Um total de 68 processos biolégicos significativos foram
identificados, sendo os mais relevantes a matriz extracelular, o sistema imunoldgico, o
desenvolvimento anatdémico, a adesao celular, os componentes da membrana, a ativagédo de
receptores, a ligacéo ao célcio e a sinapse imunoldgica. Os resultados apontaram ACAN, MMPs,
COLs, EPYC, VIT, CCBEL1 e LGALS3 como fortes candidatos a desencadear hérnias umbilicais

em suinos, uma vez que atuam na remodelagdo da matriz extracelular e na produgéo,

integridade e resisténcia do colageno. Geramos o primeiro transcriptoma do tecido do anel
umbilical suino, o que permitiu a identificagdo de genes ainda ndo relacionados a hérnias umbilicais
em suinos. No entanto, estudos adicionais sdo necessarios para identificar as mutagdes causais,
SNPs e CNVs nesses genes, a fim de aprimorar nossa compreensao dos mecanismos de regulagdo génica.

Introducéo

A suinocultura tornou-se uma das atividades mais importantes na producao pecuaria e
observou-se um aumento na producdo de suinos nos ultimos anos [1,2]. No entanto, a0 mesmo tempo
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Com o aumento da produgdo, surgiram alguns problemas fisiol6gicos, causando perdas econdmicas e

afetando o bem-estar animal. A hérnia umbilical (HU), um defeito anatémico caracterizado pela protruséo

do contetido abdominal através do anel umbilical, € um dos defeitos mais frequentes que afetam a producéo
suina. A prevaléncia de HU em suinos varia de 0,40 a 2,25%, dependendo da raga, da granja e do sistema

de producéo [3,4]. Os animais afetados por HU geralmente apresentam desempenho reduzido, com baixas

taxas de crescimento, baixa converséo alimentar, baixa qualidade da carne, dor e desconforto, podendo levar

a morte [5,6]. Embora se saiba que as perdas econdmicas causadas pela hérnia umbilical ttm um grande impacto
na industria suina, é muito dificil encontrar relatos com estimativas. No entanto, considerando apenas a

taxa de mortalidade causada pelos quatro defeitos mais prevalentes (hérnia de perna aberta, hérnia escrotal/
inguinal, hérnia umbilical e atresia anal), ja foram estimadas perdas econémicas superiores a US$ 100

milhdes anualmente na industria suina global [7].

O desenvolvimento de hérnia umbilical pode ser causado por fatores externos, como lesdes fisicas, alta
pressdo abdominal, remocé&o inadequada do corddo umbilical, infecgdes e manejo [5]. Enquanto isso, observou-
se que animais aparentados com as mesmas praticas de manejo podem apresentar fenétipos diferentes,
ou seja, serem normais ou afetados por hérnias [5], indicando que um fator genético também esta presente [8].
Além disso, as estimativas de herdabilidade de 0,25 para hérnia umbilical em suinos [9] e 0,40 em bovinos
[10] reforcam o componente genético que regula essa caracteristica. No entanto, o0 modo de heranga e sua
etiologia permanecem obscuros.

Diversos loci de caracteristicas quantitativas (QTL) associados a UH ja foram relatados em suinos. Em
uma busca no banco de dados de QTL de suinos (https://www.animalgenome.org/cgi-bin/QTLdb/SS/index),
foram encontrados varios QTLs. - 02/11/2019), 54 QTLs para hérnia umbilical foram encontrados em diversas
ragas de suinos, localizados nos cromossomos SSC1, SSC2, SSC3, SSC4, SSC6, SSC7, SSC8, SSC9,
SSC10, SSC11, SSC13, SSC14, SSC15, SSC16 e SSC17 [11-14]. Ding et al. (2009) [11] realizaram o primeiro
estudo genémico com HU e encontraram algumas regides cromossomicas relacionadas ao aparecimento
dessa condicdo. Mais recentemente, um polimorfismo de variagcdo do nimero de cépias (CNV) no SSC14 foi
relacionado a HU [12] e um QTL altamente significativo para essa caracteristica foi detectado em suinos da
raca Landrace Norueguesa, também no SSC14 [13]. Este QTL explicou aproximadamente 8,6% da variancia
fenotipica para UH, e os genes LIF Interleukin 6 Family Cytokine (LIF) e Oncostatin M (OSM) estavam localizados
dentro deste QTL, sendo considerados candidatos para estudos funcionais [13].

Recentemente, em um estudo de associagdo gendmica ampla (GWAS) com porcos mesti¢cos, SNPs nos
cromossomos SSC4, SSC6, SSC11 e SSC13 foram associados & hérnia umbilical. Nessas regides,

novos genes: TBX15 (T-box 15) e WARS2 (triptofanil-tRNA sintetase 2) no SSC4, e LIPI (lipase 1) e RBM11
(RNA Binding Motif Protein 11) no SSC13, foram identificados como possiveis candidatos para o
desenvolvimento da HU [15].

Embora algumas regides genémicas associadas a hérnia umbilical ja tenham sido identificadas, nenhum
estudo funcional com o tecido do anel umbilical foi realizado em suinos. Portanto, considerando a
complexidade dessa condicdo, neste estudo, sequenciamos o transcriptoma do anel umbilical de suinos normais
e afetados para descobrir genes e vias envolvidas no desenvolvimento da hérnia umbilical em uma linhagem

pura de suinos utilizando RNA-Seq.

Materiais e métodos

Animais e amostragem: Neste

estudo, foram utilizadas 10 fémeas puras da raca Landrace, ndo aparentadas, provenientes da mesma fazenda-
nucleo, com alto status sanitario, localizada no estado de Santa Catarina, sul do Brasil, com aproximadamente
90 dias de idade, em um delineamento caso-controle. A ocorréncia de UH nessa linhagem é de cerca de 1,7%.
Desses 10 animais, 5 apresentavam hérnia umbilical (com algas intestinais formando um saco herniario) e 5

eram normais (sem malformagdes e provenientes de familias sem histérico da doenga).
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histérico de hérnias). Para cada animal afetado, um porco normal contemporaneo foi selecionado. Os animais foram transportados para o
Centro Nacional de Pesquisa Suina e Avicola da Embrapa, localizado em Concoérdia-SC, para serem avaliados e necropsiados. A eutandsia foi
realizada por dessensibilizagéo por eletrocussao durante 10 segundos, seguida de sangria, de acordo com as praticas recomendadas pelo
Comité de Etica no Uso de Animais do Centro Nacional de Pesquisa Suina e Avicola da Embrapa, aprovado sob o protocolo n® 011/2014. A
necropsia foi realizada para avaliar a existéncia de eventuais problemas que pudessem comprometer a preciséo dos dados e para a correta
caracterizacéo do fenétipo da hérnia umbilical. Amostras de tecido foram coletadas do anel umbilical de animais normais e afetados por hérnia
umbilical. As amostras foram colocadas em tamp&o de paraformaldeido a 4% para andlise histopatolégica e aquelas para andlise de expressao

génica foram imediatamente congeladas em nitrogénio liquido e, posteriormente, armazenadas a -80 °C para posterior extracdo de RNA.

Andlises histoldgicas do tecido do anel umbilical: Tecidos da

regido do anel umbilical de animais com ou sem hérnia foram desidratados em uma série de concentragdes
crescentes de etanol, diafanizados com xilol e incluidos em parafina. Cortes histolégicos de 2 a 5 ym de
espessura foram obtidos com um micrétomo automatico, corados pelo método de hematoxilina e eosina

e analisados por microscopia optica. Os tipos celulares foram avaliados em uma ocular de 10x com

objetivas de 5x a 100x, seguindo uma andlise histopatoldgica de rotina.

Extracdo de RNA, preparacédo da biblioteca e sequenciamento. Para a

extracdo de RNA, cerca de 100 mg de cada amostra foram macerados em nitrogénio liquido utilizando 1 mL
de Trizol (Invitrogen, EUA), de acordo com as instrugdes do fabricante. Em seguida, foram adicionados 200 yL
de cloroférmio, a mistura foi agitada vigorosamente por 15 segundos e incubada a temperatura ambiente por
5 minutos. A centrifugacgéo foi realizada a 11.000 xg a 4 °C por 15 minutos e 600 yL da fase aquosa foram
transferidos para um novo tubo contendo 600 yL de etanol a 70%. Este volume foi entdo adicionado a uma
coluna de silica RNeasy mini (Qiagen, Alemanha), seguindo as instru¢des do fabricante. A qualidade e a
guantidade do RNA total foram avaliadas por espectrofotometria com o Biodrop (Biodrop, Reino Unido),
eletroforese em gel de agarose a 1% e Bioanalisador Agilent 2100 (Agilent Technologies; Santa Clara, CA,
EUA). Amostras com razéo 260/280 nm acima de 1,9 no Biodrop e com nimero de integridade do RNA

(RIN) superior a 8,0 foram utilizadas para a preparagéo das bibliotecas de RNA-Seq.

Para preparar as bibliotecas, foram utilizados 4 yg de RNA total de cada amostra com o kit TruSeq
Stranded mRNA (lllumina, Inc.; San Diego, CA, EUA), seguindo as recomendacdes do fabricante. O tamanho
das bibliotecas foi avaliado no Bioanalyzer, obtendo-se um tamanho médio de 300 pb para cada amostra.
Apos a verificagdo da concentracéo e do tamanho das bibliotecas, o sequenciamento de RNA pareado
(2x100 pb) foi realizado no equipamento lllumina HiSeq2500 (lllumina, Inc.; San Diego, CA, EUA) no Centro
de Gendmica Funcional da ESALQ/USP.

Todas as amostras (porcos normais e afetados) foram colocadas e sequenciadas na mesma faixa.

Controle de qualidade, montagem e andlise de expresséo diferencial. Para o controle

de qualidade, a ferramenta SeqyClean [16] foi aplicada para a remogao de leituras curtas (<70bp), leituras
de baixa qualidade (QPhred <24), sequéncias adaptadoras, contaminantes (phiX) e caudas poli A/T. Em
seguida, as sequéncias foram mapeadas contra o genoma de referéncia do suino (Sus scrofa, montagem
11.1), disponivel no banco de dados Ensembl versdo 94 (www.ensembl.org). usando o programa STAR
[17]. A contagem de reads foi realizada com o programa HTSeg-count [18].

O pacote EdgeR [19] do R [20] foi usado para identificar expresséo diferencial (DE)
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genes entre suinos normais e afetados por UH. O limiar de significancia para declarar genes como DE foi
definido como uma Taxa de Descoberta Falsa (FDR) ¥ 0,05 apés muiltiplos testes de correcéo para reduzir

o0 erro tipo I, seguindo o método de Benjamini e Hochberg (BH) [21]. O gréafico de Escalonamento
Multidimensional (MDS) foi criado com o R usando os valores de LogFC de cada gene expresso no

tecido do anel umbilical dos suinos normais e afetados por UH. Os mapas de calor foram gerados com o

pacote plots do R [20] usando os dados de expressdo de cada amostra para cada gene DE. Os arquivos

FASTQ foram depositados no banco de dados SRA com o nimero de BioProjeto PRINA445856 e os

numeros de bioamostra: SAMN08801040, SAMN08801041, SAMN08801042, SAMN08801043, SAMNO08801044,
SAMNO08801045, SAMN08801046, SAMN08801047, SAMN08801048 e SAMN08801049.

Validag&o de genes diferencialmente expressos usando PCR quantitativo (QPCR)

A andlise de qPCR foi utilizada para confirmar os resultados obtidos no RNA-Seq, utilizando as mesmas
amostras de tecido de porcos normais e afetados. A extracdo de RNA foi realizada conforme descrito
anteriormente e a sintese de cDNA foi feita utilizando 3 yg de RNA total e o kit SuperScript Ill First-Strand
Synthesis SuperMix (Invitrogen, EUA) seguindo o protocolo padrdo. Para validag&o, os seguintes 12 genes DE
foram escolhidos de acordo com suas fung¢des: Metalopeptidase de matriz 13 (MMP13), Vitrina (VIT),
Ceramidase alcalina 2 (ACER2), Molécula CD3D (CD3D), Galactina 3 (LGALS3), Proto-oncogene Fos,
Subunidade do fator de transcricdo AP-1 (FOS), Dominios 1 de ligacéo a colageno e célcio do EGF (CCBE1),
Placofilina 3 (PKP3), Epificano (EPYC), Proteina de ligagdo a célcio S100 A2 (S100A2), Agrecano (ACAN)

e Proteina 1 associada a microtibulos cadeia leve 3 gama (MAP1LC3C). Além disso, dez genes de referéncia
candidatos foram testados para selecionar os genes de referéncia apropriados para serem usados na andlise
de qPCR (Tabela 1), conforme descrito por [22]. Os primers foram projetados em regifes exon-exon usando a
ferramenta primer-blast [23] e sua qualidade foi avaliada no programa NetPrimer (http://www.premierbiosoft.com/
NetPrimer ) (Tabela 1). As reagdes de qPCR foram realizadas no Quantstudio 6 (Applied Biosystems, EUA)
com um volume final de 15 yL contendo 1X GoTag qPCR Master Mix (2x) (Promega), 0,13 yM dos

primers direto e reverso e 2,0 yL de cDNA diluido 1:10. As reagGes foram realizadas em duplicata, com ciclos
de 95 °C por 2 minutos, seguidos de 40 ciclos de 95 °C por 15 segundos e 60 °C por 30 segundos. Além

disso, amostras de controle negativo foram incluidas para detectar contaminacdes.

Para determinar a estabilidade dos dez genes de referéncia candidatos no tecido do anel umbilical para
selecionar o(s) melhor(es) gene(s) como normalizador(es) nas andlises de gPCR, foi utilizado o pipeline
endoGenes (https://github.com/hanielcedraz/endoGenes). foi utilizado. Este pipeline realiza uma analise
automatizada das ferramentas BestKeeper [24], geNorm [25] e NormFinder [26] e classifica os genes mais
estaveis com o pacote RankAggreg do R [27].

Os valores médios de Ct dos 12 genes-alvo avaliados foram obtidos e normalizados usando os genes
de referéncia mais estaveis selecionados com base na etapa anterior. Apés a normalizagéo dos dados, os
valores de log2FC (Log2 Fold Change) obtidos das andlises de qPCR e RNA-Seq foram comparados

usando a andlise de correlagéo de Pearson no programa R [20].

Analise funcional in silico: A anotagéo

funcional dos DE foi realizada utilizando o banco de dados DAVID 6.8 (https://david.ncifcrf.gov/ ). O agrupamento
de processos bioldgicos (PB) foi realizado no Revigo (http://revigo.irb.hr/ ). Uma rede génica foi construida

com o BP no Cytoscape v3.7.1 [28]. Além disso, foi verificado se os genes DE estavam em regides QTL

para ocorréncia de hérnia umbilical em suinos usando o Pig QTLdb do Animal Genome Database (http:/

www.animalgenome.org/QTLdb/app ).
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Tabela 1. Primers para os 12 genes alvo e os 10 genes de referéncia candidatos usados na andlise de gPCR do tecido do anel umbilical em suinos.

ID do Ensembl Genes-alvo Chr. Sequéncia do primer (5' para 3')
ENSSSCG00000001832 ACANO 7 F:CAGGAGGGGTTGTGTTCCATTA
Agrecan R:CCTCCTGAAAGTCAGTGAGTAG
ENSSSCG00000034213 ACER2 1 F:AAGGAGGTGCGACAACGTG
Ceramidase alcalina 2 R:.TAGGGGAAGTGGAAGGCAGAT
ENSSSCG00000034214 CCBE1 1 F:GGGGGACAAGTACCCCAATG
Dominios EGF de ligagao ao colageno e ao célcio 1 R:GGGAGCAGGGCAATCTTCTG
ENSSSCG00000034215 CD3D 9 F:CTCCCGAGTGAGCCCCTAT
molécula CD3d R:GATCCAGGATCGTTTTCCCA
ENSSSCG00000034216 EPYC 5 F:CTGCTGTGACTGCCCCAA
Epifica R:TCGATCTCAGCTGGACCCAT
ENSSSCG00000034217 FOS 7 F:GTGAAGACCATGCCAGGAGG
Proto-oncogene Fos, subunidade do fator de transcricdo AP-1 RITAGCTGGTCTGTCTCCGCTT
ENSSSCG00000034218 LGALS3 1 F:CCCCTTCTGGACCACTGAAT
Galectina 3 RITGTTGTCCTCGTTGAAGCGT
ENSSSCG00000034219 MAP1LC3C 10 F:TGGAAACAGCTGGAGGAATGAG
Proteina 1 associada a microtdbulos, cadeia leve 3 gama R:ICCTCTCTTCTGGTTGCTAAGCTC
ENSSSCG00000034220 MMP13 9 F:AAGAGCATGGAACTTCTACCC
Metalopeptidase de matriz 13 R:GGAGGAAAAGCATGAGCCAA
ENSSSCG00000034221 PKP3 2 F:GCAGACAATAAGCTGGCCCT
Plakofilina 3 R:ATCCCTGTGACGTTCTTGCG
ENSSSCG00000034222 S100A2 4 F:ACAAGTACTCGGGCCAAGAAG
Proteina A2 de ligag&o ao célcio S100 RITTCTCCCCTACAAAGCTGGG
ENSSSCG00000034223 VIT 3 F:GTCGAAGCCACCCACACTG
Vitrine R:AAGTCAGGTTTCCTCCCCCA
ID do Ensembl Genes de referéncia candidatos Chr. Sequéncia do primer (5' para 3")
ENSSSCG00000023971 H3F3A 10 F: CTTTGCAGGAGGCAAGTGAG
Histona H3, familia 3A R: TGGCATGGATAGCACACAGG
ENSSSCG00000027637 RPL32 13 F: CAAAATTAAGCGGAACTGGCGG
Proteina ribossdmica 32 R: GCACATTAGCAGCACTTCAAGC
ENSSSCG00000015108 HMBS 9 F: AGGATGGGCAACTCTACCTGA
hidroximetilbilano sintase R: ATGGATGGTGGCCTGCATAG
ENSSSCG00000017509 RPL19 12 F: ACCGCCACATTGTATCACAGTC
proteina ribossémica L19 R: TGTGCTCCATGAGAATCCGC
ENSSSCG00000004489 EEF1A1 1 F: CCGCCAGGACACAGGT
fator de elongacéo da traducéo eucaridtica 1 alfa 1 R: TTCCCATCTCCGCAGCCT
ENSSSCG00000003166 RPL13A 3 F: CCAAGCAGGTACTTCTGGGC
proteina ribossomica 13A R: GGCAGCATGCCTCGCA
ENSSSCG00000011213 TOP2B 13 F: AGAAGAGCTGCTGCTGAAAGG
topoisomerase (DNA) Il beta R: TCCCCGTCATTTGTCACAGG
ENSSSCG00000020686 SDHA 16 F: TTGTACGGAAGGTCTCTGCG
subunidade A da flavoproteina do complexo da succinato desidrogenase R: GATGACTCCACGACACTCCC
ENSSSCG00000006062 YWHAZ 4 F: ATCAGATTGGGTCTGGCCCT
proteina zeta de ativagéo da tirosina 3-monooxigenase/triptofano 5-monooxigenase R: GGTATCCGATGTCCACAATGTC
ENSSSCG00000016737 PPIA 18 F: GCGTCTCCTTCGAGCTGTTT
peptidil-prolil cis-trans isomerase A R: ACTTGCCACCAGTGCCATTA

Chr: cromossomo; F: sentido direto; A: sentido reverso;

Lorenzetti et al. (2018).

https://doi.org/10.1371/journal.pone.0232542.t001
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Resultados

Analise histoldgica: A avaliagdo

histopatol6gica mostrou que, em geral, o tecido do anel umbilical dos animais afetados por hérnia umbilical apresentava
espessamento devido a abundante proliferagéo de tecido conjuntivo denso. Por outro lado, observou-se uma
quantidade normal de fibras colagenas de tecido conjuntivo intercaladas com tecido adiposo no tecido do anel

umbilical dos suinos normais (Figura 1).

Sequenciamento e mapeamento: O

sequenciamento do transcriptoma do tecido do anel umbilical produziu cerca de 24 milhdes de leituras pareadas
por amostra (Tabela S1). Ap6s o controle de qualidade, cerca de 2,3 milhdes de leituras foram removidas, restando
em média 21,7 milhdes de leituras/amostra (Tabela S1). Cerca de 99,85% das leituras foram mapeadas no

genoma (Sus scrofa 11.1), com uma média de 82% das leituras mapeadas em genes.

Genes diferencialmente expressos: Dos

25.880 genes anotados no genoma suino (Ensembl 94), um total de 13.216 foram expressos no tecido do anel
umbilical. Destes, 230 genes apresentaram expressao diferencial, sendo 145 (63,04%) subexpressos e 85
(36,96%) superexpressos em animais afetados por hérnia umbilical em comparagdo com suinos normais (Tabela
S2). Uma clara separacéo das amostras de suinos afetados por hérnia umbilical e suinos normais foi observada
tanto no mapa de calor (Figura 2) quanto no grafico MDS (Figura S1), comparando os grupos de animais utilizados
neste estudo. Alguma variagdo entre as amostras dentro do mesmo grupo € esperada (Figura 2), visto que o tecido
avaliado é bastante complexo, especialmente em animais do grupo controle, onde o anel umbilical ndo é tao
evidente quanto nos suinos afetados.

Os 10 genes mais subexpressos e superexpressos com base no Log2FC dos com- afetados por UH
As caracteristicas da parede celular em porcos normais (Tabela 2) estdo principalmente relacionadas a
organizagdo da matriz extracelular, morfogénese, desenvolvimento da cartilagem e processos de biossintese.

Algumas dessas transcricdes identificadas em nosso estudo ainda ndo foram caracterizadas no Ensembl 94.

Selecao de genes de referéncia e confirmagéo dos resultados de RNA-Seq com gPCR. Dos 10 genes de

referéncia

candidatos testados, a histona H3 da familia 172 3A (H3F3A) e a proteina ribossdmica 32 (RPL32) foram
consideradas as mais estaveis e, portanto, utilizadas na normalizag&o por gPCR. A andlise por gPCR confirmou

os resultados de RNA-Seq com alta concordancia entre o Log2FC do RNA-Seq e o da andlise por gPCR

(Figura 3). As analises de correlagédo pareada entre o Log2FC das duas metodologias mostraram que os resultados

de RNA-Seq obtidos neste estudo foram consistentes (r = 0,82, Figura 4).

Analises in silico: Dos

230 genes diferencialmente expressos (DE) encontrados neste estudo, 161 foram selecionados para as andlises in
silico, considerando o intervalo Log2FC de -1,5 a +1,5. Desse conjunto de genes, 91 foram identificados no banco de
dados David 6.8, abrangendo processos bioldgicos (PB), fungées moleculares (FM) e componentes celulares (CC).
Um total de 68 PB significativos (p < 0,05) foram identificados, os quais foram agrupados usando o Revigo em 20
superclusters: adeséo celular, ativagédo de linfécitos, organizacédo da matriz extracelular, ativacéo celular, adeséo
biolégica, regulagdo da proliferacéo celular, sistema imunolégico, entre outros (Figura 5, Tabela S3). Os principais
componentes relacionados as células estavam envolvidos na matriz celular, células T e membrana celular, abrangendo
as fungBes moleculares relacionadas a atividade do célcio, transducéo molecular e atividade do receptor (Figura

6).
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Figura 1. Seccéo histolégica corada com hematoxilina e eosina da amostra de tecido do anel umbilical de um leitdo normal
(A) e de um leitéo afetado por hérnia umbilical (B).

https://doi.org/10.1371/journal.pone.0232542.g001
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Figura 2. Mapa de calor com 230 genes diferencialmente expressos entre animais afetados por hérnia umbilical (21A, 27A,
27A, 29A, 31A e 36A) e leitdes normais (20C, 26C, 28C, 30C e 37C). A expresséao de cada gene é mostrada nas linhas e as
amostras sdo visualizadas nas colunas, mostrando um agrupamento hierarquico de genes e amostras. Os genes estédo
superexpressos (em verde) e subexpressos (em vermelho) nas amostras afetadas.

https://doi.org/10.1371/journal.pone.0232542.g002
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Tabela 2. Os 10 principais genes com expresséo reduzida e aumentada no tecido do anel umbilical de leitdes normais e com hérnia umbilical.

ID ENSEMBL Simbolo do gene Nome do gene Log2FC
ENSSSCG00000037358 SAA3 Soro da proteina amiloide A-3 -7,40
ENSSSCG00000014988 MMP13 Metalopeptidase de matriz 13 7,31
ENSSSCG00000037009 -5,94
ENSSSCG00000036318 -5,75
ENSSSCG00000036203 -5,64
ENSSSCG00000004195 ARG1 Arginase 1 -5,53
ENSSSCG00000036127 -5,24
ENSSSCG00000040651 -5,21
ENSSSCG00000037141 -4,93
ENSSSCG00000036445 CXCL13 Ligante 13 da quimiocina do motivo CXC -4,85
ENSSSCG00000003509 SH2D5 Dominio SH2 contendo 5 2,76
ENSSSCG00000016883 ISL1 ISL LIM Homebox 1 2,78
ENSSSCG00000001832 ACANO Agrecan 2,81
ENSSSCG00000006021 KCNV1 Modificador de canal dependente de voltagem de potéssio, membro 1 da subfamilia V 2,99
ENSSSCG00000026780 EDIL3 Repeticdes semelhantes ao EGF e dominios de discoidina 3 3.01
ENSSSCG00000003431 NPPB Peptideo Natriurético B 3.05
ENSSSCG00000036566 LY6G6C Membro G6C da familia do antigeno 6 dos linfécitos 3.38
ENSSSCG00000038121 TCHH Tricohialina 3,76
ENSSSCG00000034838 MAP1LC3C Proteina 1 associada a microtdbulos Cadeia leve 3 gama 3,95
ENSSSCG00000033927 4,26

https://doi.org/10.1371/journal.pone.0232542.t002

Rede génica

A rede génica construida (Fig. 7) com base nos genes diferencialmente expressos, nos processos biolégicos e no agrupamento realizado

Com o Revigo, foram mostrados os bioprocessos provaveis que estariam mais envolvidos com o

15+
mm RNASEQ

10- mm GPCR

Log2FC

Gene

Figura 3. Comparacé&o dos valores de expresséo de Log2FC entre as metodologias de RNA-Seq e qPCR para os 12 alvos.
Genes selecionados para validagado.

https://doi.org/10.1371/journal.pone.0232542.9g003
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Figura 4. Correlagéo de Pearson (r) entre os valores de Log2FC das analises de RNA-Seq e qPCR para os 12 genes-alvo.
Selecionado para validagao.

https://doi.org/10.1371/journal.pone.0232542.9g004

Desenvolvimento de hérnia umbilical. Um conjunto de 10 processos biolégicos (PB) foi selecionado para

a construgao da rede génica: desenvolvimento da estrutura anatdmica, adesao biologica e celular,

ativacao de linfocitos, proliferacdo de leucdcitos, organizagdo da matriz extracelular, processos de

desenvolvimento e processos multicelulares do organismo e regulagéo de respostas a estimulos. Nesta analise, nos
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Figura 5. Processos biolégicos significativos de genes diferencialmente expressos (DE) relacionados a hérnia umbilical em suinos. O eixo X mostra o nimero
total de genes que apresentaram expressao diferencial em cada processo biolégico, com base na ontologia genética utilizando o David 6.8.

https://doi.org/10.1371/journal.pone.0232542.9005
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Figura 6. Componentes celulares significativos e fungdes moleculares dos genes diferencialmente expressos (DE) relacionados a hérnia umbilical em suinos. O eixo X
mostra o nimero total de genes que apresentaram expressao diferencial em cada um deles, com base na ontologia genética utilizando o banco de dados David 6.8.

https://doi.org/10.1371/journal.pone.0232542.9006
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Figura 7. Rede génica construida com genes diferencialmente expressos e principais processos bioldgicos relacionados a hérnia umbilical usando o Cytoscape.
Os genes com expresséo diferencial séo visualizados nos circulos e os processos biolégicos nos retangulos. O tamanho dos nds indica o nimero de interagdes génicas previstas.
As cores das arestas indicam a centralidade de intermediagéo das arestas (valores baixos correspondem a nés pequenos e cores brilhantes).

https://doi.org/10.1371/journal.pone.0232542.9g007
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Foi possivel relacionar 53 genes distribuidos de acordo com suas intera¢des e importancia nesses processos. Além
disso, na Figura 7, observa-se que diversos genes identificados na anélise de enriquecimento estdo envolvidos

em varios processos biolégicos, desde aqueles relacionados ao desenvolvimento e adeséo celular até aqueles
relacionados a processos imunoldgicos, sendo que estes Ultimos ainda néo foram associados a hiperplasia uterina
em suinos. Essa informag&o pode ser observada, por exemplo, para os genes ACAN, VIT e algumas MMPs que

estdo conectados e atuam em diversos processos biol6gicos relacionados aos genes diferencialmente expressos.

Genes DE localizados em regiGes QTL para hérnia umbilical. Dos 230 genes

DE, uma consulta realizada no banco de dados QTL de suinos [29] apontou que apenas seis desses genes estavam
localizados em regides QTL previamente associadas a hérnia umbilical [29]. Quatro deles foram mapeados para o
SSC1: Ceramidase alcalina 2 (ACER2), Membro 6 da familia 2 de transportadores de soluto (SLC2A6), Prostaglandina-
endoperoéxido sintase 1 (PTGS1) e LGALS3; um foi localizado no SSC2: Dominios de repeti¢do de anquirina e

motivo KN 3 (KANK3) e o outro no SSC7: FOS. Além disso, outros trés genes DE encontrados em nosso estudo
estavam localizados em regi6es QTL para hérnias escrotais/inguinais: ACAN mapeado no SSC7, Butirilcolinesterase
(BCHE) no SSC13 e KANK3 no SSC2.

Discussao

Alguns estudos foram realizados para identificar os fatores genéticos envolvidos no desenvolvimento de hérnias
umbilicais, e regides QTL, SNPs e genes candidatos associados ao aparecimento desse defeito foram detectados
[5,11-13]. Neste estudo, utilizando RNA-Seq, sequenciamos o transcriptoma do anel umbilical para descobrir
possiveis genes envolvidos na ocorréncia de hérnias umbilicais em suinos. Aqui, um total de 230 genes
apresentaram expresséao diferencial entre suinos normais e afetados por hérnia umbilical (Tabela S2), mesmo
considerando a complexidade da coleta de tecido e a resposta individual natural dos animais. Utilizando esses genes,
foi possivel observar um perfil de expressédo semelhante dentro dos grupos, no qual o mapa de calor foi capaz de
identificar as amostras de acordo com a caracterizagéo prévia dos grupos, reforgando a correta separacéo dos
animais com base na caracteristica fenotipica (Figura 2). Adicionalmente, neste estudo, a estabilidade de 10 genes
candidatos enddgenos no tecido do anel inguinal foi avaliada, visto que nenhum gene de referéncia especifico foi
relatado para esse tecido em suinos até o momento. Portanto, H3F3A e RPL32 foram os genes de referéncia mais
confiaveis nessas condigdes experimentais para a obtencéo de perfis de expresséo génica precisos nesse tecido
complexo. Doze dos 230 genes diferencialmente expressos (DE) no experimento de RNA-Seq foram selecionados
para validagéo por gPCR, o que confirmou a consisténcia dos nossos achados de RNA-Seq (Figuras 3 e 4). Como a
etiologia das hérnias umbilicais ainda néo é totalmente compreendida, a identificagéo de genes e processos biolégicos
envolvidos no desenvolvimento dessa hérnia é essencial para encontrar estratégias que reduzam essa anomalia

em sistemas de producéo suina. Dos 68 processos biolégicos (PB) encontrados em nosso estudo, destacam-se e
serdo discutidos a seguir: matriz extracelular, adeséo celular, desenvolvimento da estrutura anatdmica e sistema

imunoldgico. Isso permitiu uma observacédo mais detalhada da relagéo dos genes DE com os PB no organismo.

Matriz extracelular

A matriz extracelular (MEC) fornece suporte e resisténcia aos tecidos e 6rgéos de todo o corpo, atuando em
processos bioguimicos relacionados a morfogénese, diferenciagdo e homeostase dos tecidos [30]. Além disso, na
MEC existem moléculas responsaveis pela adesdo, migragao, proliferacéo, diferenciacéo e sobrevivéncia celular do
tecido [31]. Essa estrutura altamente organizada é dividida em moléculas responsaveis pela formacéo de fibras

(colagenos, elastina e fibronectinas) e pontes interfibrilares de proteoglicanos e glicoproteinas [32,33].

No grupo formador de fibras, destacam-se os colagenos, uma vez que séo responsaveis pelo desenvolvimento e

resisténcia dos tecidos, e pela regulacdo da adesao celular [34]. No grupo interfibrilar
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grupo, destacamos os proteoglicanos que atuam em diversas fungdes, principalmente relacionadas a ligagéo,
hidratacéo, transporte e resisténcia a forga [30].

Dois BPs foram associados a MEC e ambos apresentaram os cinco genes agrupados: ACAN, MMP13,
A metalopeptidase de matriz 9 (MMP9), o inibidor de serina peptidase tipo kunitz 1 (SPINT1) e a vitamina (VIT)
foram identificados. Além disso, cinco componentes celulares relacionados a matriz foram encontrados (Fig. 6),
sendo os genes mais enriquecidos ACAN, SPINT1, VIT, MMP13, MMP9 e o colageno tipo EPYC. A associacéo
desses genes em bioprocessos da MEC e sua localizagdo em componentes celulares (CC) relacionados
a matriz extracelular reforgam sua relacdo com o suporte estrutural e importantes sinais bioquimicos em
células e tecidos de animais [35]. Os genes identificados envolvidos na manutengdo da MEC esclarecem a relagdo
entre a MEC e as hérnias umbilicais. Sabe-se que problemas no tecido conjuntivo, como distirbios na producgéo de
colageno, ja foram associados ao aparecimento de hérnias [36]. Além disso, na rede génica foi possivel agrupar
genes que estavam enriquecidos em bioprocessos da MEC (Fig. 7), como ACAN, MMP13, MMP9, SPINT1 e VIT,

que foram DE em nosso trabalho.

Os membros da familia das metaloproteinases da matriz (MMPs) estdo diretamente ligados a degradacéo e
regulacédo do colageno. O gene MMP13 é responséavel pela degradagéo do colageno tipo Il na cartilagem e o MMP9
degrada o colageno tipo VI [37,38]. No presente estudo, os genes MMP13 e MMP9 apresentaram expresséo 7,3
e 3,9 vezes menor, respectivamente, em animais afetados por hérnia umbilical em comparagdo com animais
normais. A redugdo da expressao desses genes pode estar relacionada a disturbios teciduais devido ao seu papel
na producédo de colageno. Além disso, outros trés genes da familia do colageno apresentaram expressao
reduzida nos suinos afetados: COL6A5 (-4,3); COL11A2 (-3,7) e a cadeia alfa 1 do colageno tipo Il (COL2A1;

-3,4). Os genes da familia do colageno estédo envolvidos na produgéo de fibras, organizagéo estrutural e resisténcia
dos tecidos conjuntivos no organismo animal [39,40]. A relacéo dos genes das metalopeptidases, como MMP1 e
MMP13, com hérnias inguinais em humanos ja foi verificada [41]. Além disso, os genes MMP2, COL2A1, COL1A2
e COL1A1 foram associados a herniagéo escrotal em suinos [42]. Ademais, muta¢des nos genes COL6A1,
COL6A2 e COL6A3 foram consideradas mutagdes causais para distrofia muscular congénita, uma doenga que
afeta o tecido conjuntivo e muscular em humanos [43]. Zhang et al. (2002) [44] relataram que muta¢des nos

genes do coldgeno COL6AL, COL6A2 e COL6A3 levaram a degradacéo do seu mRNA. Além disso, Sabatelli et

al. (2012) [45] demonstraram que o COL6A5 desempenha um papel fundamental na tenséo do tecido conjuntivo.
Tagliavini et al. (2014) [46] verificaram que um defeito no gene COL6A6 pode contribuir para distdrbios

relacionados ao colageno.

Existem diversos estudos que abordam as MMPs e as familias do colageno como responsaveis pelos problemas.
no tecido e também para a manifestacéo de varios tipos de hérnias em diferentes espécies [40,42—44,46].
Nossos achados sé@o semelhantes aos ja relatados, indicando que esses genes relacionados a MEC podem estar
desencadeando hérnia umbilical em suinos. Assim, a regulagio negativa desse conjunto de genes poderia levar
a problemas relacionados a produgéo de colageno, causando, consequentemente, enfraquecimento e leséo

tecidual e, eventualmente, a formagéo de hérnia umbilical.

adesao celular

O processo biolégico (PB) de adeséo celular esta altamente relacionado a adeséo biolégica (Fig. 7), permitindo

tanto a conexao celular quanto a ligagao a organismos ou substratos. Em particular, a adesao celular esta
diretamente ligada & ades&do a matriz extracelular [33], ao desenvolvimento e manutencéo de tecidos, a diferenciagdo
celular, & migragéo, a comunicagéo, a regulacéo e a sobrevivéncia [47,48]. Em nosso estudo, 19 genes
diferencialmente expressos (DE) foram agrupados neste PB: ACAN, molécula CD2 (CD2), CD3D, molécula CD5
(CD5), molécula CD6 (CD6), molécula CD8A (CD8A), cadherina 7 (CDH7), desmogleina 2 (DSG2), indolamina
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2,3-dioxigenase 1 (IDO1), receptor de interleucina 7 (IL7R), proteina tirosina quinase especifica de células linfocitarias
(LCK), LGALSS3, proteina zero semelhante a mielina 2 (MPZL2), dominio de contingéncia 3 da familia NLR (NLRC3), 5'-
nucleotidase ecto (NT5E), PKP3, proteina tirosina fosfatase,
receptor tipo U (PTPRU), transglutaminase 2 (TGM2) e VIT (Fig 7, Tabela S3).

O gene ACAN pertence a familia dos proteoglicanos agrecanos e foi 2,8 vezes mais frequente.
expressa-se mais nos animais afetados por hérnia do que nos porcos normais (Tabela 1). Este gene tem um
desempenha um papel importante no processo de ades&o celular da matriz, proporcionando integridade, ligagéo e
resisténcia ao tecido cartilaginoso [49]. Polimorfismos no ACAN ja foram associados a hérnias e degeneracgado da cartilagem
[50,51]. No entanto, ndo existem estudos sobre os niveis de expressédo do gene ACAN para comparagéo. A regulacéo positiva
do ACAN observada em suinos afetados por UH pode levar a uma produgéo exacerbada de colageno. Associacéo
entre anormal
A quantidade de coladgeno e herniagéo ja foi relatada [52]. Além disso, o ACAN também
tem sido associada a outros tipos de hérnia, como hérnia de disco [53].

O gene VIT apresentou uma reducéo de 3,7 vezes na sua expressao nos animais afetados (Tabela S2). VIT é
Responsavel por codificar uma proteina relacionada a MEC e também participa da adeséo celular.
e migragdo celular [54,55]. A proteina vitrina € semelhante a proteinas que participam do desenvolvimento neutro e da
integridade da matriz extracelular [56-58]. No ser humano intacto
Nos tecidos cartilaginosos, observaram-se niveis mais elevados de VIT, enquanto que nos tecidos com problemas de
cartilagem a expressao deste gene estava reduzida [59]. A regulacéo negativa de VIT detectada no
O presente estudo pode perturbar a produgéo de proteinas de adeséo celular, reduzindo a integridade de
O anel umbilical torna esse tecido mais suscetivel & ocorréncia de hérnia.

Outros dois genes foram agrupados apenas nos processos de adeséo celular e biolégica: Cad-
herin 7 (CDH7) e Leucine Rich Repeat Containing 15 (LRRC15), sendo, respectivamente, 2,5
e apresentou uma regulagao positiva de 1,8 vezes no grupo afetado em comparag&o com os porcos normais (Tabela S2) .
O gene CDH?7 esta envolvido na organizacéo estrutural e funcional das células em diversos tecidos.
[60]. As caderinas desempenham um papel muito importante no processo de ades&o celular, promovendo a ligagéo celular,
e mutagdes nesses genes foram associadas ao atraso no crescimento e desenvolvimento [61,62].
O gene LRRC15 est4 envolvido em interagdes celulares, atuando principalmente na adeséo celular e em
interagGes célula-célula e matriz extracelular [63]. Em animais, as a¢cdes do LRRC15 ainda estdo
Contudo, pouco compreendido, em humanos, os tecidos danificados pelo cancer apresentavam maior expresséo deste gene.
gene do que tecidos normais [64]. Possivelmente, o desequilibrio na expresséo dos genes agrupados
Nesses casos, os BPs podem interferir na remodelagdo dos tecidos, causando distlrbios relacionados as fibras musculares.
enfraquecendo o tecido do anel umbilical e favorecendo a ocorréncia de hérnias umbilicais em porcos.

Além disso, outro processo que pode afetar a adesé&o celular, a morte celular e a BP da MEC é o
autofagia, que esta envolvida na degradagéo celular para promover a homeostase celular [65]. Uma das
Os genes envolvidos na autofagia séo os MAP1LC3C, que apresentaram alta expressdo em
afetados em comparagao com os porcos normais, tanto nos experimentos de RNA-Seq quanto nos de qPCR (Fig. 3).
Este gene atua prevenindo a apoptose, sendo regulado por diferentes vias de sinalizag&o.
incluindo aquelas dependentes de célcio, que ajudam a manter o destino da célula e, consequentemente, a
fisiologia normal [66]. A regulagédo positiva de MAP1LC3C ja foi observada em porcos
com hérnia escrotal [67]. Além disso, a expressédo de MAP1LC3B, outro gene do MAP1LC3
familia, foi aumentado em humanos com hérnia incisional (HI), concomitantemente com o aumento da sinalizagéo da
apoptose, afetando a morte celular e o processo de desprendimento da MEC, o que contribuiu para o aparecimento de

hérnias na fascia de pacientes com HI [68].

Desenvolvimento da estrutura anatdémica

Vinte e cinco genes DE foram agrupados no desenvolvimento da estrutura anatémica BP (Fig. 5, S3).

Tabela). Além disso, 11 deles participaram da CC da matriz extracelular e quatro enriqueceram
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fungdes moleculares relacionadas as ligagdes de fons de célcio (Fig. 6). Desse conjunto de genes, destacamos
KRT14 (Queratina 14), CCBE1, ACAN, Desmogleina 2 (DSG2) e EPYC, que foram mais

enriquecidos no processo de desenvolvimento anatdmico na rede génica (Fig. 7) e foram regulados positivamente em
animais afetados por hérnia umbilical. O gene KRT14 codifica proteinas da familia da queratina, que séo proteinas
estruturais que fornecem resisténcia e elasticidade a pele [69,70].

Estudos em humanos identificaram mutagdes nesse gene como responsaveis por diferentes tipos de pele.

doengas [69-72]. Outros genes envolvidos no desenvolvimento celular séo proteinas de ligagdo ao célcio, SI00A2 e
S100A4, e genes PKP3, que também foram regulados positivamente no UH afetado.

grupo. Esses genes estédo envolvidos na diferenciacéo celular e no ciclo celular, atuando em tecidos epiteliais.

e pele [73,74] e, embora néo haja informagdes sobre as fun¢des desses genes no

No desenvolvimento da UH, eles poderiam manter o equilibrio entre o crescimento e a diferenciagdo celular.

com apoptose.

O gene EPYC, anteriormente conhecido como Dermatan Sulfate Proteoglycan 3 (DSPG3), é expresso
predominantemente em tecidos cartilaginosos [75,76]. O EPYC tem fung¢des principais na fibrilogénese, que é
caracterizada pelo desenvolvimento e regulagédo das fibrilas de colageno no tecido conjuntivo.
periodo embrionario [77]. Tajima et al. (1999) [78] demonstraram que a deficiéncia no EPYC
Um gene pode causar a sindrome de Ehlers-Danlos em bezerros da raga holandesa. Essa sindrome é hereditaria.
causa um defeito no tecido conjuntivo, devido a alteracdes na sintese e/ou montagem do colageno.
da estrutura do colageno [79-81]. Devido aos problemas no colageno fibrilar, a pele
torna-se fragil e com alto risco de ruptura [81]. Varios estudos associaram essa sindrome a defeitos na producéo de
colageno [82], no entanto, a fungéo real do EPYC é
Ainda n&o é bem conhecido em suinos.

Outros dois genes, DSG2 e CCBEL, apresentaram enriquecimento na estrutura anatdmica BP e
agrupados na familia MF de ligagdo ao ion calcio. O gene DSG2 pertence a familia das desmogleinas.
que sdo componentes importantes das caderinas que integram os desmossomos [83]. Os desmossomos sao
caracterizados como estruturas de ligagdes célula-célula, que fornecem suporte mecanico
estabilidade [83,84] e séo cruciais para o desenvolvimento embrionario e a integridade dos tecidos [85]. Além disso, a
DSG2 é expressa em muitos tecidos e participa da ligagéo ao célcio e da adesao celular.

[84]. O gene CCBEL1 codifica proteinas responséaveis pela remodelacéo e migracéo do

matriz extracelular e esta diretamente relacionada ao célcio e ao colageno [86,87]. Em humanos,

Estudos demonstraram que mutacdes no gene CCBEL estdo associadas a problemas genéticos.

incluindo a ocorréncia de hérnias umbilicais e inguinais [88-90]. Assim, o diagnéstico diferencial

A expressdo desses genes relacionados ao desenvolvimento da estrutura anatdmica é uma forte

indicacdo de que alteragGes nessa pressao arterial podem causar desregulagdes ou modificagdes na estrutura

do tecido. Esses achados séo reforgados pelas alteragdes histolégicas observadas no tecido do anel umbilical entre os
porcos normais e os afetados por UH. O anel umbilical dos animais

A area afetada por hérnia umbilical apresentava espessamento devido a proliferagdo abundante de tecido conjuntivo denso.
tecido, enquanto uma quantidade normal de fibras de colageno do tecido conjuntivo se intercala com tecido adiposo

Foi encontrado tecido na regido do anel umbilical dos porcos normais (Fig. 1).

Sistema imunolégico

Neste estudo, varios genes diferencialmente expressos (DE) enriquecidos em processos biolégicos (BP) relacionados ao sistema imunolégico, sendo a maioria deles
foram regulados negativamente nos animais afetados (Tabela S3). Além disso, a rede génica indicou trés

Processos significativos de BP: ativacéo de linfocitos, proliferacéo de leucdcitos e processos do sistema imunolégico

(Fig. 7). Esses trés processos semelhantes agruparam 21 genes, dos quais 11 foram agrupados em CC de membrana

e seis deles na fungdo molecular da atividade de transducéo (Figs. 5 e 6). Aqui,

A familia de genes de diferenciacéo (CD) foi altamente representada pelos genes CD2, CD3D,

Os genes CD5, CD6, CD247 e CD8A apresentaram expressao reduzida em animais afetados por UH.
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em comparag&o com 0s porcos normais. Esses genes CD estdo diretamente ligados a outros processos
biolégicos, como a regulagdo da resposta a estimulos, o desenvolvimento da estrutura anatdémica, a adesé@o
celular e os processos de desenvolvimento (Fig. 7). Por exemplo, o gene CD3D é responsavel pela codificacéo
de uma proteina receptora de células T e pela transducéo de sinal [91]. Outro gene dessa familia, o CD34,
apresentou expressao reduzida em humanos afetados por hérnias inguinais [92]. No entanto, as informagdes
sobre esses genes sdo escassas na literatura e esta € a primeira vez que esses genes sdo associados a
hérnia umbilical em porcos.

O EDIL3 (EGF como repeti¢cdes e dominios discoides 3) é outro gene relacionado a imunidade e
apresentou uma regulacéo positiva de 3 vezes em animais afetados em comparagao com suinos normais
(Tabela S1). Estudos indicaram que, quando ocorre uma lesdo, células epiteliais, macréfagos e
fibroblastos produzem fatores de crescimento, como o fator de crescimento epidérmico (EGF) e o fator de
crescimento transformador (TGF), para prevenir o problema [93]. Quando isso ocorre, ha um aumento na
transicéo epitélio-mesenquimal, responsavel pela cicatrizagcéo, regeneracéo e fibrogénese do tecido [94-96].
No entanto, quando o animal apresenta uma doenga que nao pode ser controlada, ela se torna cronica e pode
resultar em um aumento na expresséo de EGF, fibronectina e proteoglicanos [97]. Em nosso estudo, a
regulagdo positiva dos genes responsaveis pela produgdo de EGF (EDIL3) e proteoglicanos (ACAN e EPYC)
indica que esse perfil de expresséo se deve ao processo avangado de degradacgéo tecidual irreversivel, no qual
os genes de reparo tecidual ndo estdo mais ativos [98,99], e os genes EDIL3, ACAN e EPYC séo
superexpressos, produzindo altos niveis de proteoglicanos e fibronectina. Isso pode explicar o acimulo e o
aumento da proliferagéo de tecido conjuntivo denso em amostras de tecido suino afetadas por hérnia
umbilical, conforme observado na histopatologia (Fig. 1). Assim, os genes com expressao reduzida, agrupados
no sistema imunolégico do BP, sdo provavelmente uma consequéncia da hérnia umbilical, enquanto os genes
com expressdo aumentada possivelmente estéo envolvidos na causa das alteracdes histolégicas do

tecido afetado pela HU.

Os genes localizados em regides QTL

Ding et al. (2009) [11] foram os primeiros a identificar regides relacionadas a ocorréncia de hérnias umbilicais
em suinos. Posteriormente, outros estudos também identificaram regides relacionadas a hérnias umbilicais em
suinos [5,12,13]. Seis dos genes diferencialmente expressos (DE) em nosso estudo foram mapeados em regifes
QTL ja descritas na literatura para hérnias umbilicais em suinos: ACER2, SLC2A6, PTGS1, LGALS3, KANK3
e FOS. Esses genes tém fungdes muito distintas, como proliferagdo e sobrevivéncia celular (ACER2) [100],
regulacéo de prostaglandinas (PTGS1) [101] e transporte de glicose (SLC2A6) [102].

O gene LGALS3 faz parte do complexo de membrana CC e foi enriquecido na rede génica devido a sua
envolvimento em varios BP (Fig. 7). Além de abrigar uma regido QTL para hérnia umbilical, o perfil de
expressao diferencial de LGALS3 foi confirmado pela metodologia de gPCR. Este gene codifica uma proteina
localizada na matriz extracelular que atua no crescimento, sobrevivéncia, migracéo e adeséao celular [103].
LGALS3 também esta envolvido na apoptose celular e na imunidade inata [104,105]. Outro gene encontrado
em uma regido QTL para hérnia umbilical € o FOS, que apresentou expressdo aumentada em suinos
afetados e foi validado por gPCR. O gene FOS desempenha um papel na sobrevivéncia, proliferacéo,
diferenciagé@o e morte celular, organogénese e resposta ao estresse [106]. Estudos com pacientes com cancer

mostraram que a superexpresséo de FOS estava correlacionada com o aumento da morte celular [107,108].

Além disso, outros trés genes foram localizados em regiées QTL ja identificadas para hérnias escrotais/
inguinais [11,109]: ACAN, BCHE e KANK3. O gene ACAN, ja& mencionado anteriormente, relacionado a adesao
celular e a matriz extracelular [49], foi apontado como um possivel gene envolvido na ocorréncia de hérnias.

A localizagdo do ACAN na regido QTL para hérnias escrotais/inguinais sugere um efeito pleiotropico desse

gene, estando também envolvido na manifestacao de hérnia umbilical.
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O gene KANKS3 apresentou expresséo reduzida nos animais afetados e foi mapeado para um
Regido QTL para hérnia umbilical e para hérnia escrotal/inguinal [11]. Isso indica uma possivel
Efeito pleiotrépico de KANK3 na manifestacéo de varios tipos de hérnias em suinos. Genes
Os genes da familia KANK (KANK1 e KANK2) j& foram relacionados & polimerizacéo de
filamentos de actina, formacéo de fibras e migragéo celular [110]. Esses genes controlam muitos processos celulares
[111], especialmente os de transporte e contracdo muscular. Essa agdo pode estar relacionada
para o problema da hérnia umbilical, visto que os filamentos de actina séo uma parte importante do corpo e
especialmente do musculo [112]. Além disso, a polimerizagédo da actina juntamente com a do célcio
é uma parte fundamental do processo de adeséo das células epiteliais [113]. Portanto, KANK3 torna-se um
forte candidato funcional para o desenvolvimento de hérnia umbilical em porcos.

A hérnia umbilical é considerada um defeito da parede abdominal, caracterizada por displasia da parede
abdominal, protrusdo do intestino médio no anel umbilical, pele integra, cordao umbilical normal e espessura reduzida.
parede possivelmente causada pelo aumento da morte celular [114,115]. Essa condigdo é muito complexa, visto que
Pode ser congénita ou adquirida e, em humanos, caracteriza-se na infancia, quando
Né&o h& obliteracéo das estruturas do cordédo umbilical, ou, em adultos, geralmente considerada adquirida.

[116]. Através da caracterizacéo do transcriptoma do anel umbilical de suinos normais e afetados por HU, um
conjunto de genes diferencialmente expressos foi prospectado, onde vérias funcdes biolégicas e moleculares
possivelmente relacionadas ao processo de herniagédo foram identificadas. Os principais processos biol6gicos envolvidos
com hérnia umbilical estavam relacionadas a matriz extracelular, sistema imunolégico, desenvolvimento anatémico,
adesdo celular, componentes da membrana, ativagéo de receptores, ligagéo de calcio e

respostas imunes. Embora existam poucos estudos que abordem a etiologia da hérnia umbilical.

Em porcos e até mesmo em humanos, foi possivel encontrar diversos estudos avaliando o desenvolvimento.

de hérnia incisional humana (HI) na fascia [68,117,118]. Esta € uma condi¢&o adquirida, que

ocorre ap6s alguns tipos de cirurgias. No entanto, mecanismos semelhantes ja foram descritos.

entre IH e aquelas encontradas em nosso estudo com UH, como desequilibrio de apoptose, proliferagdo e migragcéo
celular, com MMPs e genes de coldgeno semelhantes alterados [68,117,118]. Além disso, disfun¢ées na MEC e
desencadeamento de mecanismos inflamatérios também foram observados.

descrito como contribuindo para a formagéo de hérnia [68,117,118], corroborando com o BP

enriquecidos neste estudo. Portanto, sabendo que foram coletadas amostras de fenétipos divergentes, considerando
o histérico familiar, é possivel destacar que os genes, como o ACAN,

MMPs, COLs, EPYC, VIT, LRRC15, CCBE1 e LGALS3 podem ser considerados fortes candidatos.

para o desenvolvimento de hérnia umbilical em porcos e em outros mamiferos”.

Conclusobes

Geramos o primeiro transcriptoma do tecido do anel umbilical suino, o que permitiu a

Identificacdo de vérios genes que ainda ndo haviam sido relacionados a hérnias umbilicais em suinos.

Os resultados apontaram os genes ACAN, MMPs, COLs, EPYC, VIT, CCBE1 e LGALS3 como fortes candidatos a
desencadear hérnias umbilicais em suinos, pois estéo envolvidos em processos biol6gicos relacionados a hérnia

desde a embriogénese. No entanto, séo necessarios mais estudos para identificar os genes causadores dessas hérnias.
mutagdes causais, aprimorando nossa compreenséo da regulacéo génica e identificando alelos

relacionado a esse defeito para ser usado na selecéo animal para reduzir a ocorréncia de hemorragia umbilical-

nia em sistemas de producéo suina.

Informagdes complementares

Tabela S1. Niamero de leituras por amostra e leituras mantidas apds o controle de qualidade.
(DOCX)
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Tabela S2. Lista de 230 genes com expressdo diferencial entre leitdes normais e leitdes afetados por
hérnia umbilical.
(DOCX)

Tabela S3. Principais processos biol6gicos dos genes com expressao diferencial entre leitdes normais e
leitGes afetados por hérnia umbilical. Os genes em negrito apresentam expressao aumentada nos leitdes afetados.
(DOCX)

Figura S1 . Gréafico de Escalonamento Multidimensional (MDS) para visualizar a separacéo entre os cinco
leitdes normais e os cinco leitdes afetados por hérnia umbilical.
(TIF)
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Abstract

The use of reference genes is required for relative quantification in gene expression analysis
and the stability of these genes can be variable depending on the experimental design.
Therefore, it is indispensable to test the reliability of endogenous genes previously to their
use. This study evaluated nine candidate reference genes to select the most stable genes to
be used as reference in gene expression studies with the femoral cartilage of normal and
epiphysiolysis-affected broilers. The femur articular cartilage of 29 male broilers with 35
days of age was collected, frozen and further submitted to RNA extraction and quantitative
PCR (gPCR) analysis. The candidate reference genes evaluated were GAPDH, HMBS,
HPRT1, MRPS27, MRPS30, RPL30, RPL4, RPL5, and RPLP1. For the gene stability evalu-
ation, three software were used: GeNorm, BestKeeper and NormFinder, and a global rank-
ing was generated using the function RankAggreg. In this study, the RPLP1 and RPL5 were
the most reliable endogenous genes being recommended for expression studies with femur
cartilage in broilers with epiphysiolysis and possible other femur anomalies.

Introduction

The use of gene expression analysis intends to clarify biological processes involved with several
conditions in living organisms enabling the identification of diagnostic markers as therapeutic
targets in the treatment of diseases [1]. The quantitative PCR (qPCR) is a fast, easy-to-use tech-
nique that provides simultaneous measurement of gene expression in many different samples
for a limited number of genes [2]. In qPCR, fluorescent dyes are used to combine the amplifi-
cation and detection steps of the PCR reaction in a single tube [3,4]. In addition, gPCR has
been widely used for validating RN A-seq results due to its high sensitivity and precision [5].
When comparing to other techniques, it has advantages such as sensitivity, real-time detection
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of reaction progress, rapid results and accuracy in the measurement of the analyzed material
[5,6]. Although the qPCR is a highly sensitive technique [7], its use must be standardized, espe-
cially considering the correct choice of reference genes to avoid mistaken results. The use of
stable reference genes ensures the normalization in input RNA levels between samples, avoid-
ing errors in the quantification [8]. Therefore, knowing the expression profile of these genes in
each experimental design is crucial to obtain reliable results [7,9].

A valid reference gene should have its expression invariable between different experimental
conditions, tissues or physiological state of the tissue or organism [8]. In relative quantification
analyses, the use of reference genes is required to normalize the gene expression and to obtain
the fold-change through mathematical algorithms [10-12]. Some of the most well-known ref-
erence genes are GAPDH (glyceraldehyde 3-phosphate dehydrogenase), PGK (phosphoglycerate
kinase), UBQ (ubiquitin), RPL19 (ribosomal protein L19), 18S rRNA (ribosomal RNA 18S),
B-actin and B-tubulin [7], which are used in several studies with many species. For instance,
GAPDH and 18S rRNA were used as individual reference genes for normalization of gPCR
data in multiple studies in chickens [13-17]. However, the stability of reference genes can be
altered depending on the tissue, age, treatment and other conditions, which makes it indis-
pensable to test the stability of several genes before using those as reference [18-20]. The selec-
tion of stable reference genes is critical for the reliable performance of qPCR experiments [21].

The epiphysiolysis or femur head separation (FHS) consists of the separation of the growth
plate from the articular cartilage [22]. This condition is a risk factor for infection and may
cause bacterial chondronecrosis with osteomyelitis (BCO) in broilers [22,23]. BCO is also
named as femur head necrosis (FHN) and occurs in the proximal femoral head, beginning
with the degeneration of the articular cartilage and the growth plate. The bone degeneration
begins due to bone deprotection, which may promote a high incidence of other locomotor
pathologies, becoming a gateway for viruses and bacteria. Animals have serious problems with
movement, affecting them unilaterally or bilaterally [24]. Epiphysiolysis may be an early stage
of BCO, due to the fact that its pathogenesis is possibly initiated by damage to poorly mineral-
ized chondrocyte columns (cartilage cells) in the epiphyseal and physeal growth plates of the
leg bones, followed by colonization of osteochondritic clefts by opportunistic bacteria [25,26].

Hence, expression studies are required to clarify the genetic mechanism involved with
femur pathologies. Although some reference genes were described for bones, it is important to
elucidate those for the cartilage as well, since both tissues are involved in the development of
those disorders. However, studies on candidate reference genes for chicken cartilage are not
available to date. Therefore, to obtain stable genes to be used as reference in expression studies
related to bone/cartilage disorders in broilers, the present study evaluated nine endogenous
candidate genes in the articular cartilage of chickens with 35 days of age.

Material and methods
Animals and sample collection

The Embrapa Swine and Poultry National Research Center Ethical Committee of Animal Use
(CEUA/CNPSA) approved this study under the protocol number 012/2012. The samples used
were previously collected from chickens at 35 days of age, as described in detail by Peixoto

et al. [27]. Briefly, 29 male broilers from a commercial line (14 normal and 15 lameness) were
selected and sent to the Embrapa Swine and Poultry National Research Center, in Concérdia,
SC, Brazil for sampling. The femur proximal head was classified based on the clinical examina-
tion of the separation of the growth plate (GP) from the articular cartilage (AC), according to
Wideman et al. [25]. The normal (control) group (CG) was characterized by good adhesion
between the GP and the AC, and the epiphysiolysis-affected group (AG) presented
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epiphysiolysis and, consequently, separation between the GP and AC. From the 29 broilers,
the AC of eight normal (with average body weight of 2,336.75 + 233.43 g) and 8 affected broil-
ers (2,189.62 + 444.23 g) were collected, stored in liquid nitrogen and transferred to a freezer
at -80°C until the samples were processed. The sample collection for the CG was performed by
removing the AC from the bone carefully using a scalpel at the moment of necropsy.

RNA extraction

Eight samples of the AC from each group were ground in a mortar with liquid nitrogen. Then,
Trizol reagent (Invitrogen, Carlsbad, CA, USA) was added for total RNA extraction, following
the manufacturer’s recommendations. To each 100mg of tissue, ImL of Trizol was added and
samples were vortexed and incubated for five minutes at room temperature. Then, 200uL of
chloroform were added, the tubes were vigorously homogenized for 15 seconds and incubated
at room temperature for five minutes. Centrifugation was performed at 16,000 xg at 4°C for fif-
teen minutes. The aqueous phase (containing the RNA) was separated into a new microtube,
and 500uL of isopropanol were added, gently homogenized by inversion and incubated for 10
minutes at room temperature. Samples were centrifuged for 13,000 xg for 10 minutes at 4°C
for RNA pellet formation. Subsequently, the supernatant was discarded and 1mL 75% Alcohol
was added, homogenized and centrifuged at 10,500 xg for five minutes at 4°C. After discarding
the supernatant, the remained pellet was dried for 15 to 20 minutes at room temperature and
resuspended in 40uL of ultrapure water. To assure the samples quality and purity, the RNA
clean up protocol was performed using the Qiagen Rneasy kit (Qiagen, Hilden, NRW, Ger-
many), following the manufacturer s instructions. The Biodrop (Biodrop, Cambridge, UK)
spectrophotometer equipment was used to quantify the extracted samples, and samples with
260/280nm ratio above 1.8 were considered pure. To evaluate the integrity of each extracted
sample, a 1.0% agarose gel was run and electrophoresed for 90 min.

Complementary DNA (cDNA) synthesis

The cDNA synthesis was performed using the SuperScript III First-Strand Synthesis SuperMix
kit (Invitrogen, Carlsbad, CA, USA), following the manufacturer’s recommendations. Approx-
imately 3 pg of total RNA were mixed with 1uL of 50uM OligoDT primer, and added 1 pL of
Annealing buffer, completing the reaction up to 10uL. The samples were incubated in a ther-
mocycler at 65°C for five minutes and chilled on ice for one minute. In sequence, 10 pL of the
2X First-Strand Reaction Enzyme Mix and 2pL of the SuperScript III/RNAseOUT Enzyme
Mix (Invitrogen, Carlsbad, CA, USA) were added in the initial reaction for each sample. Subse-
quently, samples were incubated at 50°C for 50 minutes followed by 85°C for five minutes in
the thermocycler. After, the samples were stored in a freezer -20°C for subsequent quantitative
Polymerase Chain Reaction (QPCR).

Real-time qPCR

In order to perform the qPCR analyses, primers for nine genes: GAPDH, HMBS, HPRT1,
MRPS27, MRPS30, RPL30, RPL4, RPL5 and RPLP] were designed using NCBI Primer-BLAST
(Table 1). These genes were selected based on previous studies in chicken. For the quantifica-
tion analyses, the reactions were prepared using 7.5 pL of Master Mix SYBR Green 2x,

0,166 uM of forward primer, 0,166 pM of reverse primer, 2 pl of cDNA at the 1:10 dilution and
ultrapure water to complete 15 pL. The reactions were distributed in 96-well plates of Micro-
amp Fast 96-Well Reaction Plate (Applied Biosystems, Foster City, CA, USA) and then sub-
mitted to the QuantStudio 6 Real-Time PCR equipment (Applied Biosystems, Foster City, CA,
USA) with a temperature cycling of 95°C for 10 minutes, 40 cycles of 95°C for 15 seconds and
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Table 1. Primers for the candidate reference genes used for qPCR analysis in the femur articular cartilage of broilers.

Gene/ Ensembl ID

HMBS' Hydroxymethylbilane synthase
ENSGALG00000042939

RPL5? Ribosomal Protein L5
ENSGALG00000005922

MRPS27> Mitochondrial Ribosomal
Protein S27

ENSGALG00000015002

MRPS30* Mitochondrial ribosomal
protein S30

ENSGALGO00000014874
RPL4® Ribosomal Protein L4
ENSGALG00000007711

HPRT1* Hypoxanthine-guanine
phosphoribosyltransferase

ENSGALG00000006098

GAPDH® Glyceraldehyde-3-Phosphate
Dehydrogenase

ENSGALG00000014442

RPLPI* Ribosomal protein lateral stalk
subunit P1

ENSGALG00000030878
RPL30’ Ribosomal Protein L30
ENSGALG00000029897

'Paludo et al. [34],
*Nascimento et al. [35],
3Petry et al. [36],

*Marciano et al. [37].

Functions

Heme synthesis, porphyrin metabolism, Third enzyme of the biosynthetic pathway
of the Hemegroup

Responsible for the synthesis of proteins in the cell, structural constituent of
ribosome, 5S rRNA binding

Mitochondrial ribosome binding, rRNA binding, tRNA binding

Structural constituent of ribosome, RNA binding.

poly(U) RNA binding, rRNA binding, structural constituent of ribosome

Purine synthesis in the salvage pathway

Transcription, RNA transport, DNA replication, and apoptosis.

Protein kinase activator activity, ribonucleoprotein complex binding, structural
constituent of ribosome.

Antimicrobial humoral immune response mediated by an antimicrobial peptide,
cytoplasmic translation, defense response to Gram-negative bacterium, the killing
of cells of another organism.

https://doi.org/10.1371/journal.pone.0238189.t001

Primer Sequences (5’-3)

F:

v B R N )

ACTAGTTCACTTCGGCGAGC
CTCAGGAGCTGACCTATGCG
AATATAACGCCTGATGGGATGG
CTTGACTTCTCTCTTGGGTTTCT
GCTCCCAGCTCTATGGTTATG

R: ATCACCTGCAAGGCTCTATTT
F: CCTGAATCCCGAGGTTAACTATT

ol | M|

Ps)

GAGGTGCGGCTTATCATCTATC
TGTTTGCCCCAACCAAGACT
CTCCTCAATGCGGTGACCTT
TGGGGATGACCTCTCAACCT

TCCAACAAAGTCTGGCCGAT

: TGGGAAGCTTACTGGAATGG

R: ATCAGCAGCAGCCTTCACTAC

: CCCTCATTCTCCACGACGACZ

R: CCAGAGCCTTAGCAAAGAGAC

: ATGATTCGGCAAGGCAAAGC

R: GTCAGAGTCACCTGGGTCAA

60°C for one minute. The melting curve was performed with the cycling of 95°C for 15 sec-

onds, 60°C for 1 minute and 95°C for 15 seconds to evaluate the amplification specificities.

Reactions were performed in duplicates to calculate the Ct (threshold cycle) mean, standard

deviation and coefficient of variation between the two replicates.

Stability evaluation of the candidate reference genes

To evaluate the candidate reference genes from this study, three popular algorithms were used
to identify the most stable expressed genes: geNorm [28], NormFinder [29] and BestKeeper
[30]. The BestKeeper is an Excel-based software that classifies genes through an index (gene
power) composed of Ct, fold-change (FC), standard deviation (SD) and coefficient of variation
(CV) values [30]. The most consistent genes present SD values of Cts less than 1 and SD of FC
less than 2. The authors do not recommend using genes with SD of Cts above 1.5 [30]. The
GeNorm is a program that calculates a measurement of stability of the internal control gene

(M) for each combination of two control genes tested, obtaining a transformed expression

rate, and then calculates a standard deviation of those combinations of paired genes. From the

lowest values of M, the two most stable genes are determined and values smaller than 1.5 indi-
cate stable genes [28]. The NormFinder is a program that automatically calculates the stability
value based on intra- and inter-group variation of the tested genes, considering their co-
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regulation, classifying genes according to their expression stability and similarity. Lower stabil-
ity values indicate better or more stable genes to be used as normalizers. The authors suggested
using data transformed into log, [29]. When comparing with GeNorm, Bestkeeper has the
advantage of using both constitutive and target genes in the analysis, while GeNorm analyzes
only reference genes [30].

After performing each analysis, the stability values obtained in each tool were used to gener-
ate a ranking with the most stable genes using RankAggreg [31]. This is a package from the R
environment that calculates the Spearman distance between two genes based on the Monte
Carlo algorithm [32,33]. All of these analyses were performed using the endoGenes automa-
tized pipeline available at https://github.com/hanielcedraz/endoGenes.

Results

The total RNA average concentration was 195.92 ng/pL for the normal and 172.01 ng/uL for
the epiphysiolysis-affected broilers. Regarding RNA quality, the mean A260/280 ratio was 2.07
for normal and 2.08 for the affected chickens. These values demonstrate good quality of sam-
ples. The Ct mean (+ SD) values of the candidate reference genes ranged from approximately
18.51 £ 0.65 to 28.68 + 0.59 (Fig 1 and S1 Table). According to the melting curve analysis, all
genes showed specific amplification (Fig 2).

A similar expression profile among the RPLP1, MRPS30 and HPRT1 genes was obtained
with the evaluated software (Fig 4 and Table 2). The genes RPL5 and RPLP1 were classified as
the two most stable with the software BestKeeper (Table 2) and GeNorm (Fig 3 and Table 2),
and RPLPI and RPL4 with NormFinder (Table 2). The gene RPL5 was classified in the sixth
position with the software NormFinder (Table 2) differing from the Bestkeeper and GeNorm
results. The least stable gene was HPRTI according to all the software evaluated (Figs 3 and 4
and Table 2). The gene HMBS had a divergent classification among BestKeeper, GeNorm and
NormFinder, ranking this gene, respectively, in the third, sixth and eighth positions (Table 2).

Since there were some variations in the classification of the reference genes in the results of
each software separately, the RankAggreg was used to generate an overall classification, where
RPLP] and RPL5 genes were identified as the most stable ones (Fig 4 and Table 2). RankAg-
greg results were similar to those obtained with the evaluation of geNorm, BestKeeper and
NormFinder regarding the MRPS30 and HPRT1 genes, which were classified as the least stable
genes from those evaluated in our study (Figs 3 and 4 and Table 2).

Discussion

The evaluation of endogenous genes stability is an essential step in relative quantification anal-
yses of gene expression and needs to be performed previously to its use to avoid biased results.
Due to the widespread use of qPCR technique, several protocols, reagents, and methods of
analysis have emerged, which can lead to contradictory results [8,38]. In order to obtain high
quality results, the samples must have sufficient quantity and integrity of the RNA, generating
results with high precision, sensitivity, and reproducibility for posterior analysis [29,30,39].
Another important factor is the evaluation of a set of candidate reference genes, which is fun-
damental for obtaining reliable results from qPCR studies [30,39]. It should be noted that dif-
ferent conditions and experiments require different genes to be used as normalizers, needing a
specific search for genes with stable expression patterns [8,39]. Here, total RNA with good
quality was used for the further analysis, according to the MIQE recommendations [40]. Nine
candidate reference genes were evaluated, considering stability parameters and consistency of
expression with four different specific software (Table 2) widely used in similar studies
[30,37,41]. Although the search for the best reference genes is needed, there is no standard
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Fig 1. Cycle threshold (Ct) variation of the candidate reference gene in normal and proximal femoral epiphysiolysis-affected broilers. CG: control group and AG:

affected group.
https://doi.org/10.1371/journal.pone.0238189.9001

methodology established for this purpose, and a wide variety of approaches is available.
Another issue is that there is no standardization of the values used by the algorithms, with
some having a clear stability threshold value, while others do not, and this value is relevant for
checking the stability of the gene. Thus, the use of several software could lead to a better selec-
tion of the most reliable reference genes.

In chickens, studies evaluating gene stability in several tissues, such as muscle, embryo,
ovary, uterus, lung and heart fibroblasts have been reported [35,37,42-45]. However, there are
no studies regarding the stability of endogenous genes in poultry articular cartilage tissue.
Therefore, our study is important to characterize this type of sample, especially because this tis-
sue is involved in several bone disorders or locomotor problems in commercial broilers.

Variations in the gene stability classification, such as the HMBS that was ranked as 3", 8"
or 6 (Fig 3 and Table 2), was observed depending on the software used. Nascimento et al.
[35] also found variation in the results obtained by the software used to evaluate reference
genes in pectoralis major muscle of broilers. These differences can be explained by the fact that
the software have different algorithms, and have been developed to address different types of
experiments. The BestKeeper allows comparing the expression level of up to ten endogenous
genes, generating an index combining the evaluated genes, with a high sensitivity to genes
with very different expression levels [30]. The NormFinder automatically calculates the
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Fig 2. Melting curve for the 9 candidate reference genes in the femur articular cartilage of broilers for primers specificity
evaluation.

https://doi.org/10.1371/journal.pone.0238189.9002

stability value (S) of all endogenous genes tested on a set of samples, regardless the number of
samples and groups, showing a high sensitivity to co-regulating genes [29]. On the other hand,
geNorm does not consider co-expression of candidate reference genes and classifies the two
most stable reference genes among those tested [28].

Although there is a great variation in the classification of genes by different software, there
is no recommendation for the best method of gene selection, nor a pattern that indicates good
or poor stability [46]. After the analysis with BestKeeper, geNorm and NormFinder, the geN-
orm seemed to be the most suitable software to choose the most reliable genes, because its
results were more similar to those found with RankAggreg. Through a general classification

Table 2. Gene classification values and ranking (in parenthesis) according to the three algorithms analyzed and the general rank generated with the RankAggreg.

Gene Bestkeeper (SD of [+Ct]) NormFinder (S-value) GeNorm (M-value) RankAggreg (Ranking)
RPLPI 0.266 (2) 0.15 (1) 0.200 (1) 1
RPL5 0.239 (1) 0.22 (6) 0.200 (2) 2
RPL4 0.325 (4) 0.15 (2) 0.271 (3) 3
RPL30 0.367 (5) 0.16 (3) 0.315 (4) 4
MRPS27 0.433 (6) 0.17 (4) 0.374 (5) 5
HMBS 0.311 (3) 0.42 (8) 0.412 (6) 6
GAPDH 0.472 (7) 0.22 (5) 0.441 (7) 7
MRPS30 0.559 (8) 0.39 (7) 0.476 (8) 8
HPRTI 0.929 (9) 0.48 (9) 0.637 (9) 9

https://doi.org/10.1371/journal.pone.0238189.t002
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obtained with the RankAggreg function, RPLPI and RPL5 were the most stable genes found in
our study (Fig 4 and Table 2). Regarding the genes stability, those best classified in the general
ranking also had a good stability in each software separately, since they had values within the
parameters suggested by each software: S <0.5, M <1.5 and [+ Ct] SD <1, for the NormFin-
der, GeNorm and Bestkeeper, respectively (Fig 3 and Table 2). The use of various tools to
choose the reference genes allowed a broad check of the variation of the expression of these
genes. Although RankAggreg provides a general classification of genes, it does not mean that
all genes are stable or vice-versa [39]. The evaluation of the output from each software is
needed to confirm whether the genes are indeed stable or not [8,39], as previously shown.
Several genes have been reported as reference genes. Ribosome proteins are suggested as
good endogenous genes, because of their role in the production of ribosomes [47-49], since
they are important components of the basic physiological processes in all cells [49]. Here,

Rank Aggregation
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Fig 4. Candidate reference genes ranked with the Rankaggreg function based on the geNorm, BestKeeper and NormFinder stability values.
https://doi.org/10.1371/journal.pone.0238189.9004
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several known endogenous genes, such as GAPDH, HMBS and HPRT1, as well as many candi-
date ribosomal proteins (RPLs and MRPLs) were evaluated for their stability. The HPRT1 was
the least stable gene, while RPLP1 was one of the most stable. These two genes were unstable at
different stages of cardiac development in rats and were not indicated to be used as reference
genes in cardiac tissue [50]. However, Nakayama et al. [51] and Nascimento et al. [35] found
similar results from our study, where the RPLPI was suitable for normalization of gene expres-
sion in nasal tissue in humans and muscle tissue in broilers, respectively. Furthermore, some
studies that evaluated the stability of the HMBS gene found this gene to be one of the most sta-
ble when considering several tissues [34,35,49,52-54]. Zhang et al. [52], for example, evaluat-
ing the stability of eight reference genes in 10 types of Boer goat tissues found that the HMBS
gene was the third most stable and therefore recommended this gene for calibrating gene
expression analyses of goat tissues from this breed by real-time qPCR. In broiler chickens pec-
toralis major muscle, the HMBS gene was also found to be the most stable by Nascimento et al.
[35]. According to these authors, the HMBS and HPRTI genes were the most stable and could
be used to normalize expression data in the pectoralis major muscle of chickens submitted to
heat stress [51]. Zhang et al. [53] showed that HMBS was the most suitable gene for chickens
gut, while Paludo et al. [34] used HMBS as an endogenous gene to study bones from broilers
with 45 days of age affected with femoral head necrosis. This gene has been used as endoge-
nous in many species, in different tissues and ages [34,49,54]. Here, the HMBS gene had a
good classification in the Bestkeeper tool, but not in NormFinder and GeNorm (Table 2).
These results reinforce that gene stability could be influenced by different factors, such as age,
tissue and conditions [35,49]. Furthermore, the HPRTI gene was classified as the least stable
gene by the three software, although this gene has already been considered a good reference
gene for different swine tissues [54] and mice [55], and is widely used in rats as a reference
gene in qPCR studies.

The nuclear genes MRPS27 and MRPS30 encoding mitochondrial ribosomal proteins have
high activity in muscle tissues and in the synthesis of proteins within the mitochondria [56]. In
quail, the most stable genes evaluated in several tissues were MRPS30, EEF1 and HMBS in the
thigh muscle, B2M, UBC and GAPDH in the brain, MRPS30, TFRC and HMBS in the heart,
and EEF1, LDHA and HMBS in the spleen [57]. Furthermore, these authors also recom-
mended testing the expression of endogenous genes that could vary between male and female
quails [57]. When evaluating the muscle tissue of chickens under heat stress, the genes
MRPS27, RPL5 and MRPS30 were considered stable according to the general classification of
RankAggreg and can be used as normalizers in gPCR analysis of target genes in this condition
[49].

Ribosomal proteins are crucial to the development and tissue homeostasis [58]. Wang et al.
[59] suggest ribosomal proteins as good candidates to substitute the traditional reference genes
as internal controls in real-time PCR assays. Previously, ribosomal proteins were recom-
mended only for less sensitive detection methods like Northern blot [60]. However, recent
studies evaluating the stability of reference genes have reported outstanding stabilities of ribo-
somal proteins in different cell lines and tissues of mammals [61-63], fish [64], shellfish [65]
and plants [66]. The gene RPLPI was studied as a reference gene in several animal species,
such as Homo sapiens [58], Mus musculus [67], Rattus norvegicus [68,69], Gallus gallus [43,70],
Bos Taurus [71] and Anopheles gambiae [72], having a role in the elongation step of protein
synthesis [73]. This gene had a divergent stability ranking between neonatal and cardiosphere-
derived adult cells, indicating that its gene expression was age-dependent [50]. RPLPI expres-
sion seems to be tissue-dependent, because it was the least stable gene in breast muscle of
chickens [37] while it was the most stable gene in the current study. Benak et al. (2019) [74],
when selecting optimal reference genes for gene expression studies in chronically hypoxic rat
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heart, found that the gene RPLPI was one of the most stable genes in the left and right ventri-
cle, similarly to our study. This gene has a variable expression according to the tissue, age and
species used in the experiment, reinforcing the importance of checking reference genes even
when similar issues have already been addressed.

The RPL5, a gene that encodes a small protein that is a component of the 60S subunit and is
responsible for transporting the 55 rRNA to the nucleolus, was the 2% most stable gene in the
general ranking in the current study. Our results corroborate with Oliveira et al. [49], which
evaluated the RPL5 gene in chicken muscle tissue of males and females, and was indicated as
suitable for normalization of gene expression. The RPL5 is a constitutive protein in the large
ribosomal subunit that catalyzes mRNA-directed protein synthesis [60]. When evaluating
assays of the cornea in various murine disease models, Ren et al. [55] recommended RPL5 as a
reference gene, showing stability in that study. RPL5 was also a stable gene when studying
heart failure of the right ventricles in humans [75] and tissues of red abalone Haliotis rufescens
(Mollusca, Vetigastropoda) [59,76]. Kim et al. [77] used RPL5 as a reference gene to calibrate
the reverse-transcribed cDNA templates for samples of cerebral ganglion, pleuro-pedal gan-
glion, ovary, gills, intestine and adductor muscle of Pacific abalone (Haliotis discus hannai).
Marciano et al. [37], when studying breast muscle of chicken also found RPL5 as one of the
most stable genes. These results corroborate with those found in our study, showing that this
gene is suitable as normalizer for several species, including chickens.

In the current study, we showed that RPLPI and RPL5 were ranked as the most stable genes
when femur head’s articular cartilage of broilers were evaluated, contributing to the under-
standing of gene expression profiles of candidate endogenous genes in chickens. These results
can also help to clarify the etiology of bone-related problems in avian and other species.
Despite the indication of using two or more reference genes in gene expression studies, it is
common to find the use of only one gene, and based merely in the literature, not following the
MIQE recommendations [39,40]. Therefore, in order to obtain the best reference genes, it is
necessary to evaluate a broad panel of genes and software, considering the complexity of the
experimental designs and tissues [39]. Thus, the choise of the most reliable reference genes for
relative quantification analysis reduces the selection of false endogenous genes, improving the
accuracy of the results [78].

Conclusions

The RPL5 and RPLPI were the most reliable endogenous genes for qPCR analyses in the
femur articular cartilage tissue of normal and epiphysiolysis-affected broilers. This is the first
study evaluating reference genes in the chicken articular cartilage. Our results can be useful for
investigating articular disorders in chickens and other species by the analysis of articular carti-
lage gene expression.
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Resumo

A utilizagdo de genes de referéncia é necessaria para a quantificacéo relativa na andlise da expressao
génica, e a estabilidade desses genes pode variar dependendo do delineamento experimental.
Portanto, é essencial testar a confiabilidade dos genes endégenos antes de seu uso. Este estudo
avaliou nove genes candidatos a genes de referéncia para selecionar os genes mais estaveis para
serem usados como referéncia em estudos de expressao génica na cartilagem femoral de frangos
de corte normais e afetados por epifisidlise. A cartilagem articular do fémur de 29 frangos de

corte machos com 35 dias de idade foi coletada, congelada e submetida & extracdo de RNA e
andlise de PCR quantitativa (JQPCR). Os genes candidatos a genes de referéncia avaliados foram
GAPDH, HMBS, HPRT1, MRPS27, MRPS30, RPL30, RPL4, RPL5 e RPLP1. Para a avaliagcao da
estabilidade génica, foram utilizados trés softwares: GeNorm, BestKeeper e NormFinder, e uma
classificacé@o global foi gerada utilizando a fungdo RankAggreg. Neste estudo, os genes RPLP1 e
RPL5 foram os genes enddgenos mais confiaveis, sendo recomendados para estudos de expressao

génica na cartilagem femoral de frangos de corte com epifisidlise e possiveis outras anomalias femorais.

Introducéo

A utilizag8o da andlise da expresséo génica visa elucidar processos bioldgicos envolvidos em diversas
condi¢des em organismos vivos, possibilitando a identificacdo de marcadores diagndsticos como alvos
terapéuticos no tratamento de doengas [1]. A PCR quantitativa (QPCR) é uma técnica rapida e facil de
usar que permite a medicéo simultanea da expressao génica em diversas amostras para um nimero
limitado de genes [2]. Na gPCR, corantes fluorescentes séo utilizados para combinar as etapas de
amplificacdo e deteccéo da reagédo de PCR em um Unico tubo [3,4]. Além disso, a qPCR tem sido
amplamente utilizada para validar resultados de RNA-seq devido a sua alta sensibilidade e precisao [5].
Em comparacdo com outras técnicas, apresenta vantagens como sensibilidade e detec¢do em tempo real.
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de progresso da reagao, resultados rapidos e preciséo na medigdo do material analisado [5,6]. Embora a
gPCR seja uma técnica altamente sensivel [7], seu uso deve ser padronizado, especialmente considerando a
escolha correta de genes de referéncia para evitar resultados errébneos. O uso de genes de referéncia estaveis
garante a normalizacéo dos niveis de RNA de entrada entre as amostras, evitando erros na quantificacéo [8].

Portanto, conhecer o perfil de expressao desses genes em cada delineamento experimental é crucial para obter

da Empresa Brasileira de Pesquisa Agropecuéaria (EMBRA®3Y/tados confiaveis [7,9].

Os fundadores n&o tiveram qualquer participag&o no
planejamento do estudo, na coleta e andlise dos dados, na

decisdo de publicar ou na preparagdo do manuscrito.

Conflitos de interesse: Os autores declararam
néo haver conflitos de interesse.

Um gene de referéncia vélido deve ter sua expressao invariavel entre diferentes condigdes experimentais,
tecidos ou estados fisioldgicos do tecido ou organismo [8]. Em andlises de quantificagéo relativa, o uso de genes
de referéncia é necessario para normalizar a expresséo génica e obter a variacéo relativa por meio de algoritmos
matematicos [10-12]. Alguns dos genes de referéncia mais conhecidos sdo GAPDH (gliceraldeido 3-fosfato
desidrogenase), PGK (fosfoglicerato quinase), UBQ (ubiquitina), RPL19 (proteina ribossdmica L19), 18S rRNA
(RNA ribossdmico 18S), y-actina e y-tubulina [7], que sdo utilizados em diversos estudos com muitas
espécies. Por exemplo, GAPDH e 18S rRNA foram utilizados como genes de referéncia individuais para a
normalizacéo de dados de gPCR em multiplos estudos com galinhas [13-17]. Entretanto, a estabilidade dos
genes de referéncia pode ser alterada dependendo do tecido, idade, tratamento e outras condigGes, o que
torna indispensavel testar a estabilidade de varios genes antes de usa-los como referéncia [18-20]. A

selecdo de genes de referéncia estaveis é critica para o desempenho confidvel de experimentos de gPCR [21].

A epifisiolise ou separagédo da cabeca do fémur (SCF) consiste na separagéo do crescimento
placa da cartilagem articular [22]. Essa condi¢@o é um fator de risco para infecgdo e pode causar
condronecrose bacteriana com osteomielite (CBO) em frangos de corte [22,23]. A CBO também é
denominada necrose da cabecga femoral (NCF) e ocorre na cabeca femoral proximal, comecando com a
degeneracéo da cartilagem articular e da placa de crescimento. A degeneragdo 6ssea inicia-se devido &
desprotecdo 6ssea, 0 que pode promover uma alta incidéncia de outras patologias locomotoras, tornando-
se uma porta de entrada para virus e bactérias. Os animais apresentam sérios problemas de movimento,
afetando-os unilateral ou bilateralmente [24]. A epifisidlise pode ser um estagio inicial da CBO, devido ao fato
de sua patogénese possivelmente ser iniciada por danos as colunas de condrécitos (células cartilaginosas)
pouco mineralizadas nas placas de crescimento epifisarias e fisarias dos ossos da perna, seguidos pela
colonizagéo das fendas osteocondriticas por bactérias oportunistas [25,26].

Portanto, estudos de expresséo génica séo necessarios para elucidar o mecanismo genético envolvido
nas patologias do fémur. Embora alguns genes de referéncia tenham sido descritos para os 0ssos, € importante
elucidar também os da cartilagem, visto que ambos os tecidos estdo envolvidos no desenvolvimento dessas
doencas. Contudo, estudos sobre genes candidatos de referéncia para cartilagem de frango ainda nédo estédo
disponiveis. Assim, para obter genes estaveis que possam ser utilizados como referéncia em estudos de
expresséo génica relacionados a distlrbios 6sseos/cartilaginosos em frangos de corte, o presente estudo

avaliou nove genes candidatos endégenos na cartilagem articular de frangos com 35 dias de idade.

Materiais e métodos

Animais e coleta de amostras O Comité de

Etica no Uso de Animais (CEUA/CNPSA) do Centro Nacional de Pesquisa Suina e Avicola da Embrapa aprovou
este estudo sob o protocolo nimero 012/2012. As amostras utilizadas foram previamente coletadas de frangos
aos 35 dias de idade, conforme descrito em detalhes por Peixoto et al. [27]. Resumidamente, 29 frangos de
corte machos de uma linhagem comercial (14 normais e 15 com claudicacéo) foram selecionados e enviados
ao Centro Nacional de Pesquisa Suina e Avicola da Embrapa, em Concérdia, SC, Brasil, para coleta de
amostras. A cabeca proximal do fémur foi classificada com base no exame clinico da separacéo da placa de
crescimento (PC) da cartilagem articular (CA), de acordo com Wideman et al. [25]. O grupo normal (controle)

(GC) foi caracterizado por boa adesédo entre a PC e a CA, e o grupo afetado por epifisidlise (GA) apresentou
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epifisiélise e, consequentemente, separacéo entre GP e AC. Dos 29 frangos de corte,

O conteldo adiposo (CA) de oito frangos de corte normais (com peso corporal médio de 2.336,75 + 233,43 g) e oito frangos de
corte afetados (2.189,62 + 444,23 g) foi coletado, armazenado em nitrogénio liquido e transferido para um freezer.

a -80yC até que as amostras fossem processadas. A coleta de amostras para o CG foi realizada por

Remover cuidadosamente o AC do osso usando um bisturi no momento da necropsia.

Extracdo de RNA

Oito amostras de AC de cada grupo foram moidas em um almofariz com nitrogénio liquido. Em seguida,

O reagente Trizol (Invitrogen, Carlsbad, CA, EUA) foi adicionado para extragdo de RNA total, seguindo

as recomendag0es do fabricante. Para cada 100 mg de tecido, adicionou-se 1 mL de Trizol e

As amostras foram homogeneizadas em voértex e incubadas por cinco minutos & temperatura ambiente. Em seguida, 200 yL de
Adicionou-se cloroférmio, os tubos foram homogeneizados vigorosamente por 15 segundos e incubados.

a temperatura ambiente por cinco minutos. A centrifugagao foi realizada a 16.000 xg a 4 °C por quinze minutos. A fase aquosa
(contendo o RNA) foi separada em um novo microtubo.

e 500 yL de isopropanol foram adicionados, homogeneizados suavemente por inverséo e incubados por 10

minutos a temperatura ambiente. As amostras foram centrifugadas a 13.000 xg durante 10 minutos a 4 °C.

para a formacéo do pellet de RNA. Posteriormente, o sobrenadante foi descartado e adicionou-se 1 mL de alcool a 75%.
Adicionou-se, homogeneizou-se e centrifugou-se a 10.500 xg durante cinco minutos a 4 °C. Ap6s descartar

O sobrenadante e o sedimento restante foram secos por 15 a 20 minutos a temperatura ambiente e

ressuspensdo em 40 yL de dgua ultrapura. Para garantir a qualidade e pureza das amostras, 0 RNA

O protocolo de limpeza foi realizado utilizando o kit RNeasy da Qiagen (Qiagen, Hilden, NRW, Alemanha), seguindo as
instrugdes do fabricante. O Biodrop (Biodrop, Cambridge, Reino Unido)

O equipamento de espectrofotdmetro foi usado para quantificar as amostras extraidas, e as amostras com

A razédo 260/280nm acima de 1,8 foi considerada pura. Para avaliar a integridade de cada amostra extraida, utilizou-se um método de absorgéo.

Para a amostra, foi utilizado um gel de agarose a 1,0%, submetido a eletroforese durante 90 minutos.

Sintese de DNA complementar (cDNA)

A sintese de cDNA foi realizada utilizando o SuperScript Ill First-Strand Synthesis SuperMix.

kit (Invitrogen, Carlsbad, CA, EUA), seguindo as recomendacdes do fabricante. Aproximadamente 3 yg de RNA total foram
misturados com 1 yL de primer OligoDT 50 yM e adicionados a 1 yL de

Tampéo de recozimento, completando a reacéo até 10 yL. As amostras foram incubadas em um termociclador a 65 °C por
cinco minutos e resfriadas em gelo por um minuto. Em seguida, 10 yL do

Mistura de enzimas para reagao de primeira cadeia 2X e 2 yL da enzima SuperScript Il/RNAseOUT

A mistura (Invitrogen, Carlsbad, CA, EUA) foi adicionada na reacéo inicial de cada amostra. Posteriormente, as amostras foram
incubadas a 50 °C por 50 minutos, seguidas de 85 °C por cinco minutos.

o termociclador. Em seguida, as amostras foram armazenadas em um freezer a -20 °C para posterior analise quantitativa.

Reacdo em cadeia da polimerase (QPCR).

gPCR em tempo real

Para realizar as andlises de qPCR, foram utilizados primers para nove genes: GAPDH, HMBS, HPRT1,

Os genes MRPS27, MRPS30, RPL30, RPL4, RPL5 e RPLP1 foram projetados usando o NCBI Primer-BLAST.

(Tabela 1). Esses genes foram selecionados com base em estudos anteriores em galinhas. Para as anélises de quantificacéo,
as reagdes foram preparadas utilizando 7,5 yL de Master Mix SYBR Green 2x.

0,166 yM de primer direto, 0,166 yM de primer reverso, 2 I de cDNA na dilui¢cédo de 1:10 e

agua ultrapura para completar 15 yL. As reacdes foram distribuidas em placas de 96 pogos Micro-amp Fast 96-Well Reaction
Plate (Applied Biosystems, Foster City, CA, EUA) e entdo submetidas ao equipamento de PCR em tempo real QuantStudio 6
(Applied Biosystems, Foster City, CA, EUA).

EUA) com um ciclo de temperatura de 95yC por 10 minutos, 40 ciclos de 95yC por 15 segundos e
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Tabela 1. Primers para os genes de referéncia candidatos usados para andlise de gPCR na cartilagem articular do fémur de frangos de corte.

ID do gene/Ensembl Fungdes Primeiras sequéncias (5'-3')
HMBSL1 Hidroximetilbilano sintase Sintese de heme, metabolismo de porfirinas, terceira enzima da via biossintética F: ACTAGTTCACTTCGGCGAGC
ENSGALG00000042939 do grupo Heme R: CTCAGGAGCTGACCTATGCG
RPL52 Proteina Ribossomica L5 Responsavel pela sintese de proteinas na célula, constituinte estrutural de F: AATATAACGCCTGATGGGATGG
ENSGALG00000005922 ribossomo, ligagéo do rRNA 5S R: CTTGACTTCTCTCTTGGGTTTCT
MRPS272 Ribossomo Mitocondrial Ligacgo do ribossomo mitocondrial, ligagéo do rRNA, ligacéo do tRNA F: GCTCCCAGCTCTATGGTTATG

Proteina S27

ENSGALG00000015002

py]

: ATCACCTGCAAGGCTCTATTT

MRPS302 Ribossomo mitocondrial

m

Componente estrutural do ribossomo, responsavel pela ligagdo ao RNA. CCTGAATCCCGAGGTTAACTATT

proteina S30

ENSGALG00000014874 R: GAGGTGCGGCTTATCATCTATC
RPLA43 Proteina Ribossomica L4 Ligagao de RNA poli(U), ligag&o de rRNA, constituinte estrutural do ribossomo F: TGTTTGCCCCAACCAAGACT
ENSGALG00000007711 R: CTCCTCAATGCGGTGACCTT
HPRT14 Hipoxantina-guanina Sintese de purinas na via selvagem F: TGGGGATGACCTCTCAACCT
fosforribosiltransferase

ENSGALG00000006098 R: TCCAACAAAGTCTGGCCGAT
GAPDH4 Gliceraldeido-3-Fosfato Transcrigdo, transporte de RNA, replicagio de DNA e apoptose. F: TGGGAAGCTTACTGGAATGG
Desidrogenase

ENSGALG00000014442 R: ATCAGCAGCAGCCTTCACTAC
RPLP14 Proteina ribossémica haste lateral Atividade ativadora de proteina quinase, ligagdo ao complexo ribonucleoproteico, estrutural F: CCCTCATTCTCCACGACGACZ
subunidade P1 constituinte do ribossomo.

ENSGALG00000030878 R: CCAGAGCCTTAGCAAAGAGAC
RPL303 Proteina Ribossémica L30 Resposta imune humoral antimicrobiana mediada por um peptideo antimicrobiano, F: ATGATTCGGCAAGGCAAAGC
ENSGALG00000029897 traducdo citoplasmatica, resposta de defesa a bactérias Gram-negativas, eliminagdo R: GTCAGAGTCACCTGGGTCAA

de células de outro organismo.

paludo et al. [34],
2Nascimento et al. [35],
3P(—ztry et al. [36],

“Marciano et al. [37].

https://doi.org/10.1371/journal.pone.0238189.t001

60 °C por um minuto. A curva de fuséo foi realizada com ciclos de 95 °C por 15 segundos, 60 °C por 1
minuto e 95 °C por 15 segundos para avaliar as especificidades da amplificacado.

As reagdes foram realizadas em duplicata para calcular a média do Ct (ciclo limite) e o padréo.

Desvio padrao e coeficiente de variagdo entre as duas réplicas.

Avaliacdo da estabilidade dos genes de referéncia candidatos

Para avaliar os genes de referéncia candidatos deste estudo, foram utilizados trés algoritmos populares.
para identificar os genes expressos mais estaveis: geNorm [28], NormFinder [29] e BestKeeper

[30]. O BestKeeper é um software baseado no Excel que classifica genes por meio de um indice (gene)
poténcia) composta por Ct, variagao relativa (FC), desvio padréo (DP) e coeficiente de variacéo

(CV) valores [30]. Os genes mais consistentes apresentam valores de DP de Cts menores que 1 e DP de FC
menos de 2. Os autores ndo recomendam o uso de genes com desvio padrao de Cts acima de 1,5 [30].
GeNorm é um programa que calcula uma medida da estabilidade do gene de controle interno.

(M) para cada combinacéo de dois genes de controle testados, obtendo-se uma expressao transformada
taxa e, em seguida, calcula o desvio padréo dessas combinag¢des de genes pareados. A partir do

Os valores mais baixos de M determinam os dois genes mais estaveis, e valores menores que 1,5 indicam
genes estaveis [28]. O NormFinder é um programa que calcula automaticamente a estabilidade.

valor baseado na variacao intra e intergrupos dos genes testados, considerando sua co-
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regulagéo, classificando genes de acordo com sua estabilidade e similaridade de expressédo. Valores de
estabilidade mais baixos indicam genes melhores ou mais estaveis para serem usados como normalizadores.
Os autores sugeriram o uso de dados transformados em log2 [29]. Em compara¢do com o GeNorm, o
Bestkeeper tem a vantagem de usar tanto genes constitutivos quanto genes-alvo na analise, enquanto o
GeNorm analisa apenas genes de referéncia [30].

Apos a realizagdo de cada andlise, os valores de estabilidade obtidos em cada ferramenta foram utilizados
para gerar um ranking com os genes mais estaveis usando o RankAggreg [31]. Este é um pacote do ambiente
R que calcula a distancia de Spearman entre dois genes com base no algoritmo de Monte Carlo [32,33].
Todas essas andlises foram realizadas utilizando o pipeline automatizado endoGenes, disponivel em https://

github.com/hanielcedraz/endoGenes.

Resultados

A concentragdo média total de RNA foi de 195,92 ng/yL para os frangos normais e de 172,01 ng/yL para os
frangos afetados por epifisidlise. Em relagéo & qualidade do RNA, a razdo média A260/280 foi de 2,07 para os
frangos normais e de 2,08 para os frangos afetados. Esses valores demonstram boa qualidade das amostras.
Os valores médios de Ct (x DP) dos genes de referéncia candidatos variaram de aproximadamente 18,51 +
0,65 a 28,68 + 0,59 (Figura 1 e Tabela S1). De acordo com a andlise da curva de fuséo, todos os genes
apresentaram amplificacéo especifica (Figura 2).

Um perfil de expressédo semelhante foi obtido entre os genes RPLP1, MRPS30 e HPRT1 com os
softwares avaliados (Figura 4 e Tabela 2). Os genes RPL5 e RPLP1 foram classificados como os dois mais
estaveis pelos softwares BestKeeper (Tabela 2) e GeNorm (Figura 3 e Tabela 2), e RPLP1 e RPL4 pelo
NormFinder (Tabela 2). O gene RPLS5 foi classificado na sexta posigao pelo software NormFinder (Tabela 2),
diferindo dos resultados do BestKeeper e do GeNorm. O gene menos estavel foi o HPRT1, de acordo com
todos os softwares avaliados (Figuras 3 e 4 e Tabela 2). O gene HMBS apresentou classificagéo divergente
entre BestKeeper, GeNorm e NormFinder, sendo classificado, respectivamente, na terceira, sexta e oitava
posigdes (Tabela 2).

Como houve algumas variag6es na classificacéo dos genes de referéncia nos resultados de cada software
separadamente, o RankAggreg foi usado para gerar uma classificacéo geral, onde os genes RPLP1 e RPL5
foram identificados como os mais estaveis (Fig. 4 e Tabela 2). Os resultados do RankAg-greg foram
semelhantes aos obtidos com a avaliacdo do geNorm, BestKeeper e NormFinder em relagéo aos genes
MRPS30 e HPRT1, que foram classificados como 0os menos estaveis dentre os avaliados em nosso estudo
(Figs. 3 e 4 e Tabela 2).

Discussao

A avaliacéo da estabilidade dos genes enddgenos é uma etapa essencial na andlise quantitativa relativa da
expressao génica e precisa ser realizada previamente ao seu uso para evitar resultados tendenciosos.

Devido ao uso generalizado da técnica gPCR, vérios protocolos, reagentes e métodos de andlise surgiram,

0 que pode levar a resultados contraditérios [8,38]. Para obter resultados de alta qualidade, as amostras
devem ter quantidade e integridade suficientes de RNA, gerando resultados com alta preciséo, sensibilidade e
reprodutibilidade para analises subsequentes [29,30,39].

Outro fator importante € a avaliagdo de um conjunto de genes de referéncia candidatos, fundamental para a
obtencéo de resultados confiaveis em estudos de gPCR [30,39]. Deve-se notar que diferentes condi¢fes e
experimentos requerem diferentes genes como normalizadores, sendo necessaria uma busca especifica por
genes com padrfes de expresséo estaveis [8,39]. Neste estudo, RNA total de boa qualidade foi utilizado

para as andlises subsequentes, de acordo com as recomendagdes MIQE [40]. Nove genes de referéncia
candidatos foram avaliados, considerando parametros de estabilidade e consisténcia de expressdo com quatro
softwares especificos diferentes (Tabela 2) amplamente utilizados em estudos semelhantes [30,37,41].

Embora a busca pelos melhores genes de referéncia seja necessaria, ndo existe um padréo Unico.
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Figura 1. Variacdo do limiar de ciclo (Ct) do gene de referéncia candidato em frangos de corte normais e afetados por epifisiélise femoral proximal. CG: grupo

controle e AG: grupo afetado.

https://doi.org/10.1371/journal.pone.0238189.g001

Existe uma metodologia estabelecida para esse propdsito, e uma grande variedade de abordagens estéa disponivel.
Outro problema ¢ a falta de padronizacéo dos valores utilizados pelos algoritmos, alguns apresentando um valor limite
de estabilidade bem definido, enquanto outros ndo, sendo esse valor relevante para verificar a estabilidade do gene.

Portanto, a utilizagéo de diversos softwares poderia levar a uma melhor selegdo dos genes de referéncia mais confiaveis.

Em galinhas, estudos que avaliaram a estabilidade génica em varios tecidos, como musculo, embriéo, ovario,

Gtero, pulméo e fibroblastos cardiacos foram relatados [35,37,42—-45]. No entanto, ndo existem estudos sobre a estabilidade
de genes enddgenos no tecido da cartilagem articular de aves.

Portanto, nosso estudo é importante para caracterizar esse tipo de amostra, especialmente porque esse tecido esta
envolvido em diversas doencas ésseas ou problemas locomotores em frangos de corte comerciais.

Variagdes na classificagao da estabilidade génica, como o HMBS, que foi classificado em 3° e 8° lugar.
ou 6° (Fig. 3 e Tabela 2), foi observada dependendo do software utilizado. Nascimento et al. [35] também encontraram
variagao nos resultados obtidos pelo software utilizado para avaliar genes de referéncia no musculo peitoral maior de
frangos de corte. Essas diferencas podem ser explicadas pelo fato de o software possuir algoritmos diferentes e ter sido
desenvolvido para abordar diferentes tipos de experimentos. O BestKeeper permite comparar o nivel de expresséo de até
dez genes enddgenos, gerando um indice que combina os genes avaliados, com alta sensibilidade a genes com niveis de

expressao muito diferentes [30]. O NormFinder calcula automaticamente o
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Valor de estabilidade (S) de todos os genes endégenos testados em um conjunto de amostras, independentemente do nimero de

amostras e grupos, mostrando alta sensibilidade a genes co-reguladores [29]. Por outro lado,

O geNorm néo considera a coexpressdo de genes de referéncia candidatos e classifica os dois

genes de referéncia mais estaveis entre os testados [28].

Embora haja grande variacéo na classificagdo de genes por diferentes softwares, existe

N&o se trata de uma recomendag&o sobre o melhor método de selegdo de genes, nem de um padréo que indique uma boa pratica.

ou baixa estabilidade [46]. Ap6s a andlise com BestKeeper, geNorm e NormFinder, o geN-orm pareceu ser o software mais

adequado para escolher os genes mais confiaveis, devido a sua

Os resultados foram mais semelhantes aos encontrados com o RankAggreg. Através de uma classificagéo geral.

Tabela 2. Valores de classificagdo de genes e classificagdo (entre parénteses) de acordo com os trés algoritmos analisados e a classificagdo geral gerada com o RankAggreg.

Gene Bestkeeper (DP de [+Ct]) NormFinder (valor S) GeNorm (valor M) RankAggreg (Classificagdo)
RPLP1 0,266 (2) 0,15 (1) 0,200 (1) 1
RPL5 0,239 (1) 0,22 (6) 0,200 (2) 2
RPL4 0,325 (4) 0,15 (2) 0,271 (3) 3
RPL30 0,367 (5) 0,16 (3) 0,315 (4) 4
MRPS27 0,433 (6) 0,17 (4) 0,374 (5) 5
HMBS 0,311 (3) 0,42 (8) 0,412 (6) 6
GAPDH 0,472 (7) 0,22 (5) 0,441 (7) 7
MRPS30 0,559 (8) 0,39 (7) 0,476 (8) 8
HPRT1 0,929 (9) 0,48 (9) 0,637 (9) 9

https://doi.org/10.1371/journal.pone.0238189.t002
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Figura 3. Classificacdo dos genes de referéncia candidatos com base no valor médio de estabilidade de expressédo M, utilizando o software geNorm.

https://doi.org/10.1371/journal.pone.0238189.g003

Os genes obtidos com a fungdo RankAggreg mostraram que RPLP1 e RPL5 foram os mais estaveis

encontrados em nosso estudo (Figura 4 e Tabela 2). Em relacéo a estabilidade dos genes, aqueles melhor

classificados na classificagdo geral também apresentaram boa estabilidade em cada software separadamente,

uma vez que seus valores estavam dentro dos pardmetros sugeridos por cadaum: S< 0,5, M< 1,5 e [+ Ct]

SD < 1, para NormFinder, GeNorm e Bestkeeper, respectivamente (Figura 3 e Tabela 2). O uso de

diferentes ferramentas para a escolha dos genes de referéncia permitiu uma verificagdo abrangente da

variagdo da expressao desses genes. Embora o RankAggreg forneca uma classificacéo geral dos genes,

isso ndo significa que todos os genes sejam estaveis ou vice-versa [39]. A avaliagéo dos resultados de

cada software é necessaria para confirmar se os genes séo de fato estaveis ou ndo [8,39], como demonstrado anteriorme
Varios genes foram relatados como genes de referéncia. As proteinas ribossémicas séo sugeridas

como bons genes enddgenos, devido ao seu papel na producéo de ribossomos [47—49], uma vez que s&o

componentes importantes dos processos fisiolégicos basicos em todas as células [49]. Aqui,

Rank Aggregation
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Figura 4. Genes de referéncia candidatos classificados com a fun¢do Rankaggreg com base nos valores de estabilidade geNorm, BestKeeper e NormFinder.

https://doi.org/10.1371/journal.pone.0238189.g004
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Diversos genes end6genos conhecidos, como GAPDH, HMBS e HPRT1, bem como muitas proteinas ribossdmicas candidatas
(RPLs e MRPLs), foram avaliados quanto a sua estabilidade. O HPRT1 foi
O gene menos estavel, enquanto RPLP1 foi um dos mais estaveis. Esses dois genes eram instaveis em
diferentes estagios de desenvolvimento cardiaco em ratos e ndo foram indicados para serem usados como referéncia.
genes no tecido cardiaco [50]. No entanto, Nakayama et al. [51] e Nascimento et al. [35] encontraram
Resultados semelhantes foram obtidos em nosso estudo, onde o RPLP1 mostrou-se adequado para a normalizagéo da
expressé&o génica no tecido nasal em humanos e no tecido muscular em frangos de corte, respectivamente. Além disso, alguns
Estudos que avaliaram a estabilidade do gene HMBS descobriram que este gene é um dos mais estaveis quando se
consideram varios tecidos [34,35,49,52-54]. Zhang et al. [52], por exemplo, ao avaliarem a estabilidade de oito genes de
referéncia em 10 tipos de tecidos de cabra Boer, descobriram que o HMBS
O gene foi o terceiro mais estavel e, portanto, recomendou-se este gene para calibrar o gene.
Andlises de expresséo de tecidos caprinos dessa raga por g°PCR em tempo real. Em musculos peitorais maiores de frangos
de corte, o0 gene HMBS também foi considerado o mais estavel por Nascimento et al.
[35]. De acordo com esses autores, os genes HMBS e HPRT1 foram os mais estaveis e poderiam
ser usado para normalizar dados de expressé@o no musculo peitoral maior de galinhas submetidas a
estresse térmico [51]. Zhang et al. [53] mostraram que HMBS era o gene mais adequado para galinhas
intestino, enquanto Paludo et al. [34] usaram HMBS como um gene enddgeno para estudar ossos de frangos de corte.
com 45 dias de idade afetados por necrose da cabeca femoral. Este gene tem sido usado como endégeno em muitas
espécies, em diferentes tecidos e idades [34,49,54]. Aqui, 0 gene HMBS teve um
boa classificacéo na ferramenta Bestkeeper, mas ndo no NormFinder e no GeNorm (Tabela 2).
Esses resultados reforcam a ideia de que a estabilidade dos genes pode ser influenciada por diferentes fatores, como a idade.
tecido e condigdes [35,49]. Além disso, o gene HPRT1 foi classificado como o menos estavel.
gene pelos trés softwares, embora este gene ja tenha sido considerado uma boa referéncia.
gene para diferentes tecidos suinos [54] e camundongos [55], e € amplamente utilizado em ratos como referéncia.
gene em estudos de gPCR.

Os genes nucleares MRPS27 e MRPS30, que codificam proteinas ribossémicas mitocondriais, tém
alta atividade nos tecidos musculares e na sintese de proteinas dentro das mitocondrias [56]. em
Em codornas, os genes mais estaveis avaliados em diversos tecidos foram MRPS30, EEF1 e HMBS.
musculo da coxa, B2M, UBC e GAPDH no cérebro, MRPS30, TFRC e HMBS no coragéo,
e EEF1, LDHA e HMBS no bago [57]. Além disso, esses autores também recomendaram testar a expressao de genes
endégenos que podem variar entre homens e mulheres.
codornas [57]. Ao avaliar o tecido muscular de galinhas sob estresse térmico, os genes
MRPS27, RPL5 e MRPS30 foram considerados estaveis de acordo com a classificagéo geral de
RankAggreg e podem ser usados como normalizadores na analise de gPCR de genes-alvo nesta condig&o.
[49].

As proteinas ribossdmicas séo cruciais para o desenvolvimento e a homeostase tecidual [58]. Wang et al.
[59] sugerem proteinas ribossémicas como boas candidatas para substituir os genes de referéncia tradicionais
como controles internos em ensaios de PCR em tempo real. Anteriormente, as proteinas ribossdmicas eram
recomendadas apenas para métodos de detec¢do menos sensiveis, como o Northern blot [60]. No entanto, recentemente
Estudos que avaliaram a estabilidade de genes de referéncia relataram estabilidades notaveis de proteinas ribossémicas em
diferentes linhas celulares e tecidos de mamiferos [61-63], peixes [64], crustaceos [65].
e plantas [66]. O gene RPLP1 foi estudado como gene de referéncia em diversas espécies animais,
como Homo sapiens [58], Mus musculus [67], Rattus norvegicus [68,69], Gallus gallus [43,70],
Bos Taurus [71] e Anopheles gambiae [72], desempenhando um papel na etapa de alongamento da proteina
sintese [73]. Este gene apresentou uma classificacéo de estabilidade divergente entre células neonatais e células adultas
derivadas de cardiosferas, indicando que sua expressdo génica era dependente da idade [50]. A expressédo de RPLP1
parece ser dependente do tecido, pois foi 0 gene menos estavel no masculo peitoral de
galinhas [37] enquanto foi 0 gene mais estavel no presente estudo. Benak et al. (2019) [74],

ao selecionar genes de referéncia ideais para estudos de expressao génica em ratos cronicamente hipoxicos

PLOS ONE | https://doi.org/10.1371/journal.pone.0238189 25 de agosto de 2020 15/09


https://doi.org/10.1371/journal.pone.0238189

Machine Translated by Google

PLOS ONE

Genes de referéncia para estudos de expresséo génica na cartilagem de frangos de corte

Em estudos anteriores, observou-se que o gene RPLP1 era um dos genes mais estaveis nos ventriculos
esquerdo e direito, similarmente ao nosso estudo. A expressdo desse gene varia de acordo com o tecido, a
idade e a espécie utilizados no experimento, reforcando a importancia da verificaco de genes de referéncia,
mesmo quando questdes semelhantes j& foram abordadas.

O gene RPLS5, que codifica uma pequena proteina componente da subunidade 60S e responséavel pelo
transporte do rRNA 5S para o nucléolo, foi o segundo gene mais estavel na classificagdo geral do presente
estudo. Nossos resultados corroboram os de Oliveira et al. [49], que avaliaram o gene RPL5 em tecido
muscular de frangos machos e fémeas, indicando-o como adequado para a normalizacéo da expressao
génica. O RPL5 é uma proteina constitutiva da subunidade ribossdmica maior que catalisa a sintese proteica
dirigida por mRNA [60]. Ao avaliar ensaios da cérnea em diversos modelos murinos de doencas, Ren et
al. [55] recomendaram o RPL5 como gene de referéncia, demonstrando estabilidade naquele estudo. O RPL5
também se mostrou um gene estavel no estudo da insuficiéncia cardiaca do ventriculo direito em
humanos [75] e em tecidos do abalone vermelho Haliotis rufescens (Mollusca, Vetigastropoda) [59,76]. Kim et
al. [77] usaram RPL5 como gene de referéncia para calibrar os modelos de cDNA retrotranscritos para
amostras de ganglio cerebral, ganglio pleuro-pedal, ovario, branquias, intestino e masculo adutor do
abalone do Pacifico (Haliotis discus hannai).

Marciano et al. [37], ao estudarem o musculo peitoral de frango, também encontraram o RPL5 como um
dos genes mais estaveis. Esses resultados corroboram os encontrados em nosso estudo, mostrando que
esse gene é adequado como normalizador para diversas espécies, incluindo frangos.

No presente estudo, demonstramos que RPLP1 e RPL5 foram classificados como os genes mais estaveis.
A avaliacéo da cartilagem articular da cabeca do fémur de frangos de corte contribuiu para a compreenséo
dos perfis de expresséo génica de genes enddgenos candidatos em galinhas. Esses resultados também
podem ajudar a esclarecer a etiologia de problemas 6sseos em aves e outras espécies.

Apesar da indicagdo de utilizac&o de dois ou mais genes de referéncia em estudos de expressao génica, é
comum encontrar o uso de apenas um gene, baseado meramente na literatura, sem seguir as recomendagdes
MIQE [39,40]. Portanto, para obter os melhores genes de referéncia, é necessario avaliar um amplo painel

de genes e softwares, considerando a complexidade dos delineamentos experimentais e dos tecidos [39].
Assim, a escolha dos genes de referéncia mais confiaveis para a andlise de quantificacéo relativa reduz a

selecéo de falsos genes endégenos, melhorando a precisdo dos resultados [78].

Conclusoes

Os genes RPL5 e RPLP1 foram os genes enddgenos mais confiaveis para andlises de qPCR no tecido

da cartilagem articular do fémur de frangos de corte normais e afetados por epifisiélise. Este é o primeiro
estudo a avaliar genes de referéncia na cartilagem articular de frangos. Nossos resultados podem ser Uteis
para investigar disturbios articulares em frangos e outras espécies por meio da andlise da expressdo génica

na cartilagem articular.

Informagdes complementares,

Tabela S1. Valores médios de Ct para os nove genes de referéncia candidatos.
(DOCX)
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Abstract: Hernia is one of the most common defects in pigs. The most prevalent are the scrotal
(SH), inguinal (IH) and umbilical (UH) hernias. We compared the inguinal ring transcriptome of
normal and SH-affected pigs with the umbilical ring transcriptome of normal and UH-affected pigs
to discover genes and pathways involved with the development of both types of hernia. A total
of 13,307 transcripts was expressed in the inguinal and 13,302 in the umbilical ring tissues with
94.91% of them present in both tissues. From those, 35 genes were differentially expressed in both
groups, participating in 108 biological processes. A total of 67 polymorphisms was identified in the
inguinal ring and 76 in the umbilical ring tissue, of which 11 and 14 were novel, respectively. A
single nucleotide polymorphism (SNP) with deleterious function was identified in the integrin «
M (ITGAM) gene. The microtubule associated protein 1 light chain 3 v (MAP1LC3C), vitrin (VIT),
aggrecan (ACAN), alkaline ceramidase 2 (ACER2), potassium calcium-activated channel subfamily
M « 1 (KCNMAT1) and synaptopodin 2 (SYNPO?2) genes are highlighted as candidates to trigger both
types of hernia. We generated the first comparative study of the pig umbilical and inguinal ring
transcriptomes, contributing to the understanding of the genetic mechanism involved with these two
types of hernia in pigs and probably in other mammals.

Keywords: gene expression; congenital defects; RNA-Seq; transcriptomics; swine

1. Introduction

Pig production is one of the most important livestock activities in the world and its
evolution and expansion are mainly due to the development of technologies that combine
genetics, management, nutrition and well-being [1], which increase productivity and bring
the final product closer to what the consumer idealizes. Meat quality and feed efficiency
are traits that have been prioritized by genetic breeding programs [2-4]. However, in
recent years, studies have also been carried out to improve our knowledge on diseases that
persist in production, which bring losses to the entire chain [5-9]. Among these, scrotal
(SH)/inguinal (IH) and umbilical hernias (UH) are birth defects often found in pigs [10],
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causing pain and discomfort to the animals and, consequently, economic losses related to
reduced performance [11,12] and increased risk of death [13].

Scrotal hernia is mainly characterized by the displacement of intestinal loops to the
scrotal sac, resulting from an abnormality in the inguinal ring [11]. Failure to obliterate
the vaginal process [14], impairment of the innervations that act on the site [15] or the
failed involution of the internal inguinal ring [16] are processes associated to the manifes-
tation of this defect. Moreover, SH can arise as a result of low resistance of the inguinal
region [17] caused by disturbances in the metabolism and hydrolysis of the extracellular
matrix components, such as collagen and muscle fiber structures [18], compromising the
repair of connective tissue [19]. The incidence of SH in pigs is influenced by genetics and
environmental factors. Sevillano et al. [20] have shown that the incidence of SH/IH in
Landrace and Large White pigs was 0.34% and 0.42%, respectively.

Umbilical hernia is characterized by the passage of abdominal contents (mainly in-
testine) to the hernial sac, in the umbilical region [12]. The discomfort and pain can be
aggravated when secondary factors are associated with the defect, and the pig welfare
is compromised [12]. UH can be related to genetic and non-genetic factors such as navel
infections, lesions at the site, obesity and incorrect umbilical cord cutting [21,22]. This
defect has been associated with a failure in the process of umbilical ring closure [23,24].
The incidence of UH ranges from 0.55% [25] to 1.5% [23] and it varies according to the
management, breed line and production lot [26]. Usually, the UH is not observed at birth,
and this defect appears when the pigs are already in the growing period [27]. This demon-
strates the difficulty that breeding companies and pig farmers have to eliminate such defect
from their herds.

The heritability for SH/IH and UH were estimated in 0.31 [20] and 0.25 [28], respec-
tively, which shows moderate genetic influence in the appearance of these defects. The
knowledge of the genetic mechanisms associated with the formation of these anomalies is
important to understand their underlying causes, regardless of the type of hernia studied.
In pigs, quantitative trait loci (QTL) were detected for the occurrence of SH in pig chromo-
somes (S5C) 2, 4, 8 (locus SW 933), 13 and 16 [29]. In addition, suggestive QTL for IH and
SH were found in seven chromosomes (S5C1, 2, 5, 6, 15, 17 and X) when comparing healthy
and herniated pigs [11]. Moreover, candidate genes involved with the manifestation of SH,
such as Insulin-like receptor 3 (INSL3), Miillerian inhibiting substance (MIS) and Calci-
tonin gene-related peptide (CGRP) were also identified [11]. Twenty-two single nucleotide
polymorphisms (SNPs) located on chromosomes 1, 2, 4, 10 and 13 in Landrace pigs, and
10 SNPs on SSC 3, 5, 7, 8 and 13 of Large White pigs, were associated with the incidence of
SH/IH in these populations [20]. To date, there is a record of 116 QTL/associations related
to the appearance of SH/IH in pigs in the Animal QTL database [30].

Regarding UH, there are 55 QTL/associations related to its manifestation in the
Pig QTL database (accessed in 17th December 2020) [30]. A SNP in the CAPN9 gene
(Calpain 9) on SSC14 significantly associated with UH has already been detected [31]. In
commercial pigs, four candidate genes were identified in QTL regions associated with UH,
namely TBX15 (T-Box 15) and WARS2 (Tryptophanyl TRNA Synthetase 2, Mitochondrial)
in chromosome 4, and LIPI (Lipase I) and RBM11 (RNA Binding Motif Protein 11) in
chromosome 13 [32]. A QTL on chromosome 14 of the Landrace breed was highly correlated
with UH, where the LIF (Leukemia inhibitory factor) and OSM (Oncostatin M) genes were
identified as candidates for this defect [25].

Another approach that has recently been used to investigate the genetic mechanisms
involved with these defects is the whole transcriptome study. Functional candidate genes
were prospected for scrotal [6] and umbilical [7] hernias based on differentially expressed
(DE) genes between affected and unaffected pigs in the inguinal and umbilical ring tissues,
respectively, using RNA sequencing (RNA-Seq). Information about gene expression in
those tissues is scarce and there are still many gaps to be elucidated. Interestingly, these
previous studies have shown some genes and pathways that seem to be shared between
SH and UH, many of them involved with muscle. Therefore, new and systematic analyses
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on tissues characterization and on common processes involved with both types of hernia
are needed.

Although several genetic studies have been performed, no comparison between large-
scale gene expression profile of pigs affected with SH from those affected with UH was
reported to date. Since SH and UH are related to some extent to muscle dysfunction, our
hypothesis is that some muscle-related genes could be involved in the development of
both types of hernia. Therefore, the objective of this study was to investigate the common
molecular mechanisms and genes involved with these two types of hernia by comparing
the SH and UH transcriptomes, as well as to identify and characterize polymorphisms in
those transcriptomes.

2. Materials and Methods

This study was performed with the approval of the Embrapa Swine and Poultry
National Research Center Ethical Committee of Animal Use (CEUA) under the protocol
number 011/2014. A diagram summarizing the experiment and the analyses performed
can be seen in the Supplementary Materials: Figure S1.

2.1. Animals and Sample Collection

Eighteen pigs were selected from a Landrace female line from the same nucleus farm,
located in Santa Catarina State, SC, Brazil. From those, five were females affected (case)
with UH, five healthy (control) females for UH, four males with SH and four control males
for SH, as described by Souza et al. [7] and Romano et al. [6]. Control animals were healthy
pigs, without any type of hernia, came from hernia-free litter and were from the same
management group of their respective cases. The animals were selected at approximately
60 days of age for SH and 90 days of age for UH. At the Embrapa Swine and Poultry
National Research Center, located in Concoérdia, SC, Brazil, the pigs were euthanized
by electrocution stunning for ten seconds, followed by bleeding, in accordance with the
practices recommended by the Ethics Committee. The necropsy was performed for general
evaluation and to confirm the both types of hernia. In the pathological analysis, the two
groups of animals were confirmed: hernia-affected or without hernias (Figure 1). Tissue
samples from the inguinal and umbilical rings were collected for investigating the scrotal
and umbilical hernias, respectively (Figure 1). Samples were immediately placed in liquid
nitrogen and stored in ultra-freezer (—80 °C) for RNA extraction. Samples from those tis-
sues were also collected and placed in 4% paraformaldehyde for histopathological analysis.

2.2. Histopathological Analysis of the Inguinal and Umbilical Ring Tissues

The samples previously collected were routinely processed for histopathology as
described by Souza et al. [7]. Briefly, sample tissues were dehydrated in increasing con-
centrations of ethanol, diaphanized with xylol and embedded in paraffin. Tissue sections
were cut with an automatic microtome, stained using the hematoxylin and eosin (HE) and
analyzed by optical microscopy.

2.3. RNA Extraction, RNA-Seq Libraries Preparation and Sequencing

Total RNA extraction was initiated using the Trizol reagent (Invitrogen, Carlsbac, CA,
USA) according to the manufacturer’s instructions. A 100 mg of the tissues were macerated
in liquid nitrogen with a mortar and added to a polypropylene tube with 1 mL of the Trizol
reagent, mixed using the vortex, and then incubated for five minutes at room temperature
(RT, 25 °C). Then, 200 pL of chloroform were added, shaked vigorously and incubated
at RT for another five minutes, followed by centrifugation. Approximately 600 uL of the
aqueous phase were transferred to a new tube and 600 pL of 70% ethanol were added and
homogenized by inversion. This volume was then added to a mini RNeasy silica column
(Qiagen, Diisseldorf, Germany) following the manufacturers” protocol. The quantity
and quality of total RNA were assessed by quantification in a Biodrop spectrophotometer
(Biodrop, Cambridge, UK), in a 1% agarose gel and in the Bioanalyzer Agilent 2100 (Agilent
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Technologies, Santa Clara, CA, USA). Samples with an RNA integrity number (RIN) > 8.0
were used to prepare the RNA-Seq libraries.

Figure 1. Pathological analysis. Legend: (A) swine affected with scrotal hernia. (B) Region affected with scrotal hernia (the

white arrow shows the inguinal ring). (C) Swine affected with umbilical hernia. (D) Region affected with umbilical hernia

(the white arrow shows the umbilical ring).

The RNA of four normal and four SH-inguinal ring and five normal and five UH-
umbilical ring tissues were submitted to library preparation with the TruSeq mRNA
Stranded Sample Preparation kit (Illumina, Inc., San Diego, CA, USA). For this, 2 ug of
total RNA was purified using magnetic microspheres for poly-A selection. The libraries
were quantified by qPCR and evaluated in Bioanalyzer (Agilent, Santa Clara, CA, USA),
prior to sequencing. Libraries passing the quality control were sent for RNA sequencing in
HiSeq 2500 equipment (Illumina, San Diego, CA, USA) at the Functional Genomics Center
of ESALQ/USP, in a paired-end protocol (2 x 100 bp). All samples of each hernia and their
respective controls were placed in the same lane. Additional information can be found
in Romano et al. [6] and Souza et al. [7]. The transcriptome sequences for the scrotal and
umbilical hernias used in this study were previously deposited in the SRA database with
BioProject numbers PRJNA350530 and PRJNA445856, respectively.

2.4. Quality Control and Differentially Expressed Genes

The quality control analysis and mapping were performed using the Bioinformatics
Analysis for Quality Control and Mapping (BAQCOM) pipeline available in the Github
repository [33]. BAQCOM pipeline uses Trimmomatic tool [34] to remove short reads
(<70 bp), reads with low quality (QPhred < 24) and adapter sequences. The sequences
were mapped against the swine reference genome (Sus scrofa, assembly 11.1) available
on the Ensembl [35] version 95 using the STAR (version 2.7.0) program [36]. To verify the
consistency of the expression pattern between the sample groups, principal component
analysis (PCA) plots were performed in RStudio [37] (version 1.1.463) from R language [38]
(version 3.5.3). The EdgeR package [39] from R was used for the differentially expressed
analysis. Differentially expressed (DE) genes in the analyzed tissues (case and control for
each hernia) were selected based on the level of false discovery rate (FDR < 0.05) after the
Benjamini-Hochberg (BH) method for multiple correction tests [40].
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2.5. Transcriptomes Characterization of Scrotal and Umbilical Hernia

Initially, SH and UH-related transcriptomes were characterized as the total number of
transcripts, number of protein-encoding genes, miRNAs, IncRNAs and non-characterized
genes in the swine genome using the Biomart tool available in Ensembl 95 [35]. An
annotation of non-characterized genes in the porcine genome was performed using DAVID
6.8 database [41]. The comparison between both transcriptomes was carried out to identify
genes expressed in both types of hernia, SH and UH.

2.6. Comparison of Differentially Expressed Genes and In Silico Functional Analysis

The classification of DE genes was performed according to the database available
in Ensembl 95 and further enrichment in DAVID 6.8 database [41]. A comparison of DE
genes between both conditions was performed to verify if the genes were involved in the
manifestation of the two types of hernia, and whether there was agreement or not between
gene expression profiles in both conditions. In order to verify if DE transcripts named as
uncharacterized proteins in Ensembl 95 were similar to genes known in other genomes,
the sequences were aligned against the UniProt database [42] using BLASTp tool from
the NCBI [43,44]. A gene interaction network was built with the DE genes common to
both types of hernia using the STRING database [45,46]. The gene ontology (GO) was
evaluated in the Panther [47] and DAVID 6.8 [41] databases, followed by clusterization in
the REVIGO tool [48]. Furthermore, it was verified if the DE genes were located in QTL
regions previously reported in the Pig QTL database [30].

2.7. Identification of Polymorphisms

For the polymorphisms discovery between the transcriptome of animals affected with
each type of hernia, the Genome Analysis Tool Kit (GATK) program (version 3.8) [49]
was used with the Picard (version 2.5) toolkit [50]. The search for SNPs and insertions or
deletions (InDels) was carried out following the filtering parameters and sequence quality
suggested by the best practices protocol [51,52]. The polymorphisms annotation for the
two hernias studied was performed using the variant effect predictor (VEP) tool (version
3.8) [53] with standard parameters available in the Ensembl 95 database and using the
KEGG Pathway database [54]. Therefore, this annotation allowed the discovery of new
polymorphisms, as well as to verify their location and possible function in the genome.
Using the Biomart data mining tool [35], miRNAs were observed, and a manual comparison
was made to identify common miRNAs between SH and UH. Subsequently, a search in the
miRBase database (version 22) [55,56] was performed to obtain individual information for
each miRNA.

3. Results
3.1. Histopathological Analysis of the Inguinal and Umbilical Ring Tissues

In the microscopic evaluation, the group affected with SH showed a larger number of
connective tissue fibers compared to the control group (Figure 2A,B). In the UH-affected
group, the connective tissue was denser than in the control group (Figure 2C,D) as shown
by Souza et al. [7].

3.2. Sequencing and Mapping

The RNA sequencing of all samples (1 = 18) generated approximately 465 million
paired-end reads and, after the quality control analyses, 13.84% of these were removed,
resulting in approximately 400 million reads (86.16%) (Additional file 1: Table S1). The
PCA plots show the separation between the affected and control samples from the two
evaluated types of hernia (Supplementary Materials 2: Figure S2A-C). Around 93.50% of
reads were mapped against the swine reference genome (Sus scrofa 11.1) (Ensembl 95),
with individual samples ranging from 87.73% to 96.05%, distributed between the groups of
healthy and affected by SH or UH. From those, 78.77% of all reads were mapped in genes.
From the 25,880 annotated genes in the swine reference genome (Sus scrofa 11.1, Ensembl
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95) [35], 13,307 (51.42%) genes were expressed in the inguinal ring and 13,302 (51.40%) in
the umbilical ring.

= A = B
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Figure 2. Histopathological slide stained with hematoxylin and eosin (HE). Legend: (A) sample from the scrotal hernia
(SH)-control group and (B) sample from the SH-affected group. A larger number of connective fibers is observed in the
sample of the SH-affected group than in the sample from the SH-control group. (C) Sample from the umbilical hernia
(UH)-control group and (D) sample from the UH-affected group. Connective tissue interspersed with adipose tissue
is observed in the sample of the UH-control group, while in the sample from the UH-affected group, only proliferated

connective tissue is observed.

3.3. Characterization of the Scrotal and Umbilical Hernia Transcriptomes

The transcripts from the inguinal and the umbilical ring tissues were classified accord-
ing to the Ensembl 95 database [35] (Table 1). After comparing the two transcriptomes (SH
and UH), 94.91% of the genes were identified in both groups (Figure 3). The Venn diagram
also presents the number of transcripts expressed exclusively in each type of tissue.

3.4. Differentially Expressed Genes

In the pig inguinal ring transcriptome, 627 genes were differentially expressed (FDR
< 0.05) between the control and the SH-affected group. Out of those, 435 genes (69.38%)
were downregulated and 192 (30.62%) were upregulated in the SH-affected pigs compared
to the normal animals. Regarding the genes expressed in the umbilical ring, 199 were DE
between normal and UH-affected pigs. From those, 129 were downregulated (64.82%) and
70 (35.18%) upregulated in the UH-affected pigs when compared to the normal ones. In
the samples from the SH group, 98.09% of the DE genes were characterized as protein
coding genes, 0.64% as IncRNA, 0.32% as pseudogenes, 0.32% as C immunoglobulins,
0.32% as miscRNA, 0.16% as encoding immunoglobulins V and 0.16% as ribozyme. In the
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UH transcriptome, 92.46% were protein coding genes, 3.52% immunoglobulin C coding
genes, 1.51% pseudogenes, 1.01% miscRNAs, 1.01% mitochondrial ribosomal RNA and
0.50% IncRNA.

Table 1. Characterization of the transcripts identified in the inguinal and umbilical ring samples.

Annotated Transcripts SH UH

LncRNA 68 0.53% 77 0.60%
MiRNA 5 0.04% 4 0.03%
Mt rRNA 2 0.02% 2 0.02%
Mt tRNA 1 0.01% 1 0.01%

Processed pseudogene 1 0.01% 0 0%
Protein-coding 12,601 98.55% 12,598 98.50%
Pseudogene 90 0.70% 91 0.71%
Ribozime 1 0.01% 1 0.01%
ScaRNA 1 0.01% 1 0.01%
SnoRNA 13 0.10% 14 0.11%

SnRNA 1 0.01% 0 0%
Y RNA 2 0.02% 1 0.01%

Total annotated transcripts 12,786 12,790

SH

UH

Figure 3. Distribution of transcripts identified in the pig inguinal and umbilical ring tissue samples. Legend: SH—scrotal
hernia group; UH—umbilical hernia group. For the SH, the inguinal ring tissue was evaluated, and for the UH, the umbilical
ring tissue was analyzed.

3.5. Differentially Expressed Genes Common to Both SH and UH Transcriptomes

Comparing the DE genes identified in the SH and UH groups, 35 DE genes were
present in both transcriptomes (Table 2).
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Table 2. Differentially expressed genes identified in both scrotal (SH) and umbilical hernia (UH) groups.

ENSEMBL ID Gene Symbol Chromosome Gene Name SH-logFC SH-FDR UH-logFC UH-FDR
ENSSSCG00000001832 ACAN 7 Aggrecan 2.913 0.001 2.788 0.040
ENSSSCG00000034213 ACER2 1 Alkaline ceramidase 2 —3.066 0.001 —2.373 0.004

Atypical chemokine
ENSSSCG00000036223 ACKR1 4 receptor 1 (Duffy blood ~1.119 0.030 ~1.023 0.034
group)
ENSSSCG00000010370 ANXAS8 14 Annexin A8 2.026 0.000 1.744 0.004
ADP ribosylation factor
ENSSSCG00000032709 ARL4A 9 like G iPase AA —1.308 0.001 —1.199 0.031
ENSSSCG00000033350 BCHE 13 Butyrylcholinesterase 1.011 0.028 1.557 0.009
ENSSSCG00000028567 BTNL9 2 Butyrophilin like 9 —1.356 0.010 —2.268 0.016
ENSSSCG00000002662 C1601(74 6 Chromosome 16 open 1.818 0.025 1.661 0.008
reading frame 74
ENSSSCG00000006736 CD2 CD2 molecule 2.275 0.028 —1.990 0.002
ENSSSCG00000009138 CFI Complement factor I 2.254 0.000 1.904 0.029
ENSSSCG00000011524 CHL1 13 Cell adhesion molecule g 77 0.004 ~1321 0.009
ENSSSCG00000021588 DAPK?2 1 Death associated 1347 0.026 1473 0.013
protein kinase 2
ENSSSCG00000012126 GPM6B X Glycoprotein M6B —1.047 0.009 —1.244 0.022
ENSSSCG00000002847 GPT?2 6 Glutamic-pyruvic ~3.752 0.002 1571 0.029
transaminase 2
ENSSSCG00000036438 GPX3 16 Glutathione —2.184 0.000 —2.762 0.006
peroxidase 3
Inhibitory synaptic
ENSSSCG00000017010 INSYN2B 16 factor family member 3.436 0.000 1.667 0.020
2B
ENSSSCG00000002245 KATNBL1 7 Katanin regulatory 0.877 0.040 1.147 0.002
subunit B1 like 1
Potassium
calcium-activated
ENSSSCG00000010325 KCNMA1 14 channel subfamily M & 0.982 0.042 1.652 0.001
1
ENSSSCG00000034838  MAPILC3C 10 Microtubule associated 6.715 0.000 3.819 0.002
protein 1 light chain 3 y ’ ’ ’ ’
Monooxygenase DBH
ENSSSCG00000004191 MOXD1 1 1o —2.980 0.010 2.570 0.033
6-phosphofructo-2-
ENSSSCG00000011133 PFKFB3 10 kinase/fructose-2,6- ~1.135 0.008 —1.450 0.010
biphosphatase
3
Phosphatase and actin
ENSSSCG00000007528 PHACTR3 17 1.727 0.012 1.986 0.028
regulator 3
ENSSSCG00000007470 RIPOR3 17 RIPOR famély member 119 0.049 ~1377 0.042
ENSSSCG00000009111 SYNPO2 Synaptopodin 2 —1.293 0.006 —1.194 0.045
ENSSSCG00000014834 UCP3 Uncoupling protein 3 —2.693 0.024 —3.262 0.016
ENSSSCG00000008501 VIT Vitrin —2317 0.004 —3.709 0.029
ENSSSCG00000015766 WDR17 15 WD repeat domain 17 —1.761 0.000 —1.773 0.019
ENSSSCG00000013714 2 2.087 0.048 1.813 0.019
ENSSSC00000037142 AEMKO02000452.1 Cysteine-rich protein 1 1.222 0.000 —4322 0.010
ENSSSCG00000031037 14 3.813 0.000 —4.021 0.029
ENSSSCG00000032582 14 3.873 0.000 —3.822 0.012
ENSSSCG00000036224 3 3.369 0.001 —3.010 0.045
ENSSSCG00000036983 AEMKO02000452.1 4568 0.001 —5.951 0.001
ENSSSCG00000037009 AEMKO02000452.1 3.679 0.024 —3.785 0.031
ENSSSCG00000039111 AEMKO02000452.1 4596 0.000 1.180 0.041
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From the 35 DE genes found in both tissues (inguinal and umbilical ring), 34 were
protein coding and one was an immunoglobulin C coding gene. Moreover, eight transcripts
(22.86%) were uncharacterized proteins (Table 3), of which six were similar to the amino acid
sequences of the pig immunoglobulin and other was similar to another predicted protein in
pigs (Table 3). When the relative expression of the 35 common DE genes from each group
that represents a type of hernia was compared based on the log2 fold-change (logFC), 26 of
these genes had a similar expression profile in the two types of hernia (Figure 4A), and nine
had opposite expression profiles considering both types of hernia (Figure 4B).

Table 3. Differentially expressed genes in the inguinal and umbilical ring annotated as uncharacterized protein.

Gene ID Description e-Value Query Cover (%) Identity (%) ‘?Iciceisssgg;l
ENSSSCG00000013714 Mucin-16 [Sus scrofa] 8 x 10717 100 93.1 XP_020940777.1
ENSSSCG00000036224 18 kappa chain V-C region (PLC18) 5% 10 82 85 PT0219

[Sus scrofa domesticus]
Immunoglobulin lambda-like _n
ENSSSCG00000031037 . 3 x 10 99 99.09 NP_001230248.1
polypeptide 5 precursor [Sus scrofa]
ENSSSCG00000032582 Immunoglobulin lambda-like 7 x 1068 94 92.04 NP_001230248.1
polypeptide 5 precursor [Sus scrofa]
ENSSSCG00000036983  IgG heavy chain precursor [Sus scrofa] 0.0 74 79.78 BAM75547.1
ENSSSCG00000037009  IgG heavy chain precursor [Sus scrofa] 0.0 100 100 BAM75542.1
ENSSSCG00000039111  18G heavy [C;fsirgc‘;‘;};tam region 1% 1074 100 100 BAM66306.1
ENSSSCG00000037142 Cysteine-rich protein 1 3% 1074 36 94.37 KAB1277051.1
[Camelus dromedarius]
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Figure 4. Common differentially expressed genes for scrotal and umbilical hernias and their respective control groups.
Legend: (A) Genes with similar expression profile and (B) with opposite expression profile in the two types of hernia based
on the Log?2 Fold Change (log2FC).

From the 35 genes DE in both types of hernia, a network with 27 of them was built
and the MAP1LC3C and MUC16 genes grouped the two largest clusters of the network
(Figure 5). One cluster was related to macroautophagy including the MAPILC3C, ATG3,
ATG)5 and ATG12 genes (Figure 5) and the other cluster was composed by the mucin gene
family (MUC4, MUC6, MUC16 and MUC20) (Figure 5), which plays an important role
protecting against environmental stress. A third group was related to the complement and
coagulation cascade composed of genes C3, CFH and CFI (Figure 5).
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Figure 5. Gene interaction network with differentially expressed genes common to both scrotal and umbilical hernias.
Legend: gene network built with 27 of the 35 differentially expressed genes common to both types of hernia obtained with
the STRING database using information from Sus scrofa proteins.

Four metabolic pathways were enriched with the 35 genes DE in both types of hernia
using the PANTHER database [47]: Huntington’s disease (P00029) (ARL4A); muscarinic
receptor signaling pathway 1 and 3 of acetylcholine (P00042) (BCHE); acetylcholine mus-
carinic receptor 2 and 4 signaling pathway (P00043) (BCHE) and acetylcholine receptor
nicotinic signaling pathway (P00044) (BCHE). The enrichment of this set of 35 DE genes
using the DAVID 6.8 database [41] indicated that those genes participate in 108 biological
processes (BP) (Additional file 1: Table S2). The KCNMAI1 gene (potassium calcium-
activated channel subfamily M « 1) was the most enriched in BP, appearing in 18 of them
(Supplementary Materials 1: Table S2). These BP were clustered in nine macro biological
processes (superclusters) using the REVIGO tool [48] (Table 4).

The 26 DE genes with similar expression profile enriched 99 BP (Supplementary
Materials 1: Table S3). Considering the molecular function, the set of 35 genes was present
in 57 different molecular functions mainly comprising binding, catalytic activity, molecular
function regulator, structural molecule activity and transport activity. Using the Pig QTL
database [30], two DE genes in both groups of hernias studied here were located in QTL
regions already identified as being associated to SH hernia in pigs: the ACAN and BCHE
genes were mapped, respectively, in the QTLs 55892 (S5C7) and 8794 (SSC13).
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Table 4. Macro biological processes (superclusters) enriched with the 35 differentially expressed genes common to both

types of hernia.

Genes
Superclusters
. Downregulated in . . X
Upregulated in Both Groups Both Groups Opposite Expression Profile
Cell adhesion
(GO:0022610) CHLI cb2
Biological lati MOXD1,
10 (‘25&;%0‘”66'5%‘6;‘) ton ANXAS ACKR1, SYNPO2 ENSSSCG00000036224,
' ENSSSCG00000039111
GPT2, MOXD1,CD2,
Cfgglgggggg%ss P Hﬁgié%mg’ VIT, SYNPO2, BTNL9 ENSSSCG00000039111,
' ENSSSCG00000036224
Development
(GO:0032502) PHACTRS3 vIT
CD2, ENSSSCG00000032582,
Immune system process ENSSSCG00000039111,
(GO:0002376) ACER2, BTNL9 ENSSSCG00000031037,
ENSSSCG00000036224
Location ENSSSCG00000036224,
(GO:0051179) ANXA8, MAPILC3C ARL4A, UCP3 ENSSSCG00000039111
Metabolic process GPT2, MOXDI,
G O~000§1 52) UCP3, PFKFB3 ENSSSCG00000036224,
’ ENSSSCG00000039111
Multicellular organismal
process ACAN, PHACTR3 ACKR1, CHL1, GPM6B, VIT
(GO:0032501)
ENSSSCG00000037009,
Response to stimulus ENSSSCG00000036983,
(GO:0050896) ACKRI, GPX3, UCP3 ENSSSCG00000036224,
ENSSSCG00000039111

3.6. Identification of Polymorphisms

Using the GATK program with all sequences obtained from the RNA-Seq analyses,
67 polymorphisms were identified in the inguinal ring tissue between SH-affected and
unaffected samples (Supplementary Materials 1: Table S4) and 76 in the umbilical ring
tissue between UH-affected and unaffected samples (Supplementary Materials 1: Table
S5). Comparing the transcriptomes of pigs affected with each type of hernia, the polymor-
phisms were then classified (Table 5). From the 67 polymorphisms related to scrotal hernia,
56 (83.58%) have already been described in VEP tool and 11 (16.42%) are considered new
(Supplementary Materials 1: Table S4). Of the 76 polymorphisms referring to umbilical
hernia, 62 (81.58%) have been previously described in VEP tool and 14 (18.42%) are new
(Supplementary Materials 1: Table S5).

Considering the whole transcriptome of the two tissues, the variants detected for
SH and UH were classified according to the functional region indicating their possible
consequences in gene regulation (Table 6). Most of the SNPs in the SH group (37.74%) were
classified as synonymous variants (Additional file 1: Table S4), and in the UH group, most
were of the UTR3' type (44.78%) (Supplementary Materials 1: Table S5). In the SH group,
two observed variants had calculated SIFT (sorting intolerant from tolerant) score classified
as tolerant (SIFT score > 0.05) (Table 7). One of them has already been described in the
dbSNP database [35] and the other was classified as new. From the variants belonging to
the UH group, six had the calculated tolerance prediction score (SIFT) detected, one of
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them being deleterious (SIFT < 0.05) and five tolerant (SIFT > 0.05) (Table 7), all of which
were already present in the dbSNP database [35]. These six variants belong to six genes,
two of which were enriched for metabolic pathways in the KEGG Pathway database [54]
(Table 8). The frameshift type variants were located in two genes (NCOA7 and SEC62),
of which one was enriched for a metabolic pathway in the same database [54] (Table 8).
The SNPs of the SH group were observed in 17 different genes, which enriched nine BP
(Table 9) in the DAVID 6.8 database [41]. The SNPs found in the UH group were mapped

in 24 genes, which enriched six biological processes (Table 10).

Table 5. Classification of polymorphisms found in samples from the inguinal and umbilical ring
tissues from normal, and scrotal and umbilical hernia-affected pigs, respectively.

Polymorphism Scrotal Hernia Umbilical Hernia
Type N° (%) N° (%)
Insertion 10 14.93 6 7.90
Deletion 4 5.97 3 5.26
SNP 53 79.10 67 86.84
Total 67 100 76 100

Table 6. Variants annotated in different functional classes in samples from inguinal and umbilical

ring tissues.

Variant Type Scrotal Hernia (%) Umbilical Hernia (%)
Intronic 23.88 5.26
Synonym 29.85 23.68
Missense 2.99 7.89

Splicing 1.49 -

UTR5 5.97 6.58
UTR3’ 34.33 47.37
Downstream 1.49 6.58
Frameshift - 2.63

Table 7. Missense variants observed in groups with sorting intolerant from tolerant (SIFT) score calculated in the dbSNP
database (Ensemb]).

Group Variant Location Impact Gene SIFT
rs325370594 16:20418972-20418972 Moderate RAI14 Tolerant (1)
Scrotal hernia - 7:64303141-64303141 Moderate RALGAPA1 Tolerant (0.63)
rs325089032 6:81571496-81571496 Moderate ELOA Tolerant (0.1)
rs327289001 3:17254444-17254444 Moderate ITGAM Deleterious (0.01)
15789266896 3:17628688-17628688 Moderate RNF40 Tolerant (0.6)
rs330957838 3:17468302-17468302 Moderate SETD1A Coz?fde:;rgtel(%"g "
Umbilical hernia 1$337670844 3:17399477-17399477 Moderate ZNF646 Tolerant (0.08)
rs323115420 3:16964045-16964045 Moderate ZNF713 Tolerant (0.65)
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Table 8. Genes with elevated impact variants enriched in metabolic pathways with the KEGG

Pathway Database.
Variant Gene Pathway (ssc !)
New SEC62 Protein exports (ssc03060);
(Frameshift) Protein processing in the endoplasmic reticulum (ssc04141).
Rapl1 signaling path (ssc04015);
Phagosome (ssc04145);
Cell adhesion molecules (CAMs) (ssc04514);
Hematopoietic cell line (ssc04640);
Transendothelial migration of leukocytes (ssc04670);
Regulation of the actin cytoskeleton (ssc04810);
r(shizlzszfr?gg)l ITGAM Whooping cough (ssc05133);
Legionellosis (ssc05134);
Leishmaniasis (ssc05140);
Amebiasis (ssc05146);
Infection by Staphylococcus aureus (ssc05150);
Tuberculosis (ssc05152);
Incorrect regulation of transcription in cancer (ssc05202)
rs330957838 . .
(Missense) SETD1A Lysine degradation (ssc00310)

1 Metabolic pathway identifying code described for Sus scrofa by the KEGG Pathway.

Table 9. Biological processes enriched with genes harboring SNPs in the scrotal hernia group.

David Term Biological Process Enriched Genes

Positive regulation of the metabolic

GO:0010604 TBX3, MYRE, MYLIP, PARP3
process of macromolecules
GO:0055088 Lipid homeostasis ACACA, MYYLIP
GO:0009893 Positive regulation of the metabolic TBX3, MYRF, MYLIP, PARP3
process

) Metabolic process of the TBX3, MYRE, MYLIP, PARP3,

GO:0043170 macromolecule ACACA, DDB2
. . . . TBX3, ACACA, MYLIP,
GO:0065008 Regulation of biological quality PARP3
Positive regulation of the compound
GO:0045935 metabolic process containing TBX3, MYRE, PARP3
nucleobase
GO:0051173 Positive regulétlon of the metabolic TBX3, MYRE, PARP3
process of nitrogen compounds

GO:0042592 Homeostatic process ACACA, MYLIP, PARP3
GO:0033554 Cellular stress response TBX3, DDB2, PARP3
GO:0060249 Anatomical structure homeostasis ACACA, PARP3

The genes in bold were upregulated in the scrotal hernia-affected group.

In the SH group, the genes corresponding to exonic regions, in which the variants
were observed, were not enriched by the KEGG Pathway database [54]. Considering the
type of impact caused by the variants, the results were distributed as shown in Figure 6A,B
for the scrotal and umbilical hernias, respectively. These figures show that more than 60%
of the variants represent variations of modifying impact for both types of hernia.

Among the transcripts present in the analyzed samples, five miRNAs were identified
in the SH transcriptome and four in the UH transcriptome (Table 11). From these, three
were expressed in both types of hernia. No DE miRNAs belonging to the evaluated samples
were identified.
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Table 10. Biological processes enriched with genes harboring single nucleotide polymorphisms

(SNPs) in the umbilical hernia group.

GO Term Biological Process Enriched Genes
. . RPRD1A, RNF40, ELOA, VIM,
GO:0010468 Regulation of gene expression ZNF629, ZNF713
GO:0010977 Negative regulation of the Flevelopment EPHB2, VIM
of neuron projection
GO:0060255 Regulation of the metabolic process ITGB2, RPRD1A, RNF40,
’ of macromolecules ELOA, VIM, ZNF629, ZNF713
GO-0031345 Negatlye r.egulatlon.of czellular EPHB2 ¢ VIM
projection organization
. . ITGB2, RPRD1A, RNF40,
GO:0019222 Regulation of the metabolic process ELOA, VIM, ZNF629, ZNF713
GO:0045665 Negative regulation of EPHB2, VIM

neuron differentiation

The genes in bold were upregulated in the umbilical hernia-affected group.

S E

2.63%

s Low = Moderate = Modifier High ®mlow = Moderate w» Modifier

Figure 6. Impact caused by variants and its frequency. Legend: (A) samples from the scrotal hernia

group. (B) Samples from the umbilical hernia group.

Table 11. miRNAs identified in the transcriptomes of the pig inguinal and umbilical ring tissues.

ENSEMBL ID Name/Symbol miRBase Location Group
ENSSSCG00000018513  ssc-mir-145 (MIR145) MI0002417 2: 150.580.126-150.580.211 SH
ENSSSCG00000018758  ssc-mir-214 (MIR214) MI10002441 9: 114.527.990-114.528.101 SH/UH
ENSSSCG00000019065  ssc-mir-186 (MIR186) MI0002456 6: 141.943.328-141.943.409 SH
ENSSSCG00000034634 ssc-mir-6782 MI0031620 AEMKO02000489.1: 40.305-40.379 UH
ENSSSCG00000035742 - - 12: 14.578.144-14.578.210 SH/UH
ENSSSCG00000037094 ssc-mir-9810 MI0031577 4: 83.070.363-83.070.457 SH/UH

SH stands for scrotal hernia and UH for umbilical hernia.
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4. Discussion

Some studies investigating genes involved with the occurrence of hernias have been
performed using candidate genes and GWAS approaches [11,25,29,31,32,57-60]. More re-
cently, functional candidate genes were prospected for scrotal [6] and umbilical [7] hernias
by our group using RNA-Seq approach. Nevertheless, since the molecular mechanisms
involved with these anomalies are not yet completely understood, a comparison between
the transcriptome of umbilical and scrotal hernias was performed here, allowing the identi-
fication of several common genes differentially expressed in both conditions. Moreover,
several SNPs involved with these conditions were also identified and characterized.

4.1. Transcriptome Characterization

Gene expression studies obtained from samples of the inguinal and the umbilical ring
tissue are quite recent. Lorenzetti et al. [5] and Romano et al. [6] performed gene expression
analyses from the pig inguinal ring and Souza et al. [7] performed analyses with umbilical
ring samples to investigate scrotal and umbilical hernias, respectively. Information about
gene expression in those tissues is scarce and there are still many gaps to be elucidated in
this field. Those authors found DE genes and pathways in each type of hernia. Since some
genes and biological processes seem to be shared between SH and UH, new analyses were
performed with focus on tissues characterization and on common processes involved with
both types of hernia.

From the transcripts characterization of the two tissues (Table 1), a great similarity
between the groups of both types of hernia was observed when comparing the number of
each class of transcripts, implying that the appearance of both hernias may be related to the
same set of genes or family of genes. This large number of transcripts that are expressed
in both groups can also be seen in the Venn diagram (Figure 3). With the exception of
processed pseudogenes and snRNA, which were not identified in the UH group, the
percentage of each type of transcript was similar. Thus, the expression profile of the genes
in the inguinal ring tissue was very similar to the profile found in the umbilical ring, being
compatible with the histopathological composition of these two tissues (Figure 2).

4.2. Common Differentially Expressed Genes in Scrotal and Umbilical Hernias

From the DE genes observed in each type of hernia, 35 were common to both
groups. Among these, nine genes (CD2, GPT2, MOXD1, ENSSSCG00000031037, EN-
SSSCG00000032582, ENSSSCG00000036224, ENSSSCG00000036983, ENSSSCG00000037009
and ENSSSCG00000039111) had different expression profiles when comparing both types
of hernia. This behavior may have occurred due to the expression be tissue specific (in-
guinal ring and umbilical ring) for those genes. Other reasons could be the differences
in sex and age between the groups evaluated for the two types of hernia. The other 26
DE genes have shown similar expression in both types of hernia, of which 14 genes were
downregulated and 12 were upregulated in pigs affected by both types of hernia.

From the gene interaction network (Figure 5), three DE genes were enriched in both
types of hernia. The MAP1LC3C (microtubule associated protein 1 light chain 3 y) interacted
in the group of the macroautophagy BP (GO: 0016236) [61]. Macroautophagy is the main
path involved in inducing general renewal of cytoplasmic constituents in eukaryotic cells
and is essential for cell survival, development, differentiation and homeostasis [62-66]. The
Gene Ontology (GO) annotations related to this gene include the assembly and maturation
of the autophagosome (Supplementary Materials 1: Table S4). Marcelino et al. [67] indicated
the MAP1LC3C gene as a candidate for the formation of UH in pigs since this gene was
upregulated in the affected compared to the normal pigs. In our research, the MAPILC3C
gene exhibited the same behavior, being upregulated in affected animals of both types of
hernia when compared to the control groups (Figure 4A). Moreover, this expression profile
can be one of the causes of the hernia onset, since the high expression of this gene can cause
excessive autophagy and interfere with normal tissue development [68].
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The CFI gene (Complement Factor I) was grouped in the cluster of the coagulation
cascade metabolic pathway and complement system (Figure 5). The coagulation cascade
is a sequence of interconnected reactions in order to clot the local blood when a blood
vessel injury occurs [69]. The complement system is a proteolytic cascade in blood plasma
and a mediator of innate immunity [70]. The GO annotations related to this gene include
endocytosis (content absorption through membrane invagination process) and proteolysis
(protein degradation process) (Supplementary Materials 1: Table S2). The CFI gene, like
the MAP1LC3C, was upregulated in animals with hernia when compared to the control
group (Figure 4A). The CFI encodes the trypsin-like protein serine-protease [42], which
plays an essential role in regulating the immune response, controlling all the complement
pathways [71]. The participation of the CFI in these pathways and processes, taken together
with its expression profile, suggests that this gene could be involved with the consequence
of these disorders.

The MUC16 (Mucin-16) gene encodes a protein of the mucin family, which are O-
glycosylated proteins found in the apical surfaces of the epithelium and play an important
role in the formation of a protective mucous barrier [72]. This gene was enriched in the gene
network (Figure 5) as a participant in processing O-glycan BP (GO: 16266) [61]. This process
is related to the gradual addition of carbohydrate residues or carbohydrate derivatives to
form the O-glycan structure [73]. The MUC16 gene was also enriched as an integral cell
membrane component BP (GO: 16021) [61]. According to Blalock et al. [74], the MUC16
build a protective barrier to the epithelial cell surface, where binding proteins are associated
with its tail, linking it to the actin cytoskeleton. This gene was upregulated in the affected
group of both types of hernia compared to their respective control groups (Figure 4A),
thus configuring a defense system that might have arisen as a consequence of the hernias
formation.

4.3. Enriched Biological Processes

When the 99 BP enriched by the 26 DE genes with an equivalent profile in both types
of hernia (Supplementary Materials 1: Table 53) were evaluated, the BP of cell adhesion,
apoptosis, organization of the actin cytoskeleton and organization of collagen fibrils can be
highlighted, because they are generally linked to the formation of hernias [5-7]. The enriched
genes for cell adhesion, VIT (Vitrin), ACER2 (Alkaline Ceramidase 2) and CHL1 (Cell Adhe-
sion Molecule L1 Like) were downregulated in the affected animals compared to the control
groups and ACAN (Aggrecan) was upregulated in the affected animals. The cell adhesion
BP allows the interaction among cells, and between cells and the extracellular matrix [75].
This BP has already been related to tissue maintenance and cell differentiation [76,77]. The
CHL1 gene was enriched with the process of homophilic cell adhesion via plasma mem-
brane adhesion molecules. ACER?2 participates in the specific BP of negative regulation
of cell adhesion mediated by integrin and negative regulation of cell matrix adhesion.
The VIT gene enriched the process of positive regulation of cell substrate adhesion. Thus,
the reduced expression of these genes that actively participate in cell adhesion interferes
with the integrity of tissues, which can be determinant for the appearance of both types
of hernia.

The KCNMAT1 gene (Potassium Calcium—Activated Channel Subfamily M « 1), which
was upregulated in animals affected with hernia, and ACER2 (downregulated) were en-
riched in the apoptosis BP. This process is related to the regulation of programmed cell
death, which is extremely important for the maintenance of the development of living
beings [78]. The overexpression of the KCNMAI gene can compromise the tissue as a result
of an accumulation of immature cells in the region, which can influence the appearance
of hernias, especially when associated with unfavorable environmental factors. ACER2
was enriched with the specific process of activating cysteine-type endopeptidase activity,
involved in the apoptotic process, and the KCNMA1 was enriched for positive regulation
of the apoptotic process. This last gene was also enriched for the relaxation process of
the vascular smooth muscle that is related to the negative regulation of the contraction
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of this muscle. The relaxation is mediated by a decrease in the phosphorylation state of
the myosin light chain [79]. As the expression of this gene was higher in herniated than
in normal pigs, the KCNMA1 can be pointed out as a candidate gene for the formation
of umbilical and scrotal hernia, since the lack of local muscle contraction facilitates the
passage of the abdominal content through the rings.

Biological processes that regulate the activities of collagen and its structures have been
indicated in the enrichment of the ACAN and VIT genes. The first gene was related to the
condensation of mesenchymal cells that differentiate into chondrocytes, organization of
collagen fibrils and the development of chondrocytes [61]. The VIT gene, on the other hand,
was related to the morphogenesis of chondrocytes in the cartilage of the growth plate,
in which the structures of a chondrocyte are generated and organized [80]. The ACAN
gene was upregulated in animals affected with hernia, which is in accordance with the
histopathological analyses that evidenced a larger amount of collagen compared to normal
pigs. Moreover, ACAN upregulation in animals affected with hernia can generate an
exaggerated collagen production, which has already been related to hernia previously [81].

Regarding the organization of the cytoskeleton, especially those processes related to
actin, two genes were enriched, SYNPO2 (Synaptopodin 2) and ENSSSCG00000037142.
SYNPO?2 has been enriched specifically for the process of positive regulation of the actin
filament bundles set. The organization of the actin cytoskeleton is carried out at the cellular
level and results in the assembly, disposition of the constituent parts or disassembly of the
structures, including filaments and their associated proteins [61]. In our study, this gene
was downregulated in animals with hernia. This negative regulation can be a predisposing
factor to hernia, since the non-assembly and organization of the structures that constitute
the tissue can make it less resistant [18].

4.4. DE Genes Located in QTL Regions for Hernias and Polymorphisms Characterization

Several studies have been carried out to identify QTL regions related to umbilical and
scrotal hernia [11,20,29,81,82]. Among the DE genes in the two types of hernia, ACAN and
BCHE (Butyrylcholinesterase) are highlight since they have already been located in QTL
regions associated to scrotal/inguinal hernia [20,29]. Even with scientific reports relating
these two genes only with QTL regions for scrotal hernia, in our study, the expression
profile of these two genes was equivalent in both types of hernia, being upregulated in the
affected animals. Souza et al. [7] have recently indicated ACAN as a strong candidate gene
for triggering umbilical hernias in pigs.

Our results have shown that variations in the transcripts may be related to the man-
ifestation of the different types of hernia. In both groups, most of the polymorphisms
detected were SNPs, followed by insertions and deletions (Supplementary Materials 1:
Tables S4 and S5). In the SH group, a new SNP was identified on chromosome 13
(13: 34083960-34083960), which is located within a QTL region (QTL ID 55898) associ-
ated with scrotal hernia [11,20,29]. This SNP was mapped in the PARP3 gene (member
of the poly ADP-ribose 3 polymerase family), which acts in the repair pathways by base
excision, apoptosis and necroptosis, participating in biological processes of DNA repair [4].
Moreover, Piérkowska et al. [83] carried out research with Polish Landrace and Pulawska
pigs and pointed out the participation of the PARP3 gene in the regulation of the actin
cytoskeleton BP. The muscle tissues belonging to the regions where the hernias occur are
classified as skeletal striatum, which are formed by myofibrils composed by actin and
myosin. As mentioned by Bendavid [18], disturbances in the structures of muscle fibers
cause low resistance in the inguinal region, which can lead to scrotal hernia.

The 53 SNPs observed in the SH group were located in 17 genes (Additional file
1: Table S4), which have been enriched in nine biological processes (Table 9). Most of
these BP were related to homeostasis, which are processes that maintain the stability of
the structure of the analyzed tissue (GO:0042592) [61]. The ACACA gene, enriched in
these BP, participates in processes that maintain the stability of anatomical structures of
the site [43]. ACACA was downregulated in the SH-affected animals (Table 9) indicating
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the development of an unstable structure of the inguinal ring, which can influence the
development of hernia. In humans, this gene participates in the fatty acid synthesis BP [43],
which reinforces the histopathological findings that showed greater amount of adipose
tissue in normal than in SH-affected pigs (Figure 2A,B). From the SNPs found in the
SH group, all variants were tolerated (Table 7). According to the SIFT score, two had a
moderate impact classification, so they can alter the effectiveness of the encoded protein.
This means that the function of the proteins resulting from these sites has not been altered,
since the SIFT score is a tool that predicts whether the variant affects the function of the
protein or not [35]. These SNPs were located in two genes, RAI14 and RALGAPAI; the first
has already been annotated and the second has no identification in the VEP tool. No high
impact polymorphisms were identified in the SH group.

The 67 SNPs found in the UH group were mapped in 24 genes (Supplementary
Materials 1: Table S5). These genes were enriched in six biological processes (Table 10) [41],
all of which were related to some type of regulation, mainly metabolic. The EPHB2 and VIM
genes were enriched in BP that interrupts the processes of cellular projections formation
(GO: 0031345) [61]. These two genes were upregulated in animals affected with UH when
compared to the control group (Table 10). The VIM gene encodes an intermediate filament
protein that is part of the cytoskeleton [43]. Lazarides [84] reported that high amount
of this filament is observed in the early stages of myogenesis in humans, and is hardly
identified in adult muscles. Thus, the levels of this protein indicate functionality feature.
The upregulation of VIM in the umbilical ring tissue of the UH-affected animals suggests
that this gene may be involved with a consequence of UH since Miller et al. [12] reported
that the appearance of hernia can be a consequence of a muscular defect.

Polymorphisms that had a high impact rating in the UH group (Supplementary
Materials 1: Table S5) were identified in two genes (NCOA7 and SEC62). These variants
still do not have identification in the tool used, but they were classified as insertions of
the Frameshift type. Therefore, they can cause an interruption in the translation reading
frame, because the number of inserted nucleotides is not multiple of three [35]. The NCOA7
(Nuclear receptor coactivator 7) is involved in the biological process of RNA polymerase
II transcription and negative regulation of the cellular response to oxidative stress. The
SEC62 (Preprotein translocation factor) is related to the regulation of post-translational
protein transport to the membrane BP and was mapped in a QTL region for stillborn
pigs [85]. The detection of these polymorphisms is important because they can alter not
only processes related to hernias, but all important processes for biological maintenance,
possibly resulting in transcription failures or disruption in the transport of translated
proteins by lack of regulation.

The SNPs classified as having moderate impact for the UH group were found in six
genes (Supplementary Materials 1: Table S5), with the SNP rs327289001 being highlighted
due to its deleterious SIFT score. This SNP is located in the ITGAM gene that participates
in the biological process of ectodermal cell differentiation [35]. This process is related
to the specialization of previously non-specialized cells, which acquire structure and
functioning of ectodermic cells. This differentiation integrates the processes involved in
the commitment of a cell to its specific purpose (GO: 0010668) [61]. In the embryonic
gastrulation phase, the formation of germ layers (ectoderm, mesoderm and endoderm)
occurs, which will give rise to specific tissues and organs [86]. The ectoderm is the external
layer of a developing embryo and gives rise to epidermis, hair, nails, cutaneous and
mammary glands, tooth enamel, inner ear, lens, and the anterior part of the pituitary gland,
besides others related to the neural tube and neural crest [86]. A SNP with deleterious SIFT
score indicates that the function of the protein can be altered due to the polymorphism,
which in this case can result in non-differentiated cells, compromising the formation of
resistant tissues, which, when associated with environmental factors such as obesity, can
lead to hernia. SNPs located in QTL regions associated with UH were not found in the
current study.
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The SNP rs339972872 from the SH group and the SNPs rs324236192 and rs340781986
from the UH group were located in the same gene (ACACA) (Supplementary Materials 1:
Tables S4 and S5). These are synonym SNPs and were classified as low impact. According
to Stachowiak et al. [87], the ACACA gene is involved with performance traits in pigs.

From the expressed miRNAs, three were identified in the groups of both hernias.
One of them, ssc-mir-214, plays an important role in the regulation of ovarian function
and in the induction of granular ovarian cells to induce follicular development [88]. The
ssc-mir-145, which was identified only in samples from the SH group, is involved in the
development of adipose tissue [89].

We conducted the first comparative study of the pig inguinal and umbilical ring tissue
transcriptomes. The results demonstrated similarities related to the expression profile of
the whole transcriptome and DE genes in both types of hernia. The ACAN gene, which had
already been associated to the appearance of scrotal hernia, showed similar behavior in the
data obtained from the umbilical hernia group. Moreover, the MAP1LC3C, VIT, ACER2,
KCNMA1 and SYNPO?2 genes were highlighted as candidates for the formation of the two
types of hernias evaluated in our studied for presenting equivalent expression in both
hernias and for being involved in biological processes such as cell adhesion, cytoskeleton
organization, collagen production, muscle relaxation and autophagy. Furthermore, the
differential expression of some of those genes, such as MAP1LC3C, VIT, ACER2 and ACAN,
has already been confirmed using qPCR [6,7]. However, further studies are needed to
identify the expression profile of these same genes in younger animals to improve our
interpretation of the gene regulation mechanisms triggering the formation of hernias. The
knowledge of the genetic factors that control the manifestation of both scrotal and umbilical
hernia brings possibilities to the pig production chain to develop actions to reduce the
appearance of these defects in their herds, aiming to reduce economical losses and favoring
the animal welfare.

5. Conclusions

The expression profile of the inguinal and umbilical ring transcriptomes showed great
similarity. Thirty-five differentially expressed genes between normal and affected samples
were common to both types of hernia. The MAPILC3C, ACAN, VIT, ACER2, KCNMA1 and
SYNPO?2 genes are indicated as strong candidates for the appearance of both defects. A
total of 11 and 14 new SNPs were identified in the samples related to the scrotal hernia
and umbilical hernia, respectively. Moreover, a SNP with predicted deleterious function
was identified in the ITGAM gene, which might be related to the appearance of umbilical
hernia in pigs. Finally, the expression profile of these genes possibly interferes with the
normal development of the tissues, causing weakness and decreasing the resistance of the
site, which can lead to the formation of both types of hernia in pigs.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2073-442
5/12/2/166/s1, Table S1: average of reads sequenced, removed in the quality control analysis and
mapped in each group of samples, Table S2: biological processes of the 35 differentially expressed
genes between normal and affected pigs common to both scrotal and umbilical hernias using DAVID
database. Table S3: enrichment for biological process of the 26 DE genes with equivalent expression
profile between both types of hernias using DAVID database. Table S4: polymorphisms identified in
samples of the pig inguinal ring. Table S5: polymorphisms identified in samples of the pig umbilical
ring. Figure S1: diagram summarizing the experiment and analyses performed. Figure S2: principal
component analysis (PCA) plot S2A showing the separation of control (c) and affected (a) samples
used to generate the transcriptome of the inguinal ring for scrotal hernia (SH), S2B showing the
separation of control (c) and affected (a) samples used to generate the transcriptome of the umbilical
ring for umbilical hernia (UH), and S2C with all samples together showing the separation of samples
from both SH and UH transcriptomes.
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Resumo: A hérnia é um dos defeitos mais comuns em suinos. As mais prevalentes sdo as hérnias escrotal

Citagao: Rodrigues, AFG; Ibelli, AMG; (HE), inguinal (HI) e umbilical (HU). Comparamos o transcriptoma do anel inguinal de suinos normais e

Peixoto, JdO; Cantéo, ME; afetados por HE com o transcriptoma do anel umbilical de suinos normais e afetados por HU para descobrir

Oliveira, HCd; Savoldl, IR; Sousa, genes e vias envolvidas no desenvolvimento de ambos os tipos de hérnia. Um total de 13.307 transcritos
SENHOR; Mores, MAZ; Carrefio, LOD; . . . . -
foram expressos no tecido do anel inguinal e 13.302 no tecido do anel umbilical, com 94,91% deles presentes
Ledur, MC Genes e SNPs . ~ . . . ..
) ) em ambos os tecidos. Destes, 35 genes apresentaram expresséao diferencial entre os dois grupos, participando
Envolvido com o escroto e 0 umbigo

de 108 processos hioldgicos. Um total de 67 polimorfismos foram identificados no anel inguinal e 76 no tecido
Hérnia em suinos. Genes 2021, 12, 166. . . i . . . .
) do anel umbilical, dos quais 11 e 14, respectivamente, foram identificados como novos. Um polimorfismo de
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nucleotideo tnico (SNP) com fungdo deletéria foi identificado no gene da integrina yM (ITGAM). Os genes da
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proteina 1 de cadeia leve 3 § associada a microttbulos (MAP1LC3C), vitrina (VIT), agrecano (ACAN),
ceramidase alcalina 2 (ACER2), canal de potéassio ativado por célcio subfamilia M y1 (KCNMAL) e
sinaptopodina 2 (SYNPO2) sdo destacados como candidatos a desencadear ambos os tipos de hérnia.
Realizamos o primeiro estudo comparativo dos transcriptomas do anel umbilical e inguinal de suinos,
contribuindo para a compreenséo do mecanismo genético envolvido nesses dois tipos de hérnia em suinos e,
provavelmente, em outros mamiferos.

Palavras-chave: expressao génica; defeitos congénitos; RNA-Seq; transcriptdmica; suinos

1. Introdugéo

A producdo suina é uma das atividades pecuarias mais importantes do mundo, e sua
evolucéo e expansdo devem-se principalmente ao desenvolvimento de tecnologias que combinam
genética, manejo, nutricdo e bem-estar [1], aumentando a produtividade e aproximando o produto
final do ideal do consumidor. A qualidade da carne e a eficiéncia alimentar séo caracteristicas
priorizadas pelos programas de melhoramento genético [2—4]. No entanto, nos Ultimos anos,
estudos também tém sido realizados para aprimorar o conhecimento sobre doencas persistentes
na producéo, que acarretam perdas em toda a cadeia produtiva [5-9]. Entre elas, as hérnias

escrotal (HE)/inguinal (HI) e umbilical (HU) sao defeitos congénitos frequentemente encontrados em suino
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causando dor e desconforto aos animais e, consequentemente, perdas econémicas relacionadas a redugéo do
desempenho [11,12] e ao aumento do risco de morte [13].

A hérnia escrotal é caracterizada principalmente pelo deslocamento de al¢as intestinais para o saco escrotal,
resultante de uma anormalidade no anel inguinal [11]. A falha na obliterag&o do processo vaginal [14], o
comprometimento da inervacéo que atua no local [15] ou a falha na involugdo do anel inguinal interno [16] s&o
processos associados a manifestacéo desse defeito. Além disso, a hérnia escrotal pode surgir como resultado da
baixa resisténcia da regiéo inguinal [17], causada por distirbios no metabolismo e hidrélise dos componentes da
matriz extracelular, como colageno e estruturas de fibras musculares [18], comprometendo o reparo do tecido
conjuntivo [19]. A incidéncia de hérnia escrotal em suinos é influenciada por fatores genéticos e ambientais.
Sevillano et al. [20] demonstraram que a incidéncia de hérnia escrotal/hérnia inguinal em suinos das ragas
Landrace e Large White foi de 0,34% e 0,42%, respectivamente.

A hérnia umbilical é caracterizada pela passagem do contetdo abdominal (principalmente intestinal) para o
saco herniario, na regido umbilical [12]. O desconforto e a dor podem ser agravados quando fatores secundarios
estdo associados ao defeito, e o bem-estar do suino fica comprometido [12]. A hérnia umbilical pode estar
relacionada a fatores genéticos e ndo genéticos, como infeccdes umbilicais, leses no local, obesidade e corte
incorreto do corddo umbilical [21,22]. Este defeito tem sido associado a falhas no processo de fechamento do anel
umbilical [23,24].

A incidéncia de UH varia de 0,55% [25] a 1,5% [23] e varia de acordo com 0 manejo, a linhagem e o lote de
producgéo [26]. Geralmente, a UH ndo é observada ao nascimento, e esse defeito aparece quando 0s suinos ja
estdo em fase de crescimento [27]. Isso demonstra a dificuldade que as empresas de melhoramento genético e
os produtores de suinos enfrentam para eliminar esse defeito de seus rebanhos.

A herdabilidade para SH/IH e UH foi estimada em 0,31 [20] e 0,25 [28], respectivamente ,
o que demonstra influéncia genética moderada no aparecimento desses defeitos. O
conhecimento dos mecanismos genéticos associados a formacgao dessas anomalias é
importante para a compreensao de suas causas subjacentes, independentemente do tipo de hérnia es
Em suinos, foram detectados loci de caracteristicas quantitativas (QTL) para a ocorréncia de SH nos cromossomos
suinos (SSC) 2, 4, 8 (locus SW 933), 13 e 16 [29]. Além disso, QTL sugestivos para IH e SH foram encontrados
em sete cromossomos (SSC1, 2, 5, 6, 15, 17 e X) ao comparar suinos saudaveis e com hérnia [11]. Ademais,
genes candidatos envolvidos na manifestagdo de SH, como o receptor semelhante a insulina 3 (INSL3), a
substancia inibidora miilleriana (MIS) e o peptideo relacionado ao gene da calcitonina (CGRP), também foram
identificados [11]. Vinte e dois polimorfismos de nucleotideo Unico (SNPs) localizados nos cromossomos 1, 2, 4,
10 e 13 em suinos Landrace e 10 SNPs nos SSC 3, 5, 7, 8 e 13 de suinos Large White foram associados a
incidéncia de SH/IH nessas populagdes [20]. Até o momento, hé registro de 116 QTLs/associagdes relacionados
ao aparecimento de SH/IH em suinos no banco de dados Animal QTL [30].

Em relagédo a UH, existem 55 QTLs/associag0es relacionados a sua manifestagdo no banco de dados de
QTLs de suinos (acessado em 17 de dezembro de 2020) [30]. Um SNP no gene CAPN9 (Calpaina 9) no SSC14,
significativamente associado a UH, ja foi detectado [31]. Em suinos comerciais, quatro genes candidatos foram
identificados em regides de QTL associadas a UH, a saber, TBX15 (T-Box 15) e WARS2 (Triptofanil TRNA
Sintetase 2, Mitocondrial) no cromossomo 4, e LIPI (Lipase I) e RBM11 (Proteina 11 com Motivo de Ligagdo ao
RNA) no cromossomo 13 [32]. Um QTL no cromossomo 14 da raca Landrace apresentou alta correlagcdo com a
UH, onde os genes LIF (Fator Inibidor de Leucemia) e OSM (Oncostatina M) foram identificados como candidatos
para esse defeito [25].

Outra abordagem que tem sido usada recentemente para investigar 0s mecanismos genéticos
envolvidos nesses defeitos é o estudo do transcriptoma completo. Genes candidatos funcionais foram
prospectivos para hérnias escrotais [6] e umbilicais [7] com base em genes diferencialmente
expressos (DE) entre suinos afetados e ndo afetados nos tecidos inguinais e do anel umbilical,
respectivamente, usando sequenciamento de RNA (RNA-Seq). As informagfes sobre a expressao
génica nesses tecidos sdo escassas e ainda existem muitas lacunas a serem elucidadas.

Curiosamente, esses estudos anteriores mostraram alguns genes e vias que parecem ser
compartilhados entre hérnias escrotais (HE) e umbilicais (HU), muitos deles relacionados ao musculo. Portantc
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S&o necessarios estudos sobre a caracterizagao dos tecidos e sobre os processos comuns envolvidos em ambos os
tipos de hérnia .

Embora diversos estudos genéticos tenham sido realizados, até o momento nao foi relatada
nenhuma comparacéao entre o perfil de expressao génica em larga escala de suinos afetados por hérnia
inguinal (HI) e aqueles afetados por hérnia uterina (HU) . Como a HI e a HU estao relacionadas, em
certa medida, a disfungdo muscular, nossa hip6tese é gue alguns genes relacionados ao musculo
possam estar envolvidos no desenvolvimento de ambos os tipos de hérnia. Portanto, o objetivo deste
estudo foi investigar os mecanismos moleculares e genes comuns envolvidos nesses dois tipos de
hérnia, comparando os transcriptomas de suinos afetados por HI e HU, bem como identificar e
caracterizar polimorfismos nesses transcriptomas.

2. Materiais e Métodos

Este estudo foi realizado com a aprovacdo do Comité de Etica no Uso de Animais (CEUA) do
Centro Nacional de Pesquisa Suina e Avicola da Embrapa, sob o protocolo nimero 011/2014. Um
diagrama que resume o experimento e as andlises realizadas pode ser visto no Material Suplementar:
Figura S1.

2.1. Animais e Coleta de Amostras

Dezoito suinos foram selecionados de uma linhagem de fémeas Landrace da mesma granja nucleo,
localizada no estado de Santa Catarina, SC, Brasil. Destes, cinco eram fémeas afetadas (caso) com hérnia
inguinal (HI), cinco fémeas saudaveis (controle) para HI, quatro machos com hérnia inguinal (HI) e quatro
machos controle para HI, conforme descrito por Souza et al. [7] e Romano et al. [6]. Os animais controle
eram suinos saudaveis, sem qualquer tipo de hérnia, provenientes de ninhadas livres de hérnia e do mesmo
grupo de manejo de seus respectivos casos. Os animais foram selecionados com aproximadamente 60 dias
de idade para HI e 90 dias de idade para HI. No Centro Nacional de Pesquisa Suina e Avicola da Embrapa,
localizado em Concérdia, SC, Brasil, os suinos foram eutanasiados por eletrocusséo por dez segundos,
seguida de sangria, de acordo com as praticas recomendadas pelo Comité de Etica. A necropsia foi realizada
para avaliagdo geral e para confirmar os dois tipos de hérnia. Na analise patoldgica, foram confirmados os
dois grupos de animais: com hérnia e sem hérnia (Figura 1). Amostras de tecido dos anéis inguinal e
umbilical foram coletadas para investigacdo de hérnias escrotais e umbilicais, respectivamente (Figura 1).
As amostras foram imediatamente colocadas em nitrogénio liquido e armazenadas em ultracongelador (y80
°C) para extragdo de RNA. Amostras desses tecidos também foram coletadas e fixadas em paraformaldeido
a 4% para analise histopatologica.

2.2. Andlise histopatolégica dos tecidos inguinais e do anel umbilical As

amostras previamente coletadas foram processadas rotineiramente para histopatologia,
conforme descrito por Souza et al. [7]. Resumidamente, os tecidos das amostras foram desidratados
em concentragdes crescentes de etanol, diafanizados com xilol e incluidos em parafina. Cortes
histolégicos foram obtidos com um micrétomo automatico, corados com hematoxilina e eosina (HE) e
analisados por microscopia optica.

23. Extracdo de RNA, Preparacao de Bibliotecas de RNA-Seq e

Sequenciamento. A extragcdo de RNA total foi iniciada utilizando o reagente Trizol (Invitrogen,
Carlsbad, CA, EUA) de acordo com as instru¢des do fabricante. Cem mg dos tecidos foram macerados
em nitrogénio liquido com um almofariz e adicionados a um tubo de polipropileno com 1 mL do reagente
Trizol. A mistura foi homogeneizada em vértex e incubada por cinco minutos a temperatura ambiente
(TA, 25 °C). Em seguida, foram adicionados 200 pL de cloroférmio, a mistura foi agitada vigorosamente
e incubada a TA por mais cinco minutos, seguida de centrifugagdo. Aproximadamente 600 uL da fase
aquosa foram transferidos para um novo tubo, aos quais foram adicionados 600 pL de etanol a 70%, e
a mistura foi homogeneizada por inversdo. Esse volume foi entdo adicionado a uma coluna de silica
mini RNeasy (Qiagen, Dusseldorf, Alemanha) seguindo o protocolo do fabricante. A quantidade e a
qualidade do RNA total foram avaliadas por quantificagdo em um espectrofotdbmetro Biodrop (Biodrop,
Cambridge, Reino Unido), em gel de agarose a 1% e no Bioanalisador Agilent 2100 (Agilent).
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Tecnologias, Santa Clara, CA, EUA). Amostras com um numero de integridade de RNA (RIN) > 8,0
foram usadas para preparar as bibliotecas de RNA-Seq.

Figura 1. Andlise patologica. Legenda: (A) Suino afetado por hérnia escrotal. (B) Regido afetada por hérnia escrotal
(a seta branca indica o anel inguinal). (C) Suino afetado por hérnia umbilical. (D) Regido afetada por hérnia umbilical
(a seta branca indica o anel umbilical).

O RNA de quatro amostras de anel inguinal normal e quatro de anel umbilical com hérnia inguinal grave
(SH), bem como de cinco amostras de anel umbilical normal e cinco de anel umbilical com hérnia inguinal ndo
grave (UH), foi submetido a preparacéo de bibliotecas com o kit TruSeq mRNA Stranded Sample Preparation
(lumina, Inc., San Diego, CA, EUA). Para isso, 2 pg de RNA total foram purificados utilizando microesferas
magnéticas para selegdo de poli-A. As bibliotecas foram quantificadas por gPCR e avaliadas no Bioanalyzer
(Agilent, Santa Clara, CA, EUA) antes do sequenciamento. As bibliotecas que passaram pelo controle de
qualidade foram enviadas para sequenciamento de RNA no equipamento HiSeq 2500 (lllumina, San Diego,
CA, EUA) no Centro de Genémica Funcional da ESALQ/USP, em um protocolo de leitura pareada (2 x 100
pb). Todas as amostras de cada hérnia e seus respectivos controles foram colocados na mesma faixa.
Informacdes adicionais podem ser encontradas em Romano et al. [6] e Souza et al. [7]. As sequéncias do
transcriptoma das hérnias escrotais e umbilicais utilizadas neste estudo foram previamente depositadas no
banco de dados SRA com os nimeros de BioProjeto PRINA350530 e PRINA445856, respectivamente.

2.4. Controle de Qualidade e Genes Diferencialmente

Expressos A analise de controle de qualidade e o mapeamento foram realizados utilizando
o pipeline Bioinformatics Analysis for Quality Control and Mapping (BAQCOM) disponivel no
repositorio Github [33]. O pipeline BAQCOM utiliza a ferramenta Trimmomatic [34] para remover
leituras curtas (<70 pb), leituras de baixa qualidade (QPhred < 24) e sequéncias adaptadoras.
As sequéncias foram mapeadas contra o0 genoma de referéncia suino (Sus scrofa, montagem
11.1) disponivel no Ensembl [35] versdo 95 utilizando o programa STAR (versdo 2.7.0) [36].
Para verificar a consisténcia do padréo de expresséo entre os grupos de amostras, foram
realizadas analises de componentes principais (PCA) no RStudio [37] (versdo 1.1.463) da
linguagem R [38] (versado 3.5.3). O pacote EdgeR [39] do R foi utilizado para a anélise de
expressao diferencial. Os genes diferencialmente expressos (DE) nos tecidos analisados (caso
e controle para cada hérnia) foram selecionados com base no nivel de taxa de descoberta falsa
(FDR < 0,05) ap6s o método de Benjamini-Hochberg (BH) para testes de corregcdo mdltipla [40].
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2.5. Caracterizacédo do Transcriptoma de Hérnia Escrotal e Umbilical Inicialmente, os

transcriptomas relacionados a SH e a UH foram caracterizados quanto ao nimero total de transcritos, nimero
de genes codificadores de proteinas, miRNAs, IncRNAs e genes nédo caracterizados no genoma suino, utilizando a
ferramenta Biomart disponivel no Ensembl 95 [35]. A anotac&o dos genes néo caracterizados no genoma suino foi
realizada utilizando o banco de dados DAVID 6.8 [41]. A comparacao entre os dois transcriptomas foi realizada para
identificar os genes expressos em ambos os tipos de hérnia, SH e UH.

2.6. Comparacao de genes diferencialmente expressos e andlise funcional in silico

A classificacao dos genes diferencialmente expressos (DE) foi realizada de acordo com o banco de dados
disponivel no Ensembl 95 e com enriquecimento adicional no banco de dados DAVID 6.8 [41]. Uma comparacéo dos
genes DE entre as duas condicdes foi realizada para verificar se os genes estavam envolvidos na manifestagao dos
dois tipos de hérnia e se havia concordancia entre os perfis de expresséo génica em ambas as condi¢des. Para
verificar se os transcritos DE classificados como proteinas nédo caracterizadas no Ensembl 95 eram semelhantes a
genes conhecidos em outros genomas, as sequéncias foram alinhadas ao banco de dados UniProt [42] usando a
ferramenta BLASTp do NCBI [43,44]. Uma rede de interacéo génica foi construida com os genes DE comuns aos dois
tipos de hérnia usando o banco de dados STRING [45,46]. A ontologia génica (GO) foi avaliada nos bancos de dados
Panther [47] e DAVID 6.8 [41] , seguida de clusterizacdo na ferramenta REVIGO [48]. Além disso, foi verificado se os
genes DE estavam localizados em regiGes QTL previamente relatadas no banco de dados Pig QTL [30].

2.7. Identificacédo de Polimorfismos Para a

descoberta de polimorfismos no transcriptoma de animais afetados por cada tipo de hérnia, foi utilizado o
programa Genome Analysis Tool Kit (GATK) (verséo 3.8) [49] com o toolkit Picard (verséo 2.5) [50]. A busca por SNPs
e insercOes ou deleg8es (InDels) foi realizada seguindo os parametros de filtragem e qualidade de sequéncia sugeridos
pelo protocolo de melhores préaticas [51,52]. A anotagdo dos polimorfismos para as duas hérnias estudadas foi realizada
utilizando a ferramenta VEP (Variant Effect Predictor) (versdo 3.8) [53] com parametros padrao disponiveis no banco
de dados Ensembl 95 e utilizando o banco de dados KEGG Pathway [54]. Portanto, essa anotagao permitiu a
descoberta de novos polimorfismos, bem como a verificacéo de sua localizagéo e possivel fungédo no genoma.

Utilizando a ferramenta de mineracéo de dados Biomart [35], os miRNAs foram observados e uma comparagao
manual foi feita para identificar miRNAs comuns entre SH e UH. Posteriormente, uma busca no banco de dados
miRBase (versao 22) [55,56] foi realizada para obter informagdes individuais para cada miRNA.

3. Resultados
3.1. Andlise histopatoldgica dos tecidos inguinais e do anel umbilical Na avaliagéo

microscépica, o grupo afetado por SH apresentou um nimero maior de fibras de tecido conjuntivo em
comparagdo com o grupo controle (Figura 2A,B). No grupo afetado por UH, o tecido conjuntivo era mais denso do
que no grupo controle (Figura 2C,D), como mostrado por Souza et al. [7].

3.2. Sequenciamento e Mapeamento

O sequenciamento de RNA de todas as amostras (n = 18) gerou aproximadamente 465
milhdes de leituras pareadas e, ap6s as andlises de controle de qualidade, 13,84% destas foram
removidas, resultando em aproximadamente 400 milhdes de leituras (86,16%) (Arquivo adicional
1: Tabela S1). Os gréaficos de PCA mostram a separacgao entre as amostras afetadas e de
controle dos dois tipos de hérnia avaliados (Materiais Suplementares 2: Figura S2A-C). Cerca
de 93,50% das leituras foram mapeadas contra o genoma de referéncia suino (Sus scrofa 11.1)
(Ensembl 95), com amostras individuais variando de 87,73% a 96,05%, distribuidas entre os
grupos saudaveis e afetados por SH ou UH. Destas, 78,77% de todas as leituras foram mapeadas em ge
Dos 25.880 genes anotados no genoma de referéncia do suino (Sus scrofa 11.1, Ensembl
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3.1. Andlise histopatoldgica dos tecidos inguinais e do anel umbilical

Na avaliacdo microscopica, o grupo afetado por SH apresentou um nimero maior
de fibras de tecido conjuntivo em comparag¢éo com o grupo controle (Figura 2A,B). No

Wglibe ardiiSF UR LRI LBRARS JQIAM KXY ESGRSIPLANEhIRE WAL ARRbiiah,40%) no

2C,D) conforme mostrado por Souza et al. [7].

e A =B

SR = C _ #= D

Fidga pal2nlirérminephistopatalbgicaooratacgidinm dersaiqritinacg«20sing hrd egemndas¢&ytamostra do grupo controle com
héxhknessttal ¢HE) o (@)ramtes{GH) edBparafstidapgrii abtatogpss Shi. ibservarsgarrdenfibratocmaiontilaéibras de
Uietitie AUy EAnAS Fardory B aRRIAJER SIhdP AMe StPaaiaosiin 6l aftiReqEHIRIEiShhd$ha tadséinidahasiical
BB cORURNCONESS ISrRdLHPGH D H LR 61T PREH dSGIHRIGBNIHBIVA RIS KRR ARG Risipadiposo € (UH) -

observado na amostra do grupo controle UH, enquanto na amostra do grupo afetado por UH, apenas proliferou

Observa-se tecido conjuntivo.
Observa-se tecido conjuntivo.

3.2. Sequenciamento e Mapeamento

3.3. C@E@&I&ﬁ%@ﬁﬁ@ &iﬂﬁu‘?&%é‘%ﬁ!&i@&@%ﬁ@ (hér%(ﬁ&@%@irﬁa&mmt@é?% milhdes de leituras pareadas
e, apasnalsiliveliseanelessifidadds geadidadin d8n847baletasde el osrEmgeiah| O5 fEari(dritos|ddy.tégidsaingnipatacdo dosl
deisitansioriptompo 8 damente 400 milhdes de leituras (86,16%) (Arquivo adicional 1: Tabela S1). Os genes identificados
eDsayrifitne PEHpo $Higur a Spfmrayineontaad amosiés dletddas erts rasaite: nasgérpeplddentarh dndiagranda de Venn
tipssdo b énxpaessaliaeid MenaiteSepleadntipogie: tBitjdea S2A-C). Cerca de 93,50% das leituras foram mapeadas contra
o genoma de referéncia do suino (Sus scrofa 11.1) (Ensembl 95), 3.4. Genes Diferencialmente Expressos
com amostras individuais variando de 87,73% a 96,05%, distribuidas entre os grupos. No transcriptoma do anel inguinal
de indsHheo$2F aRVRSHP rEReataa poe FMass AT ibesnsiali&PR) de todas as leituras foram mapeadas com p < 0,05) entre
OgHHES. CEI2ER 380 geiRs afetadedzon Shementeded3fetdnea GAMBISLS scrofa 11.1), 192 (30,62%) apresentaram expressao
reduzida e 192 (30,62%) apresentaram expressdo aumentada nos suinos afetados por SH em comparag&o com os demais.
aos animais normais. Em relacdo aos genes expressos no anel umbilical, 199 eram DE (expresséo diferencial).
entre porcos normais e afetados por UH. Destes, 129 apresentaram regulagao negativa (64,82%) e
70 (35,18%) apresentaram expressao génica aumentada nos porcos afetados por UH em comparag&o com 0s porcos normais.
Nas amostras do grupo SH, 98,09% dos genes diferencialmente expressos foram caracterizados como proteinas.
genes codificadores, 0,64% como IncRNA, 0,32% como pseudogenes, 0,32% como imunoglobulinas C,
0,32% como miscRNA, 0,16% como codificador de imunoglobulinas V e 0,16% como ribozima. No
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3.3. Caracterizagao dos transcriptomas de hérnia escrotal e umbilical

Genes 2021, 12, 166 Os transcritos dos tecidos inguinal e do anel umbilical foram classificados de acordo com o banco de 7 de 23
dados Ensembl 95 [35] (Tabela 1). Ap6s a comparacao dos dois franscritos (SH e UH), 94,91% dos genes
foram identificados em ambos os grupos (Figura 3). O diagrama de Venn também apresenta o nimero de
transcritos expressos exclusivamente em cada tipo de tecido.
No transcriptoma da UH, 92,46% eram genes codificadores de proteinas e 3,52% codificavam imunoglobulina C.
genes, 1,51% pseudogenes, 1,01% miscRNAs, 1,01% RNA ribossémico mitocondrial e
Tabela 1. Caractoérslgg/é)éllgc o’%l'%ranscritos identificados nas amostras inguinais e do anel umbilical.
TraniostieBeyinan semifisados nas amostras inguinais e dSlheiF®IRIal L. Caracterizacéo
EeRNA 68 0,539 0,609 SHT,0496 0,53 9%
Tmﬁggrigées Anotadas . 0.02.% 2 0.03% UH
TRNA mitocch}ﬁflx? NA $ 0,010/9 04% 2 0,0727% 0,60%
Mirn 5 0,02% 0,03%
(RNA mitocondialioconarial b 0.01%g,010 1 40.01% 0,02%
Pseudogene provessee 1 0 20%1 0,01%
CodiRSRHEAEERAHasessado 112,601 98,55901%1803 98,509 12.598%1 0%
PseudEisggto de proteinas 12401 0,70965:%5% 91 0,0196 P B%66 98,50%
. __Pseudogene 90 170% 1 0,71%
Ribozifg ~29°" L 001%; 1 0,11% 0.01%
Escorpifigcorpizo 111 % 0,01% 1 140 0,01%
SnoRNANORNA 13 0,019%00,10% 14 0% 1 0,11%
SnRNASnRNA 0‘01%0,10% 0 0%
E RNA 1 0,01% 0,01%
E RNA 1 0,02% 0,02% 1 0,01%
Total de H3RLARIRSHIEops potadas 12786 12.786 12.790 12.790

SH

UH

Figura 3. Distriblikat RS ESHHRCAN IR IR TS RIIR HE A5 NAS ARS8 (RTHRINGY R S P-3BRbABIIGAl i guinos.
avaliado foi o db®4fARgSHarHHPE JRIBETUA S5 ¢eriab Hihnadb YBP s erRianyIRiEsal- Para o grupo SH, o tecido

O tecido foi avaliado e, para a UH, o tecido do anel umbilical foi analisado .

3.5. Genes com expressao diferencial comuns aos transcriptomas SH e UH

Comparando os genes diferencialmente expressos (DE) identificados nos grupos SH e UH, 35 genes DE foram encontrados.

presente em ambos os transcriptomas (Tabela 2).
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Tabela 2. Genes com expressao diferencial identificados nos grupos com hérnia escrotal (HE) e hérnia umbilical (HU).
ID ENSEMBL Simbolo do gene Cromossomo Nome do gene SH-logFC SH-FDR UH-logFC UH-FDR
ENSSSCG00000001832 ACANO 7 Agrecan 2.913 0,001 2.788 0,040
ENSSSCG00000034213 ACER2 1 Ceramidase alcalina 2 -3,066 0,001 2,373 0,004
Quimiocina atipica
ENSSSCG00000036223 ACKR1 4 receptor 1 (sangue Duffy) 1,119 0,030 -1,023 0,034
grupo)
ENSSSCG00000010370 ANXA8 14 Anexo A8 2026 0,000 1.744 0,004
Fator de ribosilacdo de ADP
ENSSSCG00000032709 ARL4A 9 -1,308 0,001 -1.199 0,031
como a GTPase 4A
ENSSSCG00000033350 BCHE 13 Butirilcolinesterase 1.011 0,028 1.557 0,009
ENSSSCG00000028567 BTNL9 2 Butirofilinalike 9 -1,356 0,010 -2,268 0,016
ENSSSCG00000002662 C160rf74 6 Cromossomo 16 aberto 1.818 0,025 1.661 0,008
quadro de leitura 74
ENSSSCG00000006736 CcD2 4 molécula CD2 2,275 0,028 -1990 0,002
ENSSSCG00000009138 CFl 8 Fator complementar | 2,254 0,000 1904 0,029
ENSSSCG00000011524 CHL1 13 molécula de adesdo celular 1.776 0,004 §1,321 0,009
L1 gosta
ENSSSCG00000021588 DApk2 1 Morte associada -1,347 0,026 ¥1,473 0,013
proteina quinase 2
ENSSSCG00000012126 GPM6B X Glicoproteina M6B -1,047 0,009 -1,244 0,022
ENSSSCG00000002847 GPT2 6 Glutamico-pirtivico -3,752 0,002 1571 0,029
transaminase 2
ENSSSCG00000036438 GPX3 16 Glutationa -2,184 0,000 -2,762 0,006
peroxidase 3
Sinaptica inibitéria
ENSSSCG00000017010 INSYN2B 16 membro da familia do fator 3,436 0,000 1.667 0,020
2B
ENSSSCG00000002245 KATNBL1 7 Regulador de Katanina 0,877 0,040 1,147 0,002
subunidade B1 semelhante a 1
Potéassio
ENSSSCG00000010325 KCNMAL 14 ativado por célcio 0,982 0,042 1.652 0,001
subfamilia de canais M y
1
ENSSSCG00000034838 MAPLLC3C 10 Associado a microtibulos 6.715 0,000 3.819 0,002
proteina 1 cadeia leve 3
ENSSSCG00000004191 MOXD1 1 M°“°°Xi992;5n% P -2.980 0,010 2570 0,033
6-fosfofruto-2-
ENSSSCG00000011133 PFKFB3 10 cinase/frutose-2,6- -1,135 0,008 -1.450 0,010
bifosfatase
3
ENSSSCG00000007528 PHACTR3 17 Fosfatase e actina 1.727 0,012 1986 0,028
regulador 3
ENSSSCG00000007470 RIPOR3 17 Membro da fag‘""a RIPOR 91,119 0,049 -1,377 0,042
ENSSSCG00000009111 SYNPO2 8 Sinaptopodina 2 1,293 0,006 -1,194 0,045
ENSSSCG00000014834 ucP3 9 Protefna desacopladora 3 -2.693 0,024 §3,262 0,016
ENSSSCG00000008501 vIT 3 Vitrine -2.317 0,004 -3.709 0,029
ENSSSCG00000015766 WDR17 15 Dominio de repeticio WD 17 1,761 0,000 §1.773 0,019
ENSSSCG00000013714 2 2.087 0,048 1.813 0,019
ENSSSC00000037142 AEMK02000452.1 Proteina rica em cisteina 1 1.222 0,000 -4.322 0,010
ENSSSCG00000031037 14 3,813 0,000 -4,021 0,029
ENSSSCG00000032582 14 3,873 0,000 §3,822 0,012
ENSSSCG00000036224 3 3,369 0,001 -3,010 0,045
ENSSSCG00000036983 AEMK02000452.1 4.568 0,001 5,951 0,001
ENSSSCG00000037009 AEMKO02000452.1 3.679 0,024 -3,785 0,031
ENSSSCG00000039111 AEMKO02000452.1 4.596 0,000 1.180 0,041
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Dos 35 genes diferencialmente expressos (DE) encontrados em ambos os tecidos (inguinal e anel umbilical), 34 foram
um era um gene codificador de proteinas e um era um gene codificador de imunoglobulina C. Além disso, oito transcritos
(22,86%) eram proteinas ndo caracterizadas (Tabela 3), das quais seis eram semelhantes ao aminoacido
As sequéncias da imunoglobulina suina e de outras proteinas eram semelhantes a outra proteina prevista em
porcos (Tabela 3). Quando a expressao relativa dos 35 genes DE comuns de cada grupo
gue representa um tipo de hérnia foi comparado com base na variagcéo logaritmica de 2 vezes (logFC), 26 de
Esses genes apresentaram um perfil de expresséo semelhante nos dois tipos de hérnia (Figura 4A), e nove
apresentaram perfis de expressado opostos considerando ambos os tipos de hérnia (Figura 4B).

Genes 2021, 12,0RAREVGRALSCAMREXPressao diferencial no anel inguinal e umbilical, anotados como proteina nédo caracterizada. 10 de 25
Adeséao
dentificagao do gene Descrigdo e-Valor Cobertura de consultas (%) Identidade (%)
(RefSeq)
ENSSSCG00000013714 Muclina-le [ FSL\SCFDfa] 8 x 107157 , o 100 93,1 XP_020940777.1
Imuneglobulinasemelhante-a-Lambda
egido VC da cadeia kaj de Ig (PLC
ENBRSSSDAN00620825827°9 [SUS%@&Q?&EE ﬁcﬂg?léept%gf)i 0 5 [Sus 718yBE/68 5 x 82 94 92,04 85 NP_0012360248.1
ENSSSCG00000031037 imunoglobuiina semelhante £G4 3% 10§71 99 99,09 NP_001230248.1
ENSSSCG000000369832 PP 11°0 5 [Sueromialia cadeia pesada de 196, 0:6 74 7978 BAM?5547-1
ENSSSCG00000032582 | 'm“";’g"’b‘;"”a Seme';‘a'lgﬂ 5&BRea x 10368 precursor do 94 92,04 NP_001230248.1
polipeptideo 5 [Sus scrofa]
ENENSSSSERRB9O3BAM sor da cadeia pesada de 19G [Sus sorotal 0000 0,0 74100 109,78 BAMBBSAZS547 1
SusS scrofa
ENSSSCG00000037009 Precursor da cadeia pesada delIgG [Sus schofa] 0.0 100 100 BAM75542.1
x onstante da cagdeija pesada de 1gG -
enEOSSRERAMIONIN L, an pepsianlr e RERRRB R CR1C T waogza jgqi00 1900 BAVESckos 1
[Sus scrofa]
" Proteina ri it istef
ENBRASSSWEAIBOHEORT 125 x 108 mane g necicd em cisteina 1 336 0437 KABLSHFEEYL
C aluc dAramadarn
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kegenda : ( A) Genes com perfil de expressao semelhante e (B) com perfil de expressao oposto nos dois tipos de

G PRSR A \RIRRED YR 1032 (RIS
Aopaditsties Bbgraee difermncialinielsts expressos (DE) em ambos os tipos de hérnia,

e 0s genes MAP1LC3C e MUC16 agruparam os dois maiores clusters da rede.

(BigulasSigupalus g paaen iasaestenzal cetarianenkutofag@apmdoiagia MAMRIIhAS®IAPIGE,3C, ATG3, (Figura 5).
Os genes ATG5 e ATG12 (Figura 5) e o outro agrupamento foi composto pelo gene da mucina .
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Figura 5. Rede de interagé@o génica com genes diferencialmente expressos comuns as hérnias escrotais e umbilicais.

IFegersda. Rede démezxagitsy@nida com @hdesigFagersseliferexpiedstantensxps essos tiamestsaais daistifiosile hérnia obtidos com
Bagsnda: dadesuSTRINGNREHIR eRoirRZddes e grorstifemrnsiadzenttaexpressos comuns aos dois tipos de hérnia, obtida do
com o banco de dados STRING usando informag6es de proteinas de Sus scrofa .

Quatro vias metabdlicas apresentaram enriquecimento com os 35 genes diferencialmente expressos em ambos os tipos de hérnia.
doenquatand@s baiabdieas fusPANTIHER Y : aoe nga3teddoptrgboriPAOD2S) ¢\ RhdAfemuscarinico
dadtes SMiZaER [ fedepturalde HdatawrbicREDRODQARLBGHED); deusinaliztiféulida useeytoonhasicaraéco
¥ 4RO B CitEee eptaphicalmmcelileddint acetilcolina (P00042) (BCHE); via de sinalizagdo nicotinica
deviceldleilinhzRER04d3 (BEHHEIEl Arigaetivest? dds{P 0ODiB)(BLEHED gemescaptacdo de acetilcolina,
vidizinginalibapso droidioa BAYHELHB42DI0dICR(BOKESR €oeesigencmparticizae derdj0ftordecss prdueki@sos.
difecrnainlaen ttaesulRaadR(MIE) (BRY AnikiveaditietrlclerrBelaapaleCeadneekCIMIB e anahdgigotissio-
PEOESSEB3N51616dMNS OFiS) JARDSIY BRI 6rdl[41ITaisa sa) e gref JCORMII tpiPRIdsis L0Beeaes ativados.
Auplesrenipresid: dahele SR abesepdrBafeiam spreiesaainevriqascadosm BP, aparecendo em 18
RIQIES SRR FHIBIGHISHRERI S8 N9 b Epiran)eRta R Gl i Ayt lpR&I & nove macro. Os 26 genes DE
proce§8H% BRSTB sle EserA ARSI MHRRNHGURCRRMRED I Sunlameniaies) 4).

Materiis dgchabgtershiRsIdRRmSE RARMALESHIRL R SORMIIRAR RReIsarRvE SIANR RISRRALe-
PRréFapeTeTapam S3fursORsmaleaises iRt manalMei IR A8 3 iasas. i vitads sgigliiga cdrolecular.
ipRAn alividpdesreripebey i setuired ainthdrade sisErmrRite: HiaReAQIT: ARstinotividade catalitica,
AR ARk o JRAaNSR BRI AMRO Ft RS AR LB Ao IHEAd AR A0 LYGR 15RIZAAES FOgIBdL:
Jﬁd‘tﬁiﬂﬁ%@%&%‘%@&ﬁ%@? %Hﬁra@wgy ﬁ@éﬂ‘%ﬂ%&%\bmﬁ% hérnias estudados aqui foram
mﬁﬁﬁf‘&'ﬂ@s %ﬂﬁ%@‘f%@g‘@ﬁvj&?&e@tTﬁéaﬁé%%ﬁ?é&J&o%iﬁ&%é s%&%)SH em suinos: os genes ACAN e

BCHE foram mapeados, respectivamente, nos QTLs 55892 (SSC7) e 8794 (SSC13).
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Tabela 4. Processos macrobioldgicos (superclusters) enriquecidos com os 35 genes diferencialmente expressos comuns a ambos

tipos de hérnia.

Genes
Superaglomerados
Regulagdo negativa em

Regulagéo positiva em ambos os grupos Perfil de expressao oposta
Ambos os grupos

adeséo celular

CHL1 cD2
(G0:0022610)
o MOXD1,
Regulagéo biolégica ANXAS ACKR1, SYNPO2 ENSSSCG00000036224,
(G0:0065007) ENSSSCG00000039111
PHACTRS. ANXAG GPT2, MOXD1, CD2,
Processo celular TAPILCAC VIT, SYNPO2, BTNL9 ENSSSCG00000039111,
(GO:0009987) ENSSSCG00000036224
Desenvolvimento PHACTR3 VIT
(G0:0032502)
CD2, ENSSSCG00000032582,
i i - ENSSSCG00000039111,
Processo do sistema imunol6gico ACER2, BTNLO
(G0:0002376) ENSSSCG00000031037,
ENSSSCG00000036224
Localizagao ANXA8, MAP1LC3C ARL4A, UCP3 ENSSSCG00000036224,
(G0:0051179) ' : ENSSSCG00000039111
N GPT2, MOXD1,
Processo metabglico UCP3, PFKFB3 ENSSSCG00000036224,
(GO:0008152) ENSSSCG00000039111
Organismo multicelular
processo ACAN, PHACTR3 ACKR1, CHL1, GPM6B, VIT
(G0:0032501)
ENSSSCG00000037009,
i ENSSSCG00000036983,
Resposta ao estimulo ACKRL, GPX3, UCP3
(G0:0050896) ENSSSCG00000036224,
ENSSSCG00000039111

3.6. Identificagdo de Polimorfismos

Utilizando o programa GATK com todas as sequéncias obtidas das anélises de RNA-Seq,
Foram identificados 67 polimorfismos no tecido do anel inguinal entre individuos afetados por SH e
amostras nao afetadas (Materiais Suplementares 1: Tabela S4) e 76 no anel umbilical
tecido entre amostras afetadas e ndo afetadas por UH (Materiais Suplementares 1: Tabela)
S5). Comparando os transcriptomas de porcos afetados por cada tipo de hérnia, os
polimorfismos foram entéo classificados (Tabela 5). Dos 67 polimorfismos relacionados a hérnia escrot:
56 (83,58%) ja foram descritos na ferramenta VEP e 11 (16,42%) s&do considerados novos.
(Materiais Suplementares 1: Tabela S4). Dos 76 polimorfismos referentes ao corddo umbilical
Das hérnias analisadas, 62 (81,58%) ja haviam sido descritas anteriormente com o auxilio da ferramenta VEP e 14 (18,42%) s&o novas.
(Materiais Suplementares 1: Tabela S5).

Considerando o transcriptoma completo dos dois tecidos, as variantes detectadas para
SH e UH foram classificados de acordo com a regiao funcional que indica sua possivel
consequéncias na regulagdo génica (Tabela 6). A maioria dos SNPs no grupo SH (37,74%) foram
classificadas como variantes sinbnimas (Arquivo adicional 1: Tabela S4), e no grupo UH, a maioria
eram do tipo UTR3 (44,78%) (Materiais Suplementares 1: Tabela S5). No grupo SH,
As duas variantes observadas tiveram sua pontuagéo SIFT (classificagdo de intolerantes a tolerantes) calculada e classificada.
como tolerantes (pontuagdo SIFT > 0,05) (Tabela 7). Um deles ja foi descrito em
banco de dados dbSNP [35] e o outro foi classificado como novo. Das variantes pertencentes a
No grupo UH, seis apresentaram a pontuacao de previséo de tolerancia calculada (SIFT), sendo um deles...
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sendo eles deletérios (SIFT ¥ 0,05) e cinco tolerantes (SIFT > 0,05) (Tabela 7), todos os quais
ja estavam presentes no banco de dados dbSNP [35]. Essas seis variantes pertencem a seis genes,
dois dos quais foram enriquecidos para vias metabdlicas no banco de dados KEGG Pathway [54]
(Tabela 8). As variantes do tipo frameshift foram localizadas em dois genes (NCOA7 e SEC62),

dos quais um foi enriquecido para uma via metabdlica no mesmo banco de dados [54] (Tabela 8).
Os SNPs do grupo SH foram observados em 17 genes diferentes, que enriqueceram nove BP.
(Tabela 9) no banco de dados DAVID 6.8 [41]. Os SNPs encontrados no grupo UH foram mapeados
em 24 genes, que enriqueceram seis processos bioldgicos (Tabela 10).

Tabela 5. Classificagdo dos polimorfismos encontrados em amostras do anel inguinal e umbilical.

tecidos de porcos normais e de porcos afetados por hérnia escrotal e umbilical, respectivamente.

Polimorfismo Hérnia escrotal Hérnia umbilical
Tipo Ny (%) Ny (%)
Insergao 10 14,93 6 7,90
Eliminagédo 4 5,97 3 5.26
SNP 53 79,10 67 86,84
Total 67 100 76 100

Tabela 6. Variantes anotadas em diferentes classes funcionais em amostras inguinais e umbilicais.

lencos de papel em formato de anel.

Tipo de variante Hérnia escrotal (%) Hérnia umbilical (%)
Intronic 23,88 5.26
Sinénimo 29,85 23,68
Missense 2,99 7,89

Emenda 1,49 )

UTR5 5,97 6,58
UTR3 34,33 47,37
A jusante 1,49 6,58
Deslocamento de quadro - 2,63

Tabela 7. Variantes missense observadas em grupos com pontuacéo SIFT (Sorting Intolerant From Tolerant) calculada no dbSNP.

banco de dados (Ensembl).

Grupo Variante Localizagdo Impacto Gene SIFT

rs325370594 16:20418972-20418972 Moderado RAI14 Tolerante (1)

Hérnia escrotal - 7:64303141-64303141 Moderado RALGAPAL Tolerante (0,63)
rs325089032 6:81571496-81571496 Moderado ELOA Tolerante (0,1)
rs327289001 3:17254444-17254444 Moderado ITGAM Deletéria (0,01)
rs789266896 3:17628688-17628688 Moderado RNF40 Tolerante (0,6)

Tolerancia baixa
rs330957838 3:17468302-17468302 Moderado SETD1A
confianca (0,34)
Hérnia umbilical

rs337670844 3:17399477-17399477 Moderado ZNF646 Tolerante (0,08)

rs323115420 3:16964045-16964045 Moderado ZNF713 Tolerante (0,65)
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Tabela 8. Genes com variantes de impacto elevado enriquecidas em vias metabdlicas com o KEGG

Banco de dados de vias metabdlicas.

Variante Gene Via (ssc) b

Novo SEC62 Exportacdes de proteinas (ssc03060);

(Deslocamento de quadro) Processamento de proteinas no reticulo endoplasmatico (ssc04141).

Via de sinaliza¢do Rap1 (ssc04015);
Fagossomo (ssc04145);
Moléculas de adesao celular (CAMs) (ssc04514);
Linha celular hematopoiética (ssc04640);
Migragéo transendotelial de leucdcitos (ssc04670);
1$327289001 Regulacao do citoesqueleto de actina (ssc04810);
ITGAM Coqueluche (ssc05133);
Legionelose (ssc05134);
Leishmaniose (ssc05140);
Amebiase (ssc05146);
Infeccdo por Staphylococcus aureus (ssc05150);
Tuberculose (ssc05152);
Regulacéo incorreta da transcricdo no cancer (ssc05202)

(Sentido impréprio)

rs330957838

SETD1A Degradacéo da lisina (ssc00310)

(Sentido impréprio)

L Cadigo de identificag&o da via metabdlica descrito para Sus scrofa pelo KEGG Pathway.

Tabela 9. Processos bioldgicos enriquecidos com genes que apresentam SNPs no grupo de hérnia escrotal.

David Term Processo biolégico Genes enriquecidos
GO:0010604 Regulacéo positiva do metabolismo TBX3, MYRF, MYLIP, PARP3
processo de macromoléculas
G0:0055088 Homeostase lipidica ACACA, MYYLIP
G0:0009893 Regulagdo positiva do metabolismo TBX3, MYRF, MYLIP, PARP3
processo
G0:0043170 Processo metabdlico do TBX3, MYRF, MYLIP, PARP3,
macromolécula ACACA, DDB2
. TBX3, ACACA, MYLIP,
G0:0065008 Regulaggo da qualidade biolgica PARP3
Regulagao positiva do composto
G0:0045935 processo metabdlico contendo TBX3, MYRF, PARP3
nucleobase
GO:0051173 Regulacéo positiva do metabollsmo . TBX3, MYRF, PARP3
processo de compostos de nitrogénio
GO0:0042592 processo homeostatico ACACA, MYLIP, PARP3
G0:0033554 Resposta ao estresse celular TBX3, DDB2, PARP3
G0:0060249 Homeostase da estrutura anatémica ACACA, PARP3

Os genes em negrito apresentaram expressado aumentada no grupo afetado por hérnia escrotal.

No grupo SH, os genes correspondentes as regides exdnicas, has quais as variantes
foram observadas, ndo foram enriquecidas pelo banco de dados KEGG Pathway [54]. Considerando o
O tipo de impacto causado pelas variantes apresentou a distribuicdo dos resultados conforme mostrado nas Figuras 6A e 6B.
para hérnias escrotais e umbilicais, respectivamente. Esses nimeros mostram que mais de 60%
As variantes representam variagdes no impacto modificador para ambos os tipos de hérnia.

Dentre os transcritos presentes nas amostras analisadas, foram identificados cinco miRNAs.
no transcriptoma SH e quatro no transcriptoma UH (Tabela 11). Destes, trés
foram expressos em ambos os tipos de hérnia. Nenhum miRNA diferencialmente expresso (DE) foi encontrado nas amostras avaliadas.
foram identificados.
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Projecdo
Tabela 10. Processos bioldgicos Jer‘f:r?quecidos com genes que apresentam polimorfismos de nucleotideo Unico
coeatazambilical Regulacado dos SNPs metabdlicos ITGB2, RPRD1A, RNF40, ELOA, VIM no grupo com

3 i ZNF629, ZNF713

Termo GO . . L
GO:0031345 de genes enriquecidos droffigicessoslulares [TV
U.UVOo1LO05J rrp4 T© Viivi

. Organizacé&o de projecdo RPRD1A, RNF40, ELOA, VIM,
G0:0010468 9 ¢ RegBIatJ;é% da expressao génica

CE0019993 Regulac&o do metabolismo ITGB2, RPRDIN ANFAY. ELOA, VIM, ZNF629, ZNF713

GO:0010977 Reguh«zﬁge@g@a}i:vg |_ciio ef/elr'vllolvimento
G Regulacio negativa da HftdtEieRa%geuronal;
00045665 ~ EP I
GO:0060255 neEPpRlcdRee HRSERGlico Tréed Nero1a, RNF40,
Os genes em negrito apresentaram expressao a%&?&&%@%l%?ﬂbaosafetado por hérnia umiGk&@A VIM, ZNF629, ZNF713
GO:0031345 Regulac¢éo negativa celular EPHB2 e VIM

No grupo SH, os genes correspondentebsisvadifiesiexianias, nas quais a organizagdo da projecéo de variantes foi

enriquecidosonelo banco de dados KEGG Pathway [54]. Considerando os genes ITGB2, RPRD1A, RNF40,
G0:0019222

. . . Regulacéo do processo metabdlico
O tipo de impacto causado pelas varlantgs a resentgu a |str|g1u‘?9%% dos resultados confoiie nZdEEGRID, ANFIgLBa ELOA,

6A,B para hérnias escrotais e umbilicais, re, i dados mostram que mais de 60% das variantes
P G0:0045665 %@G‘W@B?@&m q EPI—?BZ, VIM
representam variacoes de impacto modifica8ié?"BRFRSAMRIRURHos de hérnia.

Os genes em negrito apresentaram expressédo aumentada no grupo afetado por hérnia umbilical.

A

m Low = Moderate = Modifier High mlow = Moderate = Modifier

B 2.63%

_ Figura 6. Impacto causado pelas variantes e sua frequéncia. Legenda: (A) amostras da hérnia escrotal.
Figura 6. Impacto causado pelas variantes e sua frequéncia. Legenda: (A) amostras do grupo com hérnia escrotal. (B)

B ARG A g mbiial

Tabela 11. miRNAs idgnitieaderasscanss ipresentdes iegidoningtiagianazanelsnohisalferMiagsoram identificados no

ID ENSEMBL o oo € GUAto N AgiREaReyma U (TaDEa 25 Depieanzagao. o o Prooo0s CMM algie
ssc-mir-145 (MIR145) foi identificado. MI0002417 2:150.580.126-150.580.211 SH
ENSSSCG00000018758 ssc-mir-214 (MIR214) MI0002441 9:114.527.990-114.528.101 SH/UH

Tabela 11, miRNAs identificados nomtlrgéﬁrz‘ﬂgté)mas dos tecidos inguinais e do anel umbilical de suinos. 6: 141.943.32%—&41.943.409
ENSSSCG00000019065 ssc-mir-186 (MIR186)

ENSSSCG00000034634 mir-61B@2ENSEMBL SsC-  AEMKozo@i8e1b dm3a5RERSEd 2icalizagao MI0031620 Wkupo
ENSSSCG00000035742 - - ssC-mir-145 12: 14.578.144-14.578.210 SH/UH

ENSSSCG00000018513 MI0002417 150.580.126-150.58 SH
ENSSSCG00000037094 SSC-MI-9610 MI0031577 112145 4: 83.070.363-83.070.457 SHIUH

n_')1 1
SH significa hérnia escrotal e UH significa hérnia umbilical.
. 9:
ssc-mir-214
ENSSSCG00000018758 MI0002441 114.527.990-114.52 SH/UH
(MIR214) 8.101

ENSSSCG00000019065 ssc-mir-186 MI10002456 6: SH
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4. Discusséo

Alguns estudos gue investigaram genes envolvidos na ocorréncia de hérnias foram realizados utilizando
genes candidatos e abordagens de GWAS [11,25,29,31,32,57—-60]. Mais recentemente , genes candidatos
funcionais foram prospectados para hérnias escrotais [6] e umbilicais [7] pelo nosso grupo utilizando a abordagem
de RNA-Seq. No entanto, como os mecanismos moleculares envolvidos nessas anomalias ainda ndo sao
completamente compreendidos, uma comparacéo entre o transcriptoma de hérnias umbilicais e escrotais foi
realizada aqui, permitindo a identificacao de varios genes comuns com expressao diferencial em ambas as
condicdes. Além disso, varios SNPs envolvidos nessas condi¢cdes também foram identificados e caracterizados.

4.1. Caracterizagdo do Transcriptoma

Estudos de expressao génica obtidos a partir de amostras de tecido inguinal e do anel umbilical sdo bastante
recentes. Lorenzetti et al. [5] e Romano et al. [6] realizaram andlises de expressdo génica no anel inguinal de
suinos e Souza et al. [7] realizaram analises com amostras do anel umbilical para investigar hérnias escrotais e
umbilicais, respectivamente. Informagdes sobre a expressao génica nesses tecidos sao escassas e ainda existem
muitas lacunas a serem elucidadas neste campo. Esses autores encontraram genes e vias diferencialmente
expressos em cada tipo de hérnia. Como alguns genes e processos biolégicos parecem ser compartilhados entre
hérnias escrotais e umbilicais, novas analises foram realizadas com foco na caracterizagdo dos tecidos e nos
processos comuns envolvidos em ambos os tipos de hérnia.

A partir da caracterizagdo dos transcritos dos dois tecidos (Tabela 1), observou-se grande
similaridade entre os grupos de ambos os tipos de hérnia ao comparar o nimero de cada classe de
transcritos, sugerindo que o aparecimento de ambas as hérnias pode estar relacionado ao mesmo
conjunto ou familia de genes. Esse grande nimero de transcritos expressos em ambos 0s grupos
também pode ser observado no diagrama de Venn (Figura 3). Com excec¢ao dos pseudogenes
processados e do snRNA, que néo foram identificados no grupo UH, a porcentagem de cada tipo
de transcrito foi similar. Assim, o perfil de expressao génica no tecido do anel inguinal foi muito
semelhante ao perfil encontrado no anel umbilical, sendo compativel com a composicéo
histopatologica desses dois tecidos (Figura 2).

4.2. Genes com expressdo diferencial comum em hérnias escrotais e umbilicais

Dos genes diferencialmente expressos (DE) observados em cada tipo de hérnia, 35 foram
comuns a ambos os grupos. Entre esses, nove genes (CD2, GPT2, MOXD1, ENSSSCG00000031037,
EN- SSSCG00000032582, ENSSSCG00000036224, ENSSSCG00000036983, ENSSSCG00000037009
e ENSSSCG00000039111) apresentaram perfis de expresséo diferentes ao comparar os dois tipos
de hérnia. Esse comportamento pode ter ocorrido devido a expresséo ser tecido-especifica (anel
inguinal e anel umbilical) para esses genes. Outras razdes podem ser as diferengas de sexo e idade
entre os grupos avaliados para os dois tipos de hérnia. Os outros 26 genes mostraram expressao
semelhante em ambos os tipos de hérnia, dos quais 14 genes apresentaram expressao reduzida e
12 apresentaram expressao aumentada em suinos afetados por ambos os tipos de hérnia.

A partir da rede de interagdo génica (Figura 5), trés genes diferencialmente expressos (DE) foram
enriquecidos em ambos os tipos de hérnia. O gene MAP1LC3C (proteina 1 de cadeia leve 3 y associada a
microtubulos) interagiu no grupo de processos bioldgicos (BP) da macroautofagia (GO: 0016236) [61]. A
macroautofagia € a principal via envolvida na indugéo da renovacéo geral dos constituintes citoplasmaticos
em células eucarioticas e € essencial para a sobrevivéncia, o desenvolvimento, a diferenciacéo e a
homeostase celular [62-66]. As anota¢des da Gene Ontology (GO) relacionadas a esse gene incluem a
montagem e a maturagao do autofagossomo (Materiais Suplementares 1: Tabela S4). Marcelino et al. [67]
indicaram o gene MAP1LC3C como um candidato para a formagao de hérnia inguinal em suinos, uma vez
gue esse gene apresentou expresséo aumentada nos suinos afetados em comparagéo com os suinos
normais. Em nossa pesquisa, o gene MAP1LC3C exibiu 0 mesmo comportamento, sendo regulado
positivamente em animais afetados por ambos os tipos de hérnia quando comparado aos grupos controle
(Figura 4A). Além disso, esse perfil de expressao pode ser uma das causas do surgimento da hérnia, uma
vez que a alta expresséo desse gene pode causar autofagia excessiva e interferir no desenvolvimento normal do tecic
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O gene CFI (Fator de Complemento 1) foi agrupado no cluster da via metabdlica da cascata de coagulagédo
e do sistema complemento (Figura 5). A cascata de coagulacéo é uma sequéncia de reacdes interconectadas que
visam a coagulagao do sangue local quando ocorre uma leséo vascular [69]. O sistema complemento é uma
cascata proteolitica no plasma sanguineo e um mediador da imunidade inata [70]. As anotagGes GO relacionadas
a este gene incluem endocitose (absorgdo de conteido por meio de invaginacdo da membrana) e protedlise
(processo de degradagéo de proteinas) (Materiais Suplementares 1: Tabela S2). O gene CFl, assim como o
MAP1LC3C, apresentou expressdo aumentada em animais com hérnia quando comparado ao grupo controle
(Figura 4A). O CFI codifica a serina-protease, uma proteina semelhante a tripsina [42], que desempenha um papel
essencial na regulac¢éo da resposta imune, controlando todas as vias do complemento [71]. A participacdo do CFI
nessas vias e processos, juntamente com seu perfil de expresséo, sugere que esse gene pode estar envolvido
nas consequéncias desses distirbios.

O gene MUCL16 (Mucina-16) codifica uma proteina da familia das mucinas, que séo proteinas O-glicosiladas
encontradas nas superficies apicais do epitélio e desempenham um papel importante na formagéo de uma barreira
mucosa protetora [72]. Este gene foi enriquecido na rede génica (Figura 5) como participante do processo biol6gico
(BP) de processamento de O-glicanos (GO: 16266) [61]. Este processo esta relacionado a adigao gradual de
residuos de carboidratos ou derivados de carboidratos para formar a estrutura do O-glicano [73]. O gene MUC16
também foi enriquecido como um componente integral da membrana celular (BP) (GO: 16021) [61]. De acordo
com Blalock et al. [74], a MUC16 constr6i uma barreira protetora na superficie da célula epitelial, onde proteinas
de ligacéo estdo associadas a sua cauda, conectando-a ao citoesqueleto de actina. Este gene apresentou
expressao aumentada no grupo afetado por ambos os tipos de hérnia em comparacéo com seus respectivos
grupos de controle (Figura 4A), configurando assim um sistema de defesa que pode ter surgido como consequéncia
da formacgéo das hérnias.

4.3. Processos Biolégicos Enriquecidos

Ao avaliar os 99 processos biolégicos (PB) enriquecidos pelos 26 genes diferencialmente expressos (DE)
com perfil equivalente em ambos os tipos de hérnia (Materiais Suplementares 1: Tabela S3), destacam-se os PB
de adesdo celular, apoptose, organizagéo do citoesqueleto de actina e organizagéo das fibrilas de colageno , por
estarem geralmente associados a formagéao de hérnias [5-7]. Os genes enriquecidos para adesao celular, VIT
(Vitrina), ACER2 (Ceramidase Alcalina 2) e CHL1 (Molécula de Ades&o Celular L1), apresentaram expressao
reduzida nos animais afetados em comparagéo aos grupos controle, enquanto ACAN (Agrecano) apresentou
expressao aumentada nos animais afetados. O PB de ades&o celular permite a interagéo entre as células e entre
as células e a matriz extracelular [75].

Este processo biolégico ja foi relacionado a manutengéo do tecido e a diferenciagao celular [76,77].

O gene CHLL1 foi enriquecido com o processo de adeséo celular homofilica via moléculas de

adesdo da membrana plasmatica. ACER2 participa do processo biolégico especifico de regulagdo
negativa da adesao celular mediada por integrina e regulagcéo negativa da adesé@o da matriz extracelular.
O gene VIT enriqueceu o processo de regulagdo positiva da adesao celular ao substrato. Assim, a expresséo

reduzida desses genes, que participam ativamente da adeséo celular, interfere na integridade dos tecidos, o que

pode ser determinante para o aparecimento de ambos os tipos de hérnia.

O gene KCNMAL1 (Canal Ativado por Potassio e Calcio Subfamilia M y 1), que apresentou
expressdo aumentada em animais com hérnia, e 0 ACER2 (com expressao reduzida) estavam
enriquecidos na via de sinaliza¢do da apoptose. Esse processo esta relacionado a regulacdo da
morte celular programada, que é extremamente importante para a manutengdo do desenvolvimento
dos seres vivos [78]. A superexpressdo do gene KCNMAL pode comprometer o tecido como
resultado do acumulo de células imaturas na regido, o que pode influenciar o aparecimento de
hérnias, especialmente quando associada a fatores ambientais desfavoraveis. O ACER2
apresentou enriquecimento no processo especifico de ativacéo da atividade da endopeptidase
do tipo cisteina, envolvida no processo apoptético, e 0 KCNMAL apresentou enriquecimento na
regulacéo positiva do processo apoptético. Este Ultimo gene também apresentou enriquecimento
no processo de relaxamento do musculo liso vascular, que esta relacionado a regulacéo negativa da cont
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deste musculo. O relaxamento é mediado por uma diminuicao no estado de fosforilagcdo da cadeia
leve da miosina [79]. Como a expressédo deste gene foi maior em porcos herniados do que em
porcos normais, 0 KCNMAL pode ser apontado como um gene candidato para a formacgéo de
hérnia umbilical e escrotal, uma vez que a falta de contragdo muscular local facilita a passagem do
contetdo abdominal através dos anéis.

Processos bioldgicos que regulam as atividades do colageno e suas estruturas foram
indicados no enriquecimento dos genes ACAN e VIT. O primeiro gene foi relacionado a
condensagao de células mesenquimais que se diferenciam em condrdcitos, a organizacao das
fibrilas de colageno e ao desenvolvimento dos condrdcitos [61]. O gene VIT, por sua vez, foi
relacionado a morfogénese dos condrdcitos na cartilagem da placa de crescimento, onde as
estruturas de um condrécito sdo geradas e organizadas [80]. O gene ACAN apresentou expressao
aumentada em animais com hérnia, o que esta de acordo com as andlises histopatologicas que
evidenciaram uma maior quantidade de coldgeno em comparagao com suinos normais. Além
disso, a superexpressao do gene ACAN em animais com hérnia pode gerar uma produgéo
exagerada de colageno, o que ja foi relacionado a hérnia anteriormente [81].

Com relagdo a organizacéo do citoesqueleto, especialmente aos processos relacionados a
actina, dois genes foram enriquecidos: SYNPO2 (Sinaptopodina 2) e ENSSSCG00000037142.

O gene SYNPO?2 foi enriquecido especificamente para o processo de regula¢éo positiva do conjunto
de feixes de filamentos de actina. A organizac¢éo do citoesqueleto de actina ocorre em nivel celular
e resulta na montagem, disposicéo das partes constituintes ou desmontagem das estruturas,
incluindo filamentos e suas proteinas associadas [61]. Em nosso estudo, esse gene apresentou
expressao reduzida em animais com hérnia. Essa regulacéo negativa pode ser um fator
predisponente para hérnia, uma vez que a hdo montagem e organizagéo das estruturas que
constituem o tecido pode torna-lo menos resistente [18].

4.4. Genes DE localizados em regides QTL para hérnias e caracteriza¢éo de polimorfismos

Diversos estudos foram realizados para identificar regides de QTL relacionadas a hérnia
umbilical e escrotal [11,20,29,81,82]. Entre os genes diferencialmente expressos (DE) nos dois
tipos de hérnia, ACAN e BCHE (butirilcolinesterase) se destacam, pois ja foram localizados em
regides de QTL associadas a hérnia escrotal/inguinal [20,29]. Mesmo com relatos cientificos
relacionando esses dois genes apenas a regides de QTL para hérnia escrotal, em nosso estudo, o
perfil de expresséo desses dois genes foi equivalente em ambos os tipos de hérnia, estando
superexpresso nos animais afetados. Souza et al. [7] indicaram recentemente o ACAN como um
forte gene candidato para desencadear hérnias umbilicais em suinos.

Nossos resultados mostraram que variagdes nos transcritos podem estar relacionadas a
manifestacao dos diferentes tipos de hérnia. Em ambos os grupos, a maioria dos polimorfismos
detectados foram SNPs, seguidos por inser¢des e dele¢cdes (Materiais Suplementares 1: Tabelas
S4 e S5). No grupo SH, um novo SNP foi identificado no cromossomo 13 (13: 34083960-34083960),
localizado dentro de uma regido QTL (QTL ID 55898) associada a hérnia escrotal [11,20,29]. Este
SNP foi mapeado no gene PARP3 (membro da familia da poli ADP-ribose 3 polimerase), que atua
nas vias de reparo por exciséo de base, apoptose e necroptose, participando de processos
biolégicos de reparo do DNA [4].

Além disso, Piérkowska et al. [83] realizaram pesquisas com porcos das racas Landrace Polonesa
e Pulawska e apontaram a participagcdo do gene PARP3 na regulagdo do citoesqueleto de actina
BP. Os tecidos musculares pertencentes as regides onde ocorrem as hérnias séo classificados
como estriado esquelético, formado por miofibrilas compostas de actina e miosina. Como
mencionado por Bendavid [18], distdrbios nas estruturas das fibras musculares causam baixa
resisténcia na regido inguinal, o que pode levar a hérnia escrotal.

Os 53 SNPs observados no grupo SH estavam localizados em 17 genes (Arquivo adicional 1:
Tabela S4), que foram enriquecidos em nove processos bioldgicos (Tabela 9). A maioria desses
processos bioldgicos estava relacionada & homeostase, processos que mantém a estabilidade da
estrutura do tecido analisado (G0O:0042592) [61]. O gene ACACA, enriquecido nesses processos
bioldgicos, participa de processos que mantém a estabilidade das estruturas anatdmicas do local
[43]. O gene ACACA apresentou expressédo reduzida nos animais afetados por SH (Tabela 9), indicando
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o desenvolvimento de uma estrutura instavel do anel inguinal, que pode influenciar o desenvolvimento
de hérnia. Em humanos, esse gene participa da sintese de acidos graxos BP [43], o que refor¢ca os
achados histopatolégicos que mostraram maior quantidade de tecido adiposo em suinos normais do
gue em suinos afetados por SH (Figura 2A,B). Dos SNPs encontrados no grupo SH, todas as
variantes foram toleradas (Tabela 7). De acordo com o escore SIFT, duas apresentaram classificacao
de impacto moderado, podendo, portanto, alterar a eficacia da proteina codificada.
Isso significa que a funcé@o das proteinas resultantes desses sitios ndo foi alterada, uma vez que o
escore SIFT é uma ferramenta que prevé se a variante afeta ou ndo a funcao da proteina [35]. Esses
SNPs estavam localizados em dois genes, RAI14 e RALGAPAL; o primeiro ja foi anotado e o segundo
ndo possui identificacdo na ferramenta VEP. Nenhum polimorfismo de alto impacto foi identificado no
grupo SH.

Os 67 SNPs encontrados no grupo UH foram mapeados em 24 genes ( Materiais Suplementares
1: Tabela S5). Esses genes estavam enriquecidos em seis processos biolégicos (Tabela 10) [41],
todos relacionados a algum tipo de regulagédo, principalmente metabdlica. Os genes EPHB2 e VIM
estavam enriquecidos em processos hiolégicos que interrompem a formacao de projecdes celulares
(GO: 0031345) [61]. Esses dois genes apresentaram expressdo aumentada em animais afetados
por UH quando comparados ao grupo controle (Tabela 10). O gene VIM codifica uma proteina de
filamento intermediario que faz parte do citoesqueleto [43]. Lazarides [84] relatou que uma grande
quantidade desse filamento é observada nos estagios iniciais da miogénese em humanos e é
dificilmente identificada em musculos adultos. Assim, os niveis dessa proteina indicam uma caracteristica funi
A regulacgéo positiva de VIM no tecido do anel umbilical dos animais afetados por UH sugere que
este gene pode estar envolvido com uma consequéncia da UH, uma vez que Miller et al. [12]
relataram que o aparecimento de hérnia pode ser uma consequéncia de um defeito muscular.

Polimorfismos com alto impacto no grupo UH (Materiais Suplementares 1: Tabela S5) foram
identificados em dois genes (NCOA?7 e SEC62). Essas variantes ainda néo foram identificadas pela
ferramenta utilizada, mas foram classificadas como inser¢8es do tipo Frameshift. Portanto, podem
causar uma interrupgéo na fase de leitura da traducao, pois 0 niUmero de nucleotideos inseridos nao
€ multiplo de trés [35]. O gene NCOA7 (coativador 7 do receptor nuclear) esta envolvido no processo
bioldgico de transcricdo da RNA polimerase Il e na regulagdo negativa da resposta celular ao
estresse oxidativo. O gene SEC62 (fator de translocacéo de pré-proteina) esta relacionado a
regulacdo do transporte pés-traducional de proteinas para a membrana e foi mapeado em uma
regido QTL para leitbes natimortos [85]. A deteccéo desses polimorfismos é importante porque eles
podem alterar ndo apenas processos relacionados a hérnias, mas todos os processos importantes
para a manutencéo biolégica, possivelmente resultando em falhas de transcri¢édo ou interrupgédo no
transporte de proteinas traduzidas devido a falta de regulacéo.

Os SNPs classificados como tendo impacto moderado para o grupo UH foram encontrados em
seis genes (Materiais Suplementares 1: Tabela S5), com destaque para o0 SNP rs327289001 devido
ao seu escore SIFT deletério. Este SNP estéa localizado no gene ITGAM, que participa do processo
biol6gico de diferenciacéo das células ectodérmicas [35]. Este processo estéa relacionado a
especializacgéo de células previamente ndo especializadas, que adquirem estrutura e funcéo de
células ectodérmicas. Essa diferenciagdo integra os processos envolvidos no comprometimento de
uma célula com sua fungéo especifica (GO: 0010668) [61]. Na fase de gastrulacdo embrionaria,
ocorre a formacao das camadas germinativas (ectoderma, mesoderma e endoderma), que dardo
origem a tecidos e érgédos especificos [86]. O ectoderma é a camada externa de um embrido em
desenvolvimento e da origem a epiderme, cabelo, unhas, glandulas cutaneas e mamarias, esmalte
dentério, ouvido interno, cristalino e parte anterior da glandula pituitaria, além de outras estruturas
relacionadas ao tubo neural e a crista neural [86]. Um SNP com escore SIFT deletério indica que a
fungéo da proteina pode ser alterada devido ao polimorfismo, o que, neste caso, pode resultar em
células indiferenciadas, comprometendo a formacgéao de tecidos resistentes, que, quando associados
a fatores ambientais como a obesidade, podem levar a hérnia. SNPs localizados em regides QTL
associadas a hérnia inguinal ndo foram encontrados no presente estudo.
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O SNP rs339972872 do grupo SH e 0os SNPs rs324236192 e rs340781986 do grupo UH
estavam localizados no mesmo gene (ACACA) (Materiais Suplementares 1: Tabelas S4 e S5).
Esses sdo SNPs sindnimos e foram classificados como de baixo impacto. De acordo com
Stachowiak et al. [87], o gene ACACA esté envolvido com caracteristicas de desempenho em suinos.

A partir dos miRNAs expressos, trés foram identificados nos grupos de ambas as hérnias.

Um deles, o ssc-mir-214, desempenha um papel importante na regulagédo da fungdo ovariana e
na indugdo de células ovarianas granulares para induzir o desenvolvimento folicular [88]. O ssc-
mir-145, que foi identificado apenas em amostras do grupo SH, esta envolvido no
desenvolvimento do tecido adiposo [89].

Realizamos o primeiro estudo comparativo dos transcriptomas dos tecidos inguinal e umbilical de suinos.
Os resultados demonstraram similaridades relacionadas ao perfil de expressao do transcriptoma completo e dos
genes diferencialmente expressos (DE) em ambos os tipos de hérnia. O gene ACAN, ja associado ao aparecimento
de hérnia escrotal, apresentou comportamento similar nos dados obtidos do grupo com hérnia umbilical. Além
disso, os genes MAP1LC3C, VIT, ACER2, KCNMA1 e SYNPO2 foram destacados como candidatos para a
formacéao dos dois tipos de hérnia avaliados em nosso estudo, por apresentarem expresséo equivalente em
ambas as hérnias e por estarem envolvidos em processos biolégicos como adeséo celular, organizagdo do
citoesqueleto, produgao de colageno, relaxamento muscular e autofagia. Ademais, a expresséo diferencial de
alguns desses genes, como MAP1LC3C, VIT, ACER2 e ACAN, ja havia sido confirmada por qPCR [6,7]. No
entanto, sdo necessarios mais estudos para identificar o perfil de expressédo desses mesmos genes em animais
mais jovens, a fim de aprimorar nossa interpretacdo dos mecanismos de regula¢@o génica que desencadeiam a
formacé&o de hérnias. O conhecimento dos fatores genéticos que controlam a manifestacéo de hérnias escrotais e
umbilicais abre possibilidades para a cadeia produtiva suina, permitindo o desenvolvimento de a¢des para reduzir
o0 aparecimento desses defeitos em seus rebanhos, visando diminuir as perdas econémicas e favorecer o bem-
estar animal.

5. Conclusdes

O perfil de expressao dos transcriptomas do anel inguinal e do anel umbilical apresentou grande similaridade.
Trinta e cinco genes com expresséo diferencial entre as amostras normais e afetadas foram comuns a ambos os
tipos de hérnia. Os genes MAP1LC3C, ACAN, VIT, ACER2, KCNMA1 e SYNPO2 sé&o indicados como fortes
candidatos para o surgimento de ambos os defeitos. Um total de 11 e 14 novos SNPs foram identificados nas
amostras relacionadas a hérnia escrotal e a hérnia umbilical, respectivamente. Além disso, um SNP com fungéo
deletéria prevista foi identificado no gene ITGAM, o qual pode estar relacionado ao surgimento de hérnia umbilical
em suinos. Por fim, o perfil de expresséo desses genes possivelmente interfere no desenvolvimento normal dos
tecidos, causando fraqueza e diminuindo a resisténcia do local, o que pode levar a formac&o de ambos os tipos
de hérnia em suinos.

Materiais suplementares: Os seguintes materiais estao disponiveis online em https://www.mdpi.com/2073-442 5/12/2/166/
s1, Tabela S1: média de leituras sequenciadas, removidas na analise de controle de qualidade e mapeadas em cada grupo de
amostras. Tabela S2: processos biolégicos dos 35 genes diferencialmente expressos entre suinos normais e afetados, comuns
a hérnias escrotais e umbilicais, utilizando o banco de dados DAVID. Tabela S3: enriquecimento para processos biol6gicos
dos 26 genes diferencialmente expressos com perfil de expressdo equivalente entre os dois tipos de hérnia, utilizando o banco
de dados DAVID. Tabela S4: polimorfismos identificados em amostras do anel inguinal suino. Tabela S5: polimorfismos
identificados em amostras do anel umbilical suino. Figura S1: diagrama que resume o experimento e as analises realizadas.
Figura S2: gréafico de anélise de componentes principais (PCA) S2A mostrando a separacédo das amostras de controle (c) e
afetadas (a) usadas para gerar o transcriptoma do anel inguinal para hérnia escrotal (HE), S2B mostrando a separagdo das
amostras de controle (c) e afetadas (a) usadas para gerar o transcriptoma do anel umbilical para hérnia umbilical (HU), e S2C
com todas as amostras juntas mostrando a separagéo das amostras dos transcriptomas de HE e HU.
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Abreviagdes

BP Processo biolégico

DE Expressao diferencial

Kit de ferramentas de analise gendmica GATK
Ontologia de genes GO

ELE Hematoxilina e eosina

IH Hérnia inguinal

Escalonamento multidimensional (MDS)
QTL (loci de caracteristicas quantitativas)

SH Hérnia escrotal

SIFT Separando intolerantes de tolerantes
SNP Polimorfismo de nucleotideo Unico
Hérnia umbilical UH

Preditor do efeito da variante VEP
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