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a b s t r a c t

The environmental pollutants with hormonal activities may influence steroid-mediated processes in
neonatal ovaries and increase the incidence of reproductive disorders. The aim of the current study was
to examine effects of 4-tert-octylphenol (OP), a non-ionic surfactant widely used in a variety of industrial
applications which has been reported to mimic the 17b-estradiol activity, on the expression of protein-
coding (mRNAs) and long non-coding (lncRNAs) transcripts in neonatal ovaries of the pig. By employing
RNA-Seq we aimed to gain insights into regulatory networks underlying the OP effects on the follicular
development in pigs. Piglets were injected (sc) daily with OP (100 mg/kg bw) or corn oil (controls)
between postnatal Days 1 and 10 (n ¼ 3/group). Ovaries were excised from the 11-day-old piglets and
total cellular RNA was isolated and sequenced. Two hundred three differentially expressed genes (DEGs;
P-adjusted < 0.05 and log2 fold change �1.0) and 23 differentially expressed lncRNAs (DELs; P-
adjusted < 0.05 and log2 fold change � 1.0) were identified in OP-treated piglet ovaries. The DEGs were
assigned to Gene Ontology terms, covering biological processes, molecular functions and cellular com-
ponents, which linked the DEGs to functions associated with movement of cell or subcellular component,
regulation of plasma membrane bounded cell projection assembly as well as hydrolase and endopep-
tidase activity. In addition, STRING analysis demonstrated the strongest interactions between genes
related to negative regulation of endopeptidase activity. Some correlations between DEGs and DELs were
also found, revealing that the OP action on the ovary may be partially executed via the changes in the
lncRNA expression. These results suggest that neonatal exposure of pigs to OP induces changes in the
ovarian transcriptomic profile associated with genes encoding serine protease inhibitors and involved in
steroid synthesis as well as genes linked to intracellular and membrane transport. We suggest that the
changes in the mRNA and lncRNA expression in the ovaries of OP-treated piglets may disturb ovarian
cellular function, including steroidogenesis, proliferation and apoptosis.
© 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Development of a healthy ovary during fetal/neonatal life is
essential for future reproductive success. In pigs, folliculogenesis
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begins during fetal life but the ovarian follicular reserve is estab-
lished during the neonatal period around postnatal day (PD) 25 [1].
Female fertility is determined by the size of the follicular reserve
and its depletion rate. The excessive follicular activation and/or
atresia may lead to an early depletion of the follicular reserve
resulting in infertility [2]. The ovarian follicle formation and growth
is a complex and tightly regulated process governed bymany extra-
and intra-follicular factors, including steroid hormones [3].
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It is generally recognized that abnormal development of
reproductive system and an increased incidence of reproductive
disorders may result from extensive usage of endocrine active
chemicals (EACs). Animals during the fetal and neonatal periods are
very susceptible to EACs and even a low-dose exposure may pro-
duce adverse effects due to immature reproductive and immune
systems [4]. EACs displaying estrogenic, antiestrogenic, androgenic
and antiandrogenic activities may disrupt the proper action of
endogenous hormones [5]. EACs identified as environmental es-
trogens include phytoestrogens, polycyclic aromatic hydrocarbons
(polychlorinated biphenyls, furans and dioxins) and some alkyl-
phenolic compounds (e.g., 4-tert-octylphenol and nonylphenol) [6].
4-tert-octylphenol (OP) is widely used in a variety of industrial
applications including the production of pesticides, herbicides,
glass fiber, rubber and polystyrene products as well as detergents,
as emulsifiers in water-based paints [7]. This alkylphenol has been
reported to bind to estrogen receptors (ERs) and to mimic the ef-
fects of 17b-estradiol (E2) [8]. Although OP displays rather low es-
trogenic potency (>1000 times less potent than E2), in vitro studies
using human breast cancer cells (MCF-7 and ZR-75-1) demon-
strated its ability to induce estrogen-dependent biological re-
sponses such as cell growth and stimulation the transcriptional
activity of estrogen receptor [8]. Moreover, in vivo studies showed
that maternally or neonatally injected OP caused adverse effects on
male and female reproductive tracts in adult rats [9,10]. In male
rats, OP treatment during fetal period revealed abnormalities in the
histology of the testis and epididymis, induced atrophy of prostate
glands tubules, and affected sperm structure [9]. In female rats, the
neonatal exposure to OP altered the hormonal environment in the
early period of the reproductive tract development. The hormonal
changes led to persistent estrus, anovulation, polycystic ovaries and
affected proliferation of uterine tissues [10]. Bøgh et al. [7] reported
a transgenerational effects of intrauterine exposure to OP in pigs.
These effects included an acceleration of the puberty onset and a
reduced litter size.

Previously, we showed that neonatal exposure to testosterone
propionate, flutamide, ICI 182,780, methoxychlor and OP affected
early folliculogenesis in 11-day-old piglets [11]. OP increased the
formation of follicles and their initial recruitment which potentially
might be responsible for the acceleration of folliculogenesis and
consequent primary ovarian insufficiency in adulthood [11]. The
results of our recent RNA-sequencing (RNA-Seq) study demon-
strated that neonatal exposure of piglets to antiandrogen flutamide
altered the expression of genes involved in ovarian cell prolifera-
tion, steroidogenesis and oocyte fertilization [12]. Thus, environ-
mental pollutants with hormonal activities may influence steroid-
mediated processes within neonatal ovaries in pigs. However, the
mechanism of OP action in the porcine neonatal ovary is not fully
recognized.

To unveil the molecular basis of this mechanism, RNA-Seq was
used in the current study to analyze the expression of protein-
coding (mRNAs) and long non-coding (lncRNAs) transcripts in the
ovaries of piglets neonatally exposed to OP. lncRNAs were recently
reported to be involved in the regulation of gene expression, mRNA
processing and stability as well as protein stability and cellular
protein localization [13,14]. To learn how OP affects the expression
of both mRNA and lncRNA transcripts will help to better under-
stand the molecular mechanisms underlying the OP effects on the
follicular development.

2. Material and methods

2.1. Animals and tissue sampling

Six pig neonates (Large White � Polish Landrace) originating
from different litters were randomly allotted into two experimental
groups i.e., control (CTR; n ¼ 3 piglets) and OP-treated (OP; n ¼ 3
piglets) group. The latter group received injections of OP (100 mg/
kg bw, in 1ml of corn oil; Sigma-Aldrich, St. Louis, MO, USA). Piglets
from the control groupwere given 1ml of corn oil only. The animals
were subcutaneously (sc) injected daily between PD1 and PD10.
This dose was chosen on the basis of our previous experiments
[15,16] as well as literature review [10,17]. During the entire
experiment all piglets were housed together with theirs mothers
and siblings. The ovaries of each individual of the two groups were
excised one day after the last injection (PD11), snap-frozen in liquid
nitrogen and stored at �80 �C until RNA extraction. All procedures
were performed by a veterinarian. The use of animals was approved
by the Local Ethics Committee at the Jagiellonian University in
Krakow, Poland (approval number 150/2013, 122/2014 and 123/
2014).

2.2. Total RNA extraction, quantification and integrity testing

Total RNA from the collected ovaries was extracted using TRI
Reagent (Ambion, Austin, TX, USA) following the manufacturer’s
protocol. Concentration and purity of the total RNA samples were
measured spectrophotometrically (NanoVue Plus, GE Healthcare,
Little Chalfont, UK). RNA integrity was assessed with an Agilent
2100 Bioanalyzer and the RNA 6000 Nano LabChip kit (Agilent
Technologies, Santa Clara, CA, USA). RNA integrity number (RIN)
values for all samples used for RNA-Seq were �8.

2.3. Construction and sequencing of illumina cDNA libraries

Depleted RNA (400 ng) obtained from total RNA was used to
construct cDNA libraries (TruSeq Stranded mRNA Sample Prep Kit;
Illumina, San Diego, CA, USA) [12]. First and second cDNA strands
were synthesized after RNA purification and fragmentation. Next
steps included 30 ends adenylation, adapter ligation and library
amplification (PCR). Library profiles were estimated using the DNA
High Sensitivity Lab- Chip kit on the 2100 Bioanalyzer (Agilent
Technologies). Libraries were then sequenced on a NextSeq500 in-
strument (Illumina) with 150 paired-end sequencing (Sequencing
No.1 - Seq1). Since theobtaineddata showed that the transcriptome
of one control ovary (CTR3) differed distinctly from other control
ovaries, theRNAsequencingof all sampleswas repeated toeliminate
errors of the sequencing procedure (Sequencing No. 2 e Seq 2). In
consequence,wehave analyzed transcripts from the ovaries of three
control (CTR1, CTR2, CTR3) and three 4-tert-octylphenol-treated
(OP1, OP2, OP3) piglets, where each piglet represented a biological
sample. Each biological sample, in turn, was represented by two
technical samples originating from Seq 1 (CTR1a, CRT2a, CTR3a,
OP1a, OP2a, OP3a) and Seq 2 (CTR1b, CRT2b, CTR3b, OP1b, OP2b,
OP3b). Results of the Seq 2 confirmed that the CTR3 sample dis-
played a different transcriptome profile, and this sample was
excluded from further analysis. Thus, the following analysis of the
transcript expression level was performed on four control samples
(two biological samples) and six 4-tert-octylphenol-treated samples
(three biological samples).

2.4. Bioinformatic analysis of gene expression

The raw sequenced data (reads) in FASTQ format were deposited
in NCBI-SRA database under the BioProject accession number
PRJNA413646. The samples are available as the BioSamples records
under the accession numbers: SAMN07806805, SAMN07806806,
SAMN07806807, SAMN07806808 (controls) and SAMN07806829,
SAMN07806830, SAMN07806831, SAMN07806832, SAMN0780
6833, SAMN07806834 (OP-treated). The reads were trimmed using
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the Trimmomatic v.0.39 tool [18], and sequences of average
PHRED30 score lower than 20 were removed. The read quality was
evaluated using FastQC v 11.08 program (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/). The good quality fragments were
mapped to the porcine genome (Sus_scrofa.Sscrofa11.1; Ensembl
data-base with annotation version 11.1.91) using STAR v2.4.0.1 [19].
The StringTie 1.0.4 [20,21] and Cufflinks v2.2.1 [22] tools were used
to determine the expression level of all transcripts.

The differential expression analysis of control (CTR1 and CTR2)
and OP-treated (OP1, OP2 and OP3) samples was done with Cuffdiff
(https://doi.org/10.1038/nbt.2450) and DESeq2 [23] methods using
Bioconductor [24,25] of R statistical software. The differentially
expressed genes (DEGs)were identified as genes of P-adjusted< 0.05
and absolute normalized (log2) fold change higher or equal to 1 in
both statistical methods.

2.5. Functional enrichment analysis

The Gene Ontology (GO) enrichment of DEGs into three cate-
gories (molecular function, cellular component and biological
process) was performed using g:Profiler tool [26] with P-value
threshold at the level of 0.05. Moreover, the Bioinformatics Data-
base STRING 10.5 (Search Tool for the Retrieval of Interacting Genes,
http://string-db.org) was used to investigate the possible gene as-
sociation networks between DEGs [27]. The searching criteria were
based on the co-occurrence of genes/proteins in scientific texts
(text mining), co-expression and experimentally observed in-
teractions. This analysis generated gene/protein interaction net-
works, where strength of the interaction score was set as 0.7. In
addition, Kyoto Encyclopedia of Genes and Genomes (KEGG) anal-
ysis (P < 0.05) was performed to assign the OP-affected DEGs to the
ovarian steroidogenesis pathway.

2.6. Identification, characterization and analysis of lncRNAs

ENSEMBL/GENCODE database was used to identify known
lncRNAs. To identify putative novel lncRNAs, the customized
pipeline [12,28] was performed (Fig. 6). The main steps of the
pipeline were: 1) removing sequences shorter than 200 nt and
those having only one exon, 2) removing all known protein-coding
transcripts and 3) removing transcripts with a protein-coding po-
tential. The FPKM (fragments per kilobase of transcript per millions
fragments sequenced) values for lncRNA transcripts were calcu-
lated using the Cuffnorm (version 2.2.1) in the Cufflinks package.
The differences in expression level of the identified lncRNAs
(differentially expressed lncRNAs [DELs]) were calculated in the
same way as DEGs. The correlation between DELs and DEGs was
calculated based on the Pearson method.

2.7. Real-time PCR

To verify the RNA-Seq results, four up- and down-regulated DEGs
and one DEL were selected for quantitative real-time PCR analysis
(qRT-PCR). The sameRNAsampleswereusedas the template forRNA-
Seq and qRT-PCR. One 1 mg of RNA was reverse-transcribed using a
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA, USA) according to the manufacturer’s protocol. The
reaction was performed in a Veriti Thermal Cycler (Applied Bio-
systems). Real time PCR was performed with the StepOneTM Real-
Time PCR System (Applied Biosystems) using TaqMan Gene Expres-
sion Master Mix (Applied Biosystems) and porcine-specific TaqMan
Gene Expression Assays (Applied Biosystems) for claudin 1 (CLDN1;
Ss04329019_s1), cytochrome P450 11A1 (CYP11A1; Ss03384849_u1),
serpin A1 (SERPINA1; Ss03394873_m1), serpin A6 (SERPINA6;
Ss03392373_m1), and lncRNA - TCONS_00036 806 (Custom Assay
APGZHGF; primer sequences: forward: GGCAGCCTTTTGTTTCCTTA-
GAG, reverse: GCTCATTTCAAAGGATACCCATGTG; probe sequence:
CTCTAGCATTCATTCTTTTTCT) with endogenous control for glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH, Ss03373286_u1)
following manufacturers’ instructions. Each assay was performed in
triplicate and non-template control was included in each run. The
relative mRNA expression level was calculated using the real-time
PCR Miner algorithm [29], which calculates real-time PCR expres-
sion values using parameters such as reaction efficiency and the
fractional cyclenumberat the threshold (Ct).Dataobtained forCLDN1,
CYP11A1, SERPINA1, SERPINA6, and TCONS_00036 806 were normal-
ized tothoseofobtained forGAPDHandexpressedas themean±SEM.
The nonparametric Mann-Whitney U test was used to determine
significant differences between the control and OP-treated group.
Differences were considered statistically significant at the 95% con-
fidence level (P < 0.05).

3. Results

3.1. The effects of OP on the mRNA expression profile in porcine
neonate ovaries

Sequencing of mRNA isolated from porcine neonatal ovaries
produced from 23,817,088 to 33,222,782 raw reads per sample.
After rejecting low quality reads (PHRED<20), the remaining reads
(21,954,606e31,474,601; 87.0e96.6% per sample) were mapped to
the annotated whole porcine genome (Sus_scrofa.Sscrofa11.1). On
average 88.4% reads aligned to the genome were mapped to a
unique location. The total number of transcripts identified in piglet
ovaries ranged from 32,931 to 36,654 per ovary. The summary of
data obtained from RNA-Seq of porcine neonatal ovaries is pre-
sented in Table 1. The analysis of distance matrices revealed a high
level of similarity between biological replicates of the control
samples as well as between replicates of the OP-treated samples.
Both sequencings produced similar effects (Fig. 1A and B). Distri-
bution of transcripts, in relation to expression profiles (MA plot and
volcano plot) in the ovaries of porcine neonates treated with OP are
visualized in Fig. 2.

A total of 203 DEGs were determined in the current study. We
identified 169 down- and 34 up-regulated DEGs in neonate ovaries
after the OP treatment. The expression profile of all DEGs is pre-
sented in Fig. 3. The log2FC values for DEGs ranged from �5.85
(MAP3K19, mitogen-activated protein kinase kinase kinase 19) to
2.97 (CDH12, cadherin 12) (see Supplementary Table 1).

3.2. Functional classification of the OP-affected genes

To discover possible functions of DEGs identified in the ovaries of
OP-treated porcine neonates, the genes were classified into three
main categories (“biological process”, “molecular function” and
“cellular component”) according to GO database (Fig. 4A, Suppl. Tab.
2). The DEGs classified into “biological process” were mainly anno-
tated to processes included “movement of cell or subcellular
component” (32 genes), “negative regulation of hydrolase activity”
(13 genes), “microtubule-basedmovement” (12 genes), “regulationof
endopeptidase activity” (12 genes) and “regulation of peptidase ac-
tivity” (12 genes; Fig. 4A, Suppl. Tab. 2). The “molecular function” GO
category encompassed, among others, DEGs annotated to “enzyme
inhibitor activity” (12 genes, Fig. 4A, Suppl. Tab. 2). The “cellular
component” category linked the DEGs to: “extracellular region” (35
genes), “extracellular space” (29 genes) and “plasma membrane
bounded cell projection” (29 genes; Fig. 4A, Suppl. Tab. 2).

A subsequent functional classification of all genes, which
expression was significantly affected (P-adjusted < 0.05) by 4-tert-
octylphenol, was performed using KEGG database. In the present
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Table 1
Summary of RNA-Seq data of ovaries obtained from 4-tert-octyphenol-treated porcine neonates.

Sample CTR1a CTR1b CTR2a CTR2b OP1a OP1b OP2a OP2b OP3a OP3b

Number of row reads 25 218 729 25 684 749 24 265 954 29 793 840 30 143 260 33 222 782 32 996 859 23 817 088 29 635 466 25 422 846
Number of processed reads 22 946 350 24 815 278 22 025 084 28 489 892 27 676 934 31 474 601 28 699 228 21 954 606 26 518 899 23 846 397
% of processed reads 90.99% 96.61% 90.77% 95.62% 91.82% 94.74% 86.98% 92.18% 89.48% 93.80%
Unique reads
Number of uniquely mapped reads 19 797 905 22 801 129 18 431 707 26 264 253 23 854 507 29 067 049 24 235 014 19 561 013 22 818 465 21 881 140
% of uniquely mapped reads 86.28% 91.88% 83.69% 92.19% 86.19% 92.35% 84.44% 89.10% 86.05% 91.76%
Average mapped length (nt) 177.49 178.23 176.89 178.32 177.55 178.31 177.46 178.13 177.5 178.31

Multi-mapping reads
Number of reads mapped to multiple loci 445 740 473 020 417 670 583 207 604 357 643 457 573 357 429 427 515 954 474 032
% of reads mapped to multiple loci 1.94% 1.91% 1.90% 2.05% 2.18% 2.04% 2.00% 1.96% 1.95% 1.99%

Identified transcripts
Number of identified transcripts 34 613 34 007 34 932 35 935 35 175 36 654 32 931 34 256 33 618 36 026
% of identified transcripts 75.19% 73.87% 75.88% 78.06% 76.41% 79.62% 71.53% 74.41% 73.03% 78.26%

OP e ovaries from 4-tert-octyphenol-treated piglets, CTR e ovaries from vehicle (corn oil)-treated piglets.
Each biological sample was sequenced two times (for details please see the M&M section), technical samples: CTR1a and CTR1b, OP1a and OP1b etc.
The statistics are presented for each sample separately.
Preprocessing of data included clipping of adapters, trimming of read ends and removing low quality reads.
“Unique reads” refer to reads that were mapped to a unique (only one) location of the reference genome.
“Multi-mapping reads” refer to reads aligned to more than one locus on the reference genome.

Fig. 1. Distance matrix (A) and PCA plot (B) illustrating the transcriptomic profile of the ovaries collected from pig neonates treated with 4-tert-octylphenol (OP). A) The color scale
represents the distances between biological replicates, where the most dark blue stands for the smallest distance. B) The plots show results obtained from the analysis performed on
four control and six OP-treated piglets, where each piglet represents a biological sample. Each biological sample is represented by two technical replicates (a ¼ Seq1; b ¼ Seq2). .
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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study, we focused on one of the most important aspects of ovarian
physiology e steroid hormone production. Within the ovarian
steroidogenesis signalling pathway we identified three genes
which expression was up-regulated after 4-tert-octylphenol treat-
ment (Fig. 4B). These were: PLA2 (PLA2G4E; phospholipase A2
group IVE; log2FC: 1.4821), CYP11A (CYP11A1; cytochrome P450,
family 11, subfamily A, polypeptide 1; log2FC: 2.6820) and 17b-HSD
(HSD17B2; hydroxysteroid 17-beta dehydrogenase 2; log2FC:
1.1782).

To further inquire into the role of DEGs in the ovarian
response to 4-tert-octylphenol, we analyzed these genes by
means of STRING v11.0 tool (https://version-11-0.string-db.org/
cgi/network.pl?networkId¼Faaxc59PLsDs). The analysis gener-
ated a gene/protein interaction network (Fig. 5; the strength of
interaction score >0.7) consisting of 40 DEGs (nodes) and 50
edges. Nodes devoid of any interactions were deleted from the
network. Four DEGs were classified into “molecular function”
(red color) and seven genes were annotated to “cellular compo-
nent” (green color). C3 (complement 3, 10 edges), SERPINA1
(serpin family A member 1, 5 edges), ALB (albumin, 5 edges) F5
(coagulation factor V, 5 edges), AHSG (alpha 2-HS glycoprotein, 5
edges), and ENSSSCG00000009565 (growth arrest specific 6, 5
edges) were the most interacting nodes. The strongest in-
teractions (expressed as the number of links found between any
two genes) were identified between: 1/COL9A1 (collagen type IX
alpha 2 chain) and COL9A2 (collagen type IX alpha 2 chain), 2/
ATP6V1D (ATPase, Hþ transporting, lysosomal 34 kDa, V1 subunit
D) and ATPV1B1 (ATPase Hþ transporting V1 subunit B1), and 3/
KERA (keratocan) and LUM (lumican) (Fig. 5).

3.3. Identification of lncRNAs in the ovarian transcriptome of
porcine neonates treated with 4-tert-octylphenol

The customized multi-step identification pipeline was applied
to distinguish lncRNAs from all assembled transcripts (Fig. 6). A
total of 4669 RNA sequences were identified as lncRNAs, including
1236 lncRNAs (located in 355 long non-coding loci) already anno-
tated in databases.

3.4. The effects of 4-tert-octylphenol on the lncRNA expression
profile in the ovaries of porcine neonates

A total of 23 differentially expressed lncRNAs (DELs; P-adjusted
<0.05; log2FC � 1) were identified in the current study (see

https://version-11-0.string-db.org/cgi/network.pl?networkId=Faaxc59PLsDs
https://version-11-0.string-db.org/cgi/network.pl?networkId=Faaxc59PLsDs
https://version-11-0.string-db.org/cgi/network.pl?networkId=Faaxc59PLsDs


Fig. 2. Distribution of transcripts presented as MA plot (A) and Volcano plot (B) determined by Cufflinks. Red points represent differentially expressed genes (DEGs; P-
adjusted < 0.05). Triangles (A) and diamonds (B) represent transcripts with the expression level out of the plot scale. Horizontal lines in the MA plot and vertical lines in the Volcano
plot indicate the thresholds of log2FC ¼ 1 and log2FC ¼ � 1.. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)
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Supplementary Table 3). The log2FC values for DELs ranged
from �4.82 (XLOC_006469) to 4.15 (XLOC_018 594). Ten out of 23
DELs identified in the ovaries were up- and 13 were down-
regulated. The correlations found between 203 DEGs and 23 DELs
identified in the ovaries of pig neonates treated with 4-tert-octyl-
phenol are depicted in Supplementary Table 1 and visualized in a
form of heatmap in Supplementary Fig. 1. The correlations between
two exemplary DEGs (SERPINA1 and CYP11A1) and DELs were found
to be only positive; their graphical illustration is shown in Fig. 7 and
the corresponding values are presented in Supplementary Table 4.

3.5. The expression of selected genes verified by qRT-PCR

To verify the reliability of the RNA-Seq data, four DEGs, i.e.,
Fig. 3. Differentially expressed genes (DEGs; P-adjusted < 0.05 and log2 fold change �1.0) in
the number of all differentially expressed genes (DEGs) obtained by employing two statis
expression profile of all 203 DEGs: the red blocks represent up-regulated genes, and the gree
DEG expression level. . (For interpretation of the references to color in this figure legend, t
claudin 1 (CLDN1), cytochrome P450 11A1 (CYP11A1), serpin A1
(SERPINA1), and serpin A6 (SERPINA6) as well as one DEL
(TCONS_00036 806) were chosen for qRT-PCR analysis. These
transcripts were selected based on their potential importance for
the ovarian functions and high log2FC values. The gene expression
patterns obtained by qRT-PCR entirely confirmed the RNA-Seq re-
sults (Fig. 8).

4. Discussion

Our recent results supported the hypothesis that neonatal
window is critical for programming of the ovarian function.We also
showed that androgens and estrogens are important for the as-
sembly of ovarian follicles and their further development in the
the ovaries of the 4-tert-octylphenol(OP)-treated pig neonates. The left panel presents
tical methods: Cufflinks and DESeq. The right panel shows a heatmap illustrating the
n blocks represent down-regulated genes; the color scale of the heatmap represents the
he reader is referred to the Web version of this article.)
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Fig. 5. STRING-generated interaction network of the differentially expressed genes (DEGs of FC > 2) in the porcine ovaries of 4-tert-octylphenol-treated porcine neonates. STRING
v11.0 was used to derive the network of 203 DEGs by applying the following prediction methods: text mining (connecting green links), co-expression (connecting black links),
experimentally observed interactions (connecting red links) and protein homology (connecting blue links). The nodes that did not interact with other nodes were deleted. The color
of the nodes illustrate the assignment to the appropriate GO categories: red e molecular function and green e cellular component. . (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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neonatal ovary of the pig [11,12]. Specifically, we demonstrated that
neonatal treatment with OP increased the formation of primordial
follicles and their initial recruitment as well as increased the
ovarian cell proliferation [11]. We also found that neonatal expo-
sure to OP and other EACs affected the GDF9, BMP15, AMH and FSH
signalling systems in the ovaries of adult gilts, suggesting their
long-term effects on the ovarian development and function [15,16].
In the current study, we employed RNA-Seq to recognize the mo-
lecular mechanisms underlying the OP effects on the neonatal
ovary of the pig.

In the present study, 203 genes (34 up-regulated and 169 down-
regulated) and 23 lncRNAs (10 up-regulated and 13 down-
regulated) were found to be differentially expressed in the ovary
of the 11-day-old piglets treated neonatally with OP when
compared with controls. GO functional annotation analysis showed
that DEGs weremainly involved in “movement of cell or subcellular
component”, “regulation of plasma membrane bounded cell pro-
jection assembly” as well as hydrolase and endopeptidase activity.
In addition, STRING analysis demonstrated the strongest in-
teractions between SERPINA1, SERPINA5 and AHSG (known as
fetuin A), i.e., genes related to negative regulation of endopeptidase
activity. In the current study, we observed the up-regulation of
SERPINA5 and SERPINA6 expression and the down-regulation of
SERPINA1 and SERPINB5 expression in the ovaries of OP-treated
pigs. The same effects were generated previously in piglet ovaries
by antiandrogen (flutamide) treatment [12]. Serpins are the largest
Fig. 4. A) Gene Ontology (GO) analysis of 203 differentially expressed genes (DEGs) iden
classified into three categories of the GO classification (light grey e biological processes, blac
is presented over bars. B) Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of O
steroidogenesis pathway. The color scale represents the gene expression level, where the mo
fold change of 1. . (For interpretation of the references to color in this figure legend, the re
family of endogenous protease inhibitors which counteract the
protease activity and play a role in diverse biological processes
including cellular differentiation, apoptosis, fibrinolysis, coagula-
tion, inflammation and cell mobility [30]. The anti-apoptotic
function of SERPINA5 has been shown in bovine follicles [31].
Moreover, the up-regulation of AHSG expression, which was re-
ported to increase ovarian follicle survival and to promote their
growth in rhesus monkey [32], was observed in response to OP
treatment. It is suggested that the promotion of primordial follicle
formation and cell proliferation induced by OP in piglet ovaries [11]
may be associated with the altered expression of serine protease
inhibitors.

SERPINA1 was earlier reported to disturb intracellular choles-
terol homeostasis in HepG2 cells [33] which may suggest its role in
steroidogenesis. In the present study, three up-regulated DEGs
(CYP11A1, HSD17B2, PLA2) were enriched in the KEGG ovarian ste-
roidogenesis pathway. Previously we have found that the neonatal
antiandrogen-treatment increased the expression of CYP11A1 e an
enzyme related to an initial step in steroidogenesise in the ovary of
11-day-old piglets [12]. Similarly, it was also demonstrated that
other environmental estrogen, methylparaben, increased the
CYP11A1mRNA level in ovaries of adult rats [34]. On the other hand,
a decreased expression of CYP11A1 was detected in adult mouse
testes exposed prenatally to OP [35] and rat ovaries exposed
neonatally to parabens [36]. The dose-dependent regulation of
CYP11A1 expression in neonatal rat ovaries has been suggested: the
tified in the ovaries of the 4-tert-octylphenol (OP)-treated pig neonates. DEGs were
k emolecular functions and dark grey e cellular components), and the number of DEGs
P-affected DEGs identified in the ovaries of pig neonates and assigned to the ovarian
st bright green stands for log2 fold change of �1 and the most bright red stands for log2
ader is referred to the Web version of this article.)



Fig. 6. An overview of the stringent filtering pipeline used to identify 4669 lncRNAs. Rhombic boxes contain the numbers of transcripts (TCONs) that passed a respective filter.
Dashed boxes describe actions that were employed at each step of the filtering procedure. Venn diagram shows the number of lncRNAs obtained by using four different tools (CNCI,
CPC, CPAT, Pfam) to filter out transcripts with coding potential.

Fig. 7. The effects of correlation analysis performed between two exemplary differentially expressed genes (DEGs; A/SERPINA1, and B/CYP11A1) and differentially expressed
lncRNAs (DELs). The expression of DEGs was analyzed in the ovaries of 4-tert-octylphenol (OP)-treated porcine neonates by Bioconductor in R package. Expression data are
presented as normalized values (Z-scores). The analyzed DEGs are depicted as blue lines and the correlated DELs as black lines. . (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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Fig. 8. The results of quantitative real-time PCR of the selected differentially expressed genes (DEGs) and the lncRNA (DEL) identified by RNA-Seq in the ovaries from control (dark
grey bars) and 4-tert-octylphenol (OP)-treated (light grey bars) neonatal pigs. The validation was performed using the same RNA samples as were used in RNA-Seq. The expression
of the selected up- and down-regulated DEGs was presented relatively to GAPDH as mean ± SEM. Asterisks designate significant differences between control (CTR) and OP-treated
piglets (Mann-Whitney U test; *P < 0.05).
CLDN1: Claudin-1, CYP11A1: cytochrome P450 11A1, SERPINA1: serpin A1, SERPINA6: serpin A6.
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gene expression would be positively regulated by low doses and
negatively regulated by high doses of estrogenic compounds [36]. It
should be also emphasized that, in the current study, the expres-
sion of SERPINA1, CYP11A1, HSD17B2, and PLA2G4E was found to be
positively or negatively correlated with the expression of DELs. All
these results support the thesis that the neonatal exposure to OP
influences ovarian steroid production which may adversely affect
reproductive processes in adult life. Moreover, the OP action on the
ovary may be partially executed via the changes in the lncRNA
expression.

Some of the down-regulated DEGs may be involved in the
regulation of intracellular transport in ovarian cells of neonatal
pigs. Microtubules are multifunctional dynamic protein filaments
involved in a variety of important cellular processes, including cell
division, development, motility, and intracellular organization. The
dynamic nature of microtubules is fundamental to their function
and tightly regulated by microtubule-associated proteins [37].
Tubulin tyrosine ligase (TTL) and multiple TTL-like (TTLL) enzymes
catalyzing the addition of tyrosine, glutamate or glycine to the
tubulin tails have been identified among such proteins [38]. The TTL
suppression was linked to cell transformation and correlated with
poor prognosis in patients suffering from diverse forms of cancers
[39]. Moreover, differential tubulin tyrosination can also affect the
behavior of motor proteins and thus intracellular trafficking [40]. In
the current study, the expression of TTLL6, TTLL10 and KIF19
(kinesin family member 19) was found to be down-regulated in the
ovaries of 11-day-old piglets exposed to OP during the neonatal
period. In addition, dynein-related genes such as DNAI2 (dynein
axonemal intermediate chain 2), DRC1 (dynein regulatory complex
subunit 1), DRC7, and DYNLRB2 (dynein light chain roadblock-type
2) were also down-regulated. In mammalian cells, cytoplasmic
dynein was reported to assist in assembling microtubules into the
spindle during cell division as well as to drive intracellular trans-
port towards the minus ends of microtubules [41]. Given that dy-
neins and kinesins both move along microtubules, we suggest that
the OP-induced down-regulation of microtubule-, kinesin- and
dynein-associated gene expression in the ovaries of piglets may
affect intracellular transport. This may have subsequent implica-
tions for ovarian cell physiology, including steroidogenesis, prolif-
eration, and apoptosis [42].
It is well known that membrane transport proteins, including
channels and transporters, play a fundamental role in cell func-
tions. It was demonstrated that solute carrier family (SLC) proteins
are involved in transporting various molecules across the mem-
branes of the oocyte and cumulus cells in mice [43]. In the current
study, OP decreased the expression of the SLC family members, i.e.
SLC2A5, SLC7A11, SLC28A3 and SLC34A2. The proteins transport
diverse solutes such as glucose, amino acids, nucleosides and lipids,
as well as inorganic phosphate across biological membranes [44].
Moreover, voltage-gated potassium channels (KCNK1 and KCNJ5)
and potassium channel regulator (KCNRG) were differentially
expressed in the ovaries of 11-day-old piglets exposed to OP during
the neonatal period. The role of potassium channels in cell cycle
and proliferation, cell migration, invasion and apoptosis has been
previously reported [45]. In addition, the expression of plasma
membrane Ca2þ-ATPases (PMCAs) involved in the maintenance of
Ca2þ homeostasis within the cell is crucial for supporting and
controlling many cellular and physiological processes [46]. In the
present study, we found that neonatal OP treatment down-
regulated the expression of PMCA2 (encoded by ATP2B2) in
ovaries of 11-day-old piglets. All these results suggest that OP-
evoked disruption of ovarian development in neonatal pigs might
be also associated with changes in the expression of genes involved
in membrane transport.

5. Conclusions

The results of the current study extended our knowledge con-
cerning the OP effects on neonatal ovaries of the pig. Recently, we
reported the adverse effects of neonatal OP-treatment on the
recruitment and growth of primordial follicles [11]. Here, the RNA-
Seq approach allowed for detection of OP-induced changes in the
ovarian transcriptomic profile of neonatal piglets. OP was found to
affect the expression of genes: i) encoding serine protease inhibitors,
ii) involved in steroid synthesis and iii) associated with intracellular
andmembrane transport. It is possible that some of the OP effects on
the ovarymay be partially executed by an altered lncRNA expression.
We suggest that the DEGs identified in the ovaries of OP-treated
piglets may disturb ovarian cellular function, including steroido-
genesis, proliferation and apoptosis. The disturbances can further
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lead to impaired folliculogenesis in the neonatal ovary and may
affect female reproduction in adulthood.
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