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Abstract

Background: Androgens are involved in the regulation of ovarian development during fetal/neonatal life.
Environmental chemicals displaying anti-androgenic activities may affect multiple signal transduction pathways by
blocking endogenous androgen action. The aim of the current study was to examine effects of the anti-androgen
flutamide on the expression of coding transcripts and long non-coding RNAs (IncRNAs) in neonatal porcine ovaries.

were isolated and sequenced.

female reproduction in adult life.

By employing RNA-Seq technology we aimed to extend our understanding of the role of androgens in neonatal
folliculogenesis and examine the impact of the anti-androgen flutamide on ovarian function.

Method: Piglets were subcutaneously injected with flutamide (50 mg/kg BW) or corn oil (controls) between
postnatal days 1 and 10 (n = 3/group). Ovaries were excised from the 11-day-old piglets and total cellular RNAs

Results: Flutamide-treated piglet ovaries showed 280 differentially expressed genes (DEGs; P-adjusted < 0.05 and
log, fold change 21.0) and 98 differentially expressed IncRNAs (DELs; P-adjusted < 0.05 and log,FC 2 1.0). The DEGs
were assigned to GO term, covering biological processes, molecular functions and cellular components, which
linked the DEGs to functions associated with cellular transport, cell divisions and cytoskeleton. In addition, STRING
software demonstrated strongest interactions between genes related to cell proliferation. Correlations between
DEGs and DELs were also found, revealing that a majority of the genes targeted by the flutamide-affected IncRNAs
were associated with intracellular transport and cell division.

Conclusions: Our results suggest that neonatal exposure of pigs to flutamide alters the expression of genes
involved in ovarian cell proliferation, ovarian steroidogenesis and oocyte fertilization, which in turn may affect
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Background

Many environmental chemical compounds may interfere
with the human and animal endocrine system causing
serious reproductive problems. These compounds, fre-
quently referred to as endocrine-active chemicals
(EACs), display estrogenic/antiestrogenic and/or andro-
genic/antiandrogenic activities, and as such may affect
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multiply signal transduction pathways by mimicking or
blocking the action of endogenous steroids [1]. It is evi-
dent that animals are especially susceptible to EACs dur-
ing the fetal or neonatal period when even a low-dose
exposure may produce adverse effects due to the imma-
ture reproductive and immune systems [2].

Undisturbed ovarian development during fetal/neo-
natal life is essential for reproductive success. Initially,
primordial follicles consisting of the oocytes surrounded
by pre-granulosa cells are formed from oocyte nests to
establish the follicular pool — the only source of follicles
throughout the entire female reproductive life-span [3].
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In pigs, the oocyte nest breakdown and the formation of
the reserve of primordial follicles are completed around
post partum day 25 [4]. The transition of primordial fol-
licles into primary follicles is mainly coordinated by
oocyte-derived factors. The follicle development beyond
the late primary stage requires additional bi-directional
communication between the oocyte and granulosa cells
as well as granulosa and theca cells [5]. The factors im-
plicated in the regulation of early follicle development
include the members of the transforming growth
factor-P superfamily as well as steroid hormones, includ-
ing androgens [6, 7].

Androgens act mainly via androgen receptors (ARs).
The androgen-AR complex binds to androgen respon-
sive elements of target genes recruiting co-regulators to
affect the AR transactivation [8]. Androgens may also
exert their action via non-genomic signalling which in-
cludes the activation of the PI3K/Akt pathway [9]. There
is a growing evidence that androgens, in addition to
their pivotal regulatory role in male reproduction, are
also indispensable for proper development of ovaries
[10]. The essential role of androgens in promoting early
follicular growth in primates is well documented [11].
Previously, we have demonstrated the presence of andro-
gen receptors in the porcine fetal and neonatal ovary
[12] indicating the possible sites of androgen action. Our
recent studies also demonstrated that antiandrogen flu-
tamide induced changes in the ovarian gene expression,
leading to delayed folliculogenesis in porcine fetuses [13,
14]. We have also found that the exposure to flutamide
during the neonatal window affected early stages of folli-
culogenesis manifested by lower number of primordial
follicles and higher number of early primary follicles
[15]. Moreover, androgen deficiency induced by fluta-
mide treatment during fetal and neonatal periods in pigs
was found to affect their reproductive health in adult-
hood [16, 17]. These results emphasize the role of an-
drogens in the regulation of porcine ovary function,
indicating also the potential significance of environmen-
tal antiandrogens for the activation of ovarian AR.

To better understand molecular mechanisms under-
lying the flutamide action in the porcine ovary,
RNA-seqencing (RNA-Seq) was employed to identify
molecules important for early folliculogenesis. RNA-Seq
is a sensitive and sophisticated technique allowing to
identify not only the protein-coding transcripts, but also
the non-coding transcripts including long non-coding
RNAs (IncRNAs). LncRNAs are involved in the regula-
tion of genes as well as in the control of mRNA process-
ing and stability [18]. Moreover, heterogeneous IncRNAs
may act as co-regulators for many transcription factors,
including steroid hormone receptors [19]. To expand
our knowledge on flutamide action in the ovary, we
attempted to examine the role of IncRNAs in controlling
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gene expression. This approach should improve our
understanding of mechanisms responsible for
androgen-regulated gene expression in the neonatal
porcine ovary. Therefore, in the current study, we an-
alyzed the effects of flutamide on the expression of
both, coding transcripts (genes) and IncRNAs.

Methods

Experimental design and sample collection

The experiment was conducted in accordance with the
national guidelines and approved by the Local Ethics
Committee at the Jagiellonian University in Krakow,
Poland (approval number 150/2013, 187/2014 and 188/
2014). Surgical procedures were performed by a veterin-
arian. In the present study, six pig neonates (Large
White x Polish Landrace) from different litters were ran-
domly allocated into two groups. Animals of the first
group (n=3) were injected s.c. daily with flutamide
(FLU; Sigma-Aldrich, St. Louis, MO, USA) between
postnatal days 1 and 10. Flutamide was suspended in
corn oil and administered at a dose of 50 mg/kg body
weight. This dose was chosen on the basis of our previ-
ous experiments [13, 14] as well as literature review [20,
21] to effectively antagonize androgen action without
exerting any toxic effects in the pigs. Animals in the sec-
ond group (n=3) served as controls (CTR) and were
given a vehicle only (corn oil). On the day after the last
injection (postnatal day 11), both ovaries from the two
groups were excised and one gonad was snap frozen in
liquid nitrogen for RNA isolation, while the contralateral
gonad was fixed in Bouin’s solution. All piglets were
housed with theirs mothers and siblings during the en-
tire experiment.

Total RNA isolation and evaluation of RNA integrity

Total RNA was extracted from the collected ovaries
using TRI Reagent solution (Ambion, Austin, TX, USA)
according to the protocol of the manufacturer. RNA
concentration and quality were determined spectro-
photometrically (NanoVue Plus, GE Healthcare, Little
Chalfont, UK) and RNA integrity was evaluated by
microfluidic electrophoresis using a 2100 Bioanalyzer
with RNA 6000 Nano LabChip kit (Agilent Technolo-
gies, Santa Clara, CA, USA). Only samples with RNA in-
tegrity number (RIN; 28 S/18 S ratio) above 7.5 were
used for RNA-Seq (n = 3 for each group).

Construction and sequencing of lllumina cDNA libraries

Depleted RNA obtained from 400 ng of total RNA was
used to construct ¢cDNA libraries (TruSeq Stranded
mRNA Sample Prep Kit; Illumina, San Diego, CA, USA).
Following RNA purification and fragmentation, first and
second cDNA strands were synthesized. Next steps in-
cluded 3’ ends adenylation, adapter ligation and library
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Fig. 1 An overview of the stringent filtering pipeline used to identify 5,592 IncRNAs. Arrows contain the numbers of transcripts (TCONs) that
passed a respective filter; the numbers of loci (XLOCs) are shown in brackets. Boxes describe actions that were employed at each step of the
filtering procedure. Venn diagram shows the results obtained by using four different tools (CNCI, CPC, CPAT, Pfam) to filter out transcripts with
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amplification (PCR). Quantification of the cDNA library
templates was performed using KAPA Library Quantifica-
tion Kit (KapaBiosystem, Wilmington, MA, USA). Library
profiles were estimated using the DNA High Sensitivity Lab-
Chip kit on the 2100 Bioanalyzer (Agilent Technologies).
Afterwards, libraries were sequenced on a NextSeq500 high
throughput sequencing instrument (Illumina) with 150
paired-end sequencing (Sequencing No. 1 - Seq 1). Since the
obtained data showed that the transcriptome of one control
ovary (CTR3) differed clearly from other control ovaries, the
RNA sequencing of all samples was repeated to eliminate er-
rors of the sequencing procedure (Sequencing No. 2 - Seq
2). Consequently, we have analyzed transcripts from ovaries
of three control (CTR1, CTR2, CTR3) and three
flutamide-treated (FLU1, FLU2, FLU3) piglets, where each
piglet represented a biological sample. Each biological sam-
ple, in turn, was represented by two technical samples ori-
ginating from Seq 1 (CTRla, CRT2a, CTR3a, FLUla,
FLU2a, FLU3a) and Seq 2 (CTR1b, CRT2b, CTR3b, FLU1b,
FLU2b, FLU3b). Results of the Seq 2 confirmed that the
CTR3 sample displayed a different transcriptome profile,
and this sample was excluded from further analysis. Thus,
the entire analysis of transcript expression level was per-
formed on 4 control samples (2 biological samples) and 6
flutamide-treated samples (3 biological samples).

Bioinformatic analysis of gene expression
The sequencing data from this study have been submit-
ted (http://www.ncbi.nlm.nih.gov/sra) to the NCBI

Sequence Read Archive (SRA) under accession No. Bio-
Project ID: PRJNA413646. The identified IncRNA se-
quences have been deposited in the GenBank
(MG014013 - M@G014182). The quality of cDNA frag-
ments obtained after each sequencing (raw reads) was
first evaluated using FastQC v0.11.5 program (http://
www.bioinformatics.babraham.ac.uk/projects/fastqc/).
Next, the reads were trimmed using Trimmomatic
v0.32tool [22] to remove from the dataset any remaining
[lumina adapter sequences and to receive short reads
(~ 90 nt). In addition, PHRED33 score was used to elim-
inate the sequences of average score lower than 20.
Then, the trimmed fragments were mapped to the whole
porcine genome (Sus_scrofa.Sscrofal(.2; Ensembl data-
base with annotation version 10.2.85) using STAR
v2.4.0.1 [23] and StringTiev1.0.4 [24, 25]. The latter tool
together with Cufflinks v2.2.1 [26] allowed us to estimate
the expression of both annotated and not annotated
transcripts.

The RNA-Seq differential expression analysis of con-
trol (CTR1 and CTR2) and flutamide-treated (FLUI,
FLU2 and FLU3) samples was done using Cuffdiff
(https://doi.org/10.1038/nbt.2450) and DESeq2 [27]
combined with SVA [28] batch effect normalization
using Bioconductor [29, 30] in R statistical software. By
using such approach we attempted to eliminate the ef-
fect of sequencing. In the current study, the expression
levels of both non-coding and coding transcripts (further
referred to as transcripts) as well as the expression levels


http://www.ncbi.nlm.nih.gov/sra
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1038/nbt.2450

Page 4 of 15

(2019) 10:35

Knapczyk-Stwora et al. Journal of Animal Science and Biotechnology

219 qLNT4 PuUe BN ‘LOYLD pue ely]d isdjdwies [edluyda)

awousb 23ualza) BY) UO SNDO| BUO UeYl 310w 0) paubie speas 0} Jajal ,speas buiddew-nnp,
awouab aduaIajel 3Y) JO UoNedo| (3UO AJuo) anbjun e 01 paddew a1am ey speas 01 J9jai ,speas anbiun,,
speas Aljenb mo| buinowas pue spus peas Jo Buiwwi ‘siardepe jo buiddid papnpul elep jo buissedoidaid
Aj21eledas sjdwes yoes 1oy pajuasaid aie so1sNels 3y eiep Jo $19s dleledss
omy pacnpoud (qeNT4 pue gzNTd ‘gLNTd ‘9eYLD ‘qTHLD ‘gLYLD) ¢ 'ON Buidusnbas pue (egnT4 pue eznT4 ‘eLNT4 ‘eeYy LD ey LD ‘elylD) L "ON Buruanbag
(uon2as | B N 9yl 995 asea|d s|ie1ap J0J) SaWIl OM] paduanbas sem sjdwes [edibojoiq yoeg
19|61d pa1easl-|DeN wouy saleAo YD ‘19|61d paleasr-apiweinyy wouy saLeAo 74

9S'LL 81/ 6069 60'L9 L€V, 150L €6'LL €9CL 6969 96'£9 el SglL siduosuen PayuSpP! JO %

L0€'ey 65C'ey c1g'ly YT/ Ok 696t w9ty LES'EY s6'cy LUy ULy 0L’y 8LY'ey sidudsuel) payusp! JO JSGUINN
siduosuel payiuap)

S8/ 9L, LLL LLL 98, 89/ 0¢'L LeL L [44A Yy €5, 1Do| 3jdnnw o1 paddew speas Jo 9%

LEE'S0C'T leg'ese’l  99%'/86'L  916'818'L GSE'6EC'T  98T'S06'L  99C'0CL'C  ¥08'8/0'C  9S¥'968'L  [TE€VLLL  9¥S'88SL €148/t poj 3jdinjnw 01 paddew speas Jo JsgquinN
speas buiddew-nniy

9§ /L1 89//1 09221 9G/LL S9/LL €5/LL 8/°9/1 ¥69/1 €89/1 c0ZLL 6€9/1 L69/1 WU 'yibus| paddew sbessny

062L s0'8L g8, v8LL 65'8. vz8L 681L L0€L 59 LE€L SrLL vLEL speas paddew Ajanbiun Jo 9

€0/'S68'LC  LEO'LY86L  #CL'/SL'0C  T60'LTT8l  $8S'68€'CC  OWO'SLY'6L  660'9880C 8/1'V//0C 0v5080'6L S806KSZL  S8LZEL'SL  €/8'07691 speal paddews Ajanbiun Jo saquunN
speas anbiun
9076 0Ev6 ¥0'S6 04°€6 956 1996 98'/8 9706 9588 0€'68 LL06 6606 speas passeoud Jo 9
€7/'801'8C  995'0T¥'SC  L6V'E€LS'ST  €6T60V'EC  T6868Y'8C  8/CSL8YT  SLTLSO6T  GSSLEV'S8T  8LL'SOT'9T  €8/'6l6'€C  ¥80'SCO'TC  0SE'9Y6'CT speas passe01d JO JaquINN
7S/'€88'67  ¥9€'856'0C  TLL'606'9C  LE6'T8EYC  OV8'€6/'6T 6V ¥89'SC  £9T'990'€E  €00'66Y'LE  009'£59'6C  SOT'98L'9C  ¥S6'S9CYT  6CL'81T'ST SPpeal MO JO JsqUINN

qen4 qeni4 CIRRE! qedLo dcyld qldo eENT4 ezn 14 eln4 eeY1d eCYy1d elY1D

ZON Bupuanbag yNY

|'ON Bupuanbas vNYy

9|duwes

SSLPAO [PIRUOSU 2UIDIOd JO baS-yNY WO} pauleIqo elep Jo Aleuwng | ajqeL



Knapczyk-Stwora et al. Journal of Animal Science and Biotechnology

(2019) 10:35

Page 5 of 15

120

100

80

60

PC1: 90% variance

details please see the M&M and Results sections and Fig. 2)

CTR1a

’ CTR1b
20

CTR1b %
CTR2a
CTR1a 20 10
CTR2b
CTR2b o 0
CTR2a - FLU3a
FLU3b L FLU3b
FLU3a LUz
FLU2b —
FLU2b
FLU2a I
FLUTa
FLUTD
FLUla FLUTb
8 8 2 & 8 & & 8§ & & a © s 2 & & & & & o s a
EEEif g gz E g EE 3 33 3 3 3
6 6 6 6 6 6 @ & & & & & 6 © o0 © & T = = & o
40- 40 -
group
20- ® cm: 20-
© ©
o
& c
s ® FU ®
< o a2
5 a g A
“ L . “ .
= 0" R 0- 2
< ©
N a @ batch 5
& L.
O S A
o ® seqt A
20 - -20 -
A Seq2
-40 - 40 -
1 1 1 1 1 1 1 1 1
-20 0 20 40 -40 -20 0 20 40

Fig. 2 Distance matrices (a, b) and PCA analysis (¢, d) illustrating the transcriptomic profile of the ovaries of pig neonates treated with flutamide.
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each piglet represents a biological sample. Each biological sample is represented by two technical samples originating from Seq1 (a) and Seq?2
(b) which produces 12 samples; — CTR1a and CTR1b, CTR2a and CTR2b, CTR3a and CTR3b, FLUTA and FLU1b, FLU2A and FLU2b, FLU3A and
FLU3b (6 CTR vs. 6 FLU); b, d/ These plots show results obtained from the analysis of two control (CTR1, CTR2) and three flutamide-treated (FLUT,
FLU2, FLU3) piglets — one control piglet was removed from the analysis due to the clearly distinct transcriptomic profile (4 CTR vs. 6 FLU, for

PC1: 52% variance

of coding transcripts only (further referred to as genes)
were compared between flutamide treated and control
samples. To identify differentially expressed transcripts
(DETs) and differentially expressed genes (DEGs), the
following criteria were applied (P-adjusted < 0.05 and ab-
solute normalized (log,) fold change was higher or equal
to 1) in both Cufflinks and DESeq2 plus SVA.

Functional enrichment analysis (GO and KEGG pathway)
To analyze functions of differentially expressed genes
(DEGs) and their involvement in biological processes,

the DEGs were classified into categories of the Gene
Ontology (GO) database. GO enrichment analysis was
performed using g:Profiler tool [31] with P-value thresh-
old 0.05. Moreover, to investigate the possible gene asso-
ciation networks between DEGs, the Bioinformatics
Database STRING 10.5 (Search Tool for the Retrieval of
Interacting Genes, http://string-db.org) was used [32].
The searching criteria were based on the co-occurrence
of genes/proteins in scientific texts (text mining),
co-expression and experimentally observed interactions.
This analysis generated gene/protein interaction
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networks, where strength of the interaction score was
set as 0.4.

Identification, characterization and analysis of IncRNAs

To identify known IncRNAs, the assembled transcripts
were annotated with the use of GENCODE database.
The customized multi-step pipeline was employed to
identify putative novel IncRNAs in the ovaries of porcine
neonates (Fig. 1). Briefly, protein-coding transcripts,
transcripts with a single exon and those shorter than
200 nt as well as transcripts with coding potential were
removed from the sequencing data, yielding novel
IncRNAs. The total identified IncRNAs include both the
novel transcripts and the previously annotated IncRNAs.
The genomic features of the identified IncRNAs were
characterized and compared with those of mRNAs
(Welch’s t-test, P<0.05). Next, the Cuffnorm (version
2.2.1) in the Cufflinks package was employed to
normalize the identified IncRNA sequences to FPKM
(fragments per kilobase of transcript per millions frag-
ments sequenced) values. Next, the expression level of
each IncRNA identified in the ovarian samples of
flutamide-treated neonates (expressed in FPKMs) was
compared to the expression level of the respective
IncRNA identified in the control samples. Such approach
allowed to identify differentially expressed IncRNAs
(DELs; P-adjusted < 0.05 and log, fold change (log,FC) >
1.0; Cuffdiff software). In addition, similarity measure,
which combines elements from Pearson correlation and
Euclidean distance, was performed between the identi-
fied DELs and DEGs.

Real-time PCR

To validate the RNA-Seq results, the expression level of
several selected up- and down-regulated DEGs and DELs
was confirmed by quantitative real-time PCR (qRT-PCR).

The same templates were used in RNA-Seq and qRT-PCR.
For cDNA synthesis, 1 ug 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 20puL total reaction
volume contained random primers, ANTP mix, RNAse in-
hibitor and Multi Scribe Reverse Transcriptase. The reac-
tion was performed in a Veriti Thermal Cycler (Applied
Biosystems) according to the following thermal profile: (1)
25 °C for 10 min, (2) 37 °C for 120 min, and (3) 85 °C for 5
min. Real time PCR was performed using TagMan Gene
Expression Master Mix (Applied Biosystems) and
porcine-specific TagMan Gene Expression Assay (Applied
Biosystems) for: zona pellucida glycoprotein 4 (ZP%;
Ss03391382_m1), cytochrome P450 11A1 (CYP11AI;
Ss03384849_ul), serpin Al (SERPINAI; Ss03394873_ml),
and IncRNA- TCONS_00107335 (Custom Assay AI39TQV;
primer sequences: forward: CGGGAGAAACATTAATCCC
TGTTTTAGA, reverse: TGATCTAGAGGTAACGAGAAA
CACTGT; probe sequence: TCATCTTGCTGTCAATAA
A) with endogenous control for glyceraldehyde-3-phosphate
dehydrogenase (GAPDH, Ss03373286_ul) following manu-
facturers’ instructions. All real-time PCR experiments were
performed in triplicate, and non-template control was in-
cluded in each run. The amplifications were performed with
the StepOneTM Real-Time PCR System (Applied Biosys-
tems) according to the recommended cycling program (2
min at 50 °C, 10 min at 95 °C, 40 cycles of 15 s at 95 °C, and
1 min at 60 °C). Threshold cycles (Ct values) for the expres-
sion of each gene were calculated using StepOne software.
The relative mRNA expression level was calculated using
the 2724* method [33], adjusting the ZP4, CYP11A1, SER-
PINA1 and TCONS_00107335 expression to the expression
of GAPDH. Data were expressed as the overall mean +
SEM. Statistical analysis was performed using Statistica
v.13.1 program (StatSoft, Inc., Tulsa, OK, USA). The
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nonparametric Mann-Whitney U-test was used to deter-
mine significant differences between the control and
flutamide-treated groups. The differences were considered
statistically significant at the 95% confidence level (P < 0.05).

Results

The effects of flutamide on the transcriptome of the
porcine neonate ovaries

Sequencing of mRNA isolated from porcine neonatal
ovaries produced 24,265,964 —33,066,267 raw reads per
sample. After rejecting low quality reads (PHRED< 20),
the remaining reads (22,025,084 — 29,051,215 per sam-
ple) were mapped to the annotated whole porcine gen-
ome (Sus_scrofa.Sscrofal(0.2). The percentage of the
reads aligned to the genome ranged from 71.45% to
78.81%, and an average of 75.47% of these reads were
mapped to a unique location. The total number of the
transcripts identified in the piglet ovaries ranged from
40,724 to 44,969 per ovary. The summary of data

obtained from RNA-Seq of porcine neonatal ovaries is
presented in Table 1.

As shown in Fig. 2a and c, genes of one of control
ovaries (CTR3) clustered separately from those of other
control ovaries, which disposed us to remove this sample
from further analysis. The analysis of distance matrices
revealed a high level of similarity between biological rep-
licates of the remaining control samples as well as be-
tween replicates of the flutamide-treated samples (Fig.
2b and d). Distribution of transcripts, including DETs,
(P-adjusted < 0.05, log,FC > 1.0) in the ovaries of porcine
neonates treated with flutamide are visualized in Fig. 3.

A total of 525 DETs and 280 DEGs were determined
in the current study. We identified 176 up- and 104
down-regulated DEGs in neonate ovaries after the fluta-
mide treatment. The expression profile of the top 50
DEGs (i.e, DEGs with the highest absolute log,FC
values) is presented in Fig. 4. The log,FC value for DEGs
ranged from -4.09 (ENSSSCG00000001212) to 3.77
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(ENSSSCG00000016799) (see Additional file 1). All up-
and down-regulated genes identified in the ovaries of
porcine piglets treated with flutamide are presented in
Additional file 2.

Functional classification of flutamide-affected genes

To indicate possible functions of DEGs identified in the
ovaries of flutamide-treated porcine neonates, the genes
were classified into three main categories (“biological
process”, “molecular function” and “cellular compo-
nent”) according to GO database. Forty one genes out of
280 DEGs were assigned to GO terms (Fig. 5). The
DEGs classified into “biological process” were mainly an-
notated to processes included “microtubule-based move-
ment” (13 genes), “sperm-egg recognition” (5 genes) and
“binding of sperm to zona pellucida” (5 genes). The “mo-
lecular function” GO category encompassed, among
others, DEGs annotated to: “tubulin binding” (14 genes),
“iron ion binding” (12 genes) and “microtubule binding”
(12 genes; Fig. 5). The “cellular component” category
linked the DEGs to: “microtubule associated complex” (9
genes) and “kinesin complex” (7 genes; Fig. 5). To
inquire into the role of DEGs in the ovarian response to
flutamide, we analyzed these genes by means of STRING
v10.5 tool. The analysis generated a gene/protein inter-
action network (Fig. 6; the strength of interaction score >
0.4) consisting of 56 DEGs (nodes) and 50 edges. Nodes
devoid of any interactions were deleted from the net-
work. Seven DEGs were classified into “biological pro-
cesses”, three genes were annotated to “endopeptidase
inhibitor activity”, and six genes were linked to the
“PFAM kinesin motor domain family”. ACTL7B (actin
like 7B, 8 edges), and CENPE (centromere-associated
protein E, 6 edges) were the most interacting nodes. The
strongest interactions (expressed as the number of links
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found between any two genes) were identified between
CENPE, KIF18A (kinesin family member 18A), KIF19
(kinesin family member 19), SMC4 (structural mainten-
ance of chromosome 4) and DNAHI (dynein axonemal
heavy chain 1) (Fig. 6).

Identification and characterization of IncRNAs in the
ovarian transcriptome of porcine neonates

The customized multi-step identification pipeline was
applied to distinguish IncRNAs from all other assembled
transcripts (Fig. 1). A total of 5,592 RNA sequences were
identified as IncRNAs, including 136 IncRNAs (located
in 53 long non-coding loci) already annotated in data-
bases. Transcript length, exon length, exon number and
expression level were compared between the identified
IncRNAs and mRNAs (Fig. 7). The average transcript
and exon length of IncRNAs were 1992 nt (173-25,353
nt) and 669 nt (11-25,163 nt), respectively. The average
exon number of IncRNAs and mRNAs was 2.97 and
10.38, respectively (Fig. 7).

The average length of IncRNA transcripts was shorter
and IncRNA exon length was longer (P<0.001) than
those of mRNAs (1992 vs. 3651 nt and 669 vs. 351 nt, re-
spectively). 30% of IncRNAs and 60% of mRNAs were
longer than 2000 nt. The exon length of more than 40%
of mRNA transcripts ranged from 100 to 200 nt and
25% of IncRNAs ranged from 100 to 200 or > 500. The
mean exon number of IncRNAs was lower (P <0.001)
than that of mRNAs. Most IncRNAs contained two
exons, while most mRNAs had more than ten exons.
The average IncRNAs expression level (log;oFPKM ~ =
0.5) was lower than that of mRNA (log;oFPKM ~ = 0.84)
(P <0.001; Fig. 7).

The effects of flutamide on the IncRNA expression
profile in the ovaries of porcine neonates.

Term ID Term name Term type  P-value T Q QinT List of Q in T gene names
GO:0060467 negative regulation of fertilization BP 0.0000651 4 | 240 4 |OVGP1,ZP2, ASTL, ZP4
GO:0035036 | sperm-egg recognition BP 0.0356 | 25 240 5 |OVGP1,ZP2, ASTL, ZP4, CLGN
GO:0007339 binding of sperm to zona pellucida BP 0.0182 | 22 | 240 5 |OVGP1,ZP2, ASTL, ZP4, CLGN
GO:2000359 | regulation of binding of sperm to zona pellucida BP 00051 | 3 | 240 | 3 |OVGPI,ASTL,ZP4 0
GO:2000360 negative regulation of binding of sperm to zona pellucida BP 00051 | 3 | 240 | 3 |OVGP1,ASTL,ZP4
GO:0007018 microtubule-based movement BP 0.000757 169 240 13 |KIF21A,MAK, KTN1, KIF20B, KIF18A, KIF3A, TTLL6, ENSSSCG00000020847, KIF27, KIF 19,
CENPE, DNAI2, DNAH1 L
GO:0002920 regulation of humoral immune response BP 0.00452 | 17 240 5 |ZP4,HPX, C4BPA, C6, FOXJ1
GO:0005875| microtubule associated complex cC 00182 103 240 | 9 |KIF21A,KIF20B, KIF18A, KIF3A, KIF27, KIF19, CENPE, DNAI2, DNAHI [
GO:0005871 kinesin complex cc 0.00537 | 47 | 240 7 | KIF21A, KIF20B, KIF18A, KIF3A, KIF27, KIF19, CENPE
GO:0005506 |iron ion binding MF 0.00506 1169 240 12 |ENSSSCG00000003824, LCN2, HBM, ENSSSCG00000007978, XDH, P3H2, ENSSSCG00000013842,
HBB, ENSSSCG00000016093, ALOX15, CYP11A 1, ENSSSCG00000030456
GO:0015631 tubulin binding MF | 000296 |222| 240 | 14 |KIF21A, HOOKI, STMN2, KIF20B, OPA1, KIF18A, KIF3A, CEP350, TTLLG, KIF27, KIF19, CENPE,
GA S21.2, ENSSSCG00000028950
GO:0008017| microtubule binding MF | 000869 178 240 | 12 |KIF21A, HOOKI, KIF20B, OPA 1, KIF18A, KIF3A, CEP350, KIF27, KIF19, CENPE, GAS2L.2,
ENSSSCG00000028950
GO:0003774 motor activity MF 0.0126 |125| 240 10 |KIF21A, KIF20B, KIF18A, KIF3A, KIF27, KIF19, CENPE, DNAI2, MYH14, DNAH1
GO:0003777| microtubule motor activity MF 0000529 68 240 | 9 |KIF21A,KIF20B, KIF18A, KIF3A, KIF27, KIF19, CENPE, DNAI2, DNAH1 [
GO:1990939| ATP-dependent microtubule motor activity MF 0.0425 | 13 | 240 4 |KIF20B, KIF18A, KIF27, KIF19 [
GO:0008574| ATP-depend i le motor activity, pl d-directed MF 0.0297 | 12 | 240 4 KIF20B, KIF18A, KIF27,KIF19
Fig. 5 Results of Gene Ontology enrichment analysis of differentially expressed genes identified in the ovaries of porcine neonates exposed to
flutamide. BP: Biological process, CC: Cellular component, MF: molecular function, T: number of genes ascribe to a particular term in GO database,
Q: number of DEGs that are annotated in GO database, Q in T: Number of annotated DEGs that are ascribed to a particular term
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A total of 98 differentially expressed IncRNAs (DELs;
P-adjusted < 0.05 and log,FC > 1.0) were identified in the
current study (see Additional file 3). The correlations
found between 280 DEGs and 98 DELs identified in the
ovaries of porcine neonates treated with flutamide are
depicted in Additional file 1 and visualized in a form of
heatmap in Additional file 4. The graphical illustration
of positive and negative correlations between two exem-
plary DEGs (CENPE and TTLL6 — tubulin tyrosine
ligase like 6) and DELs is shown in Fig. 8. The log,FC
values for DELs ranged from -3.38 (XLOC_052195)
to 2.79 (XLOC_033570). Twenty nine out of 98 DELs
identified in the ovaries were up- and 69 were
down-regulated. The expression profile of the identified
up- and down-regulated IncRNAs is presented in
Additional file 5.

To learn how the IncRNAs may affect the ovarian re-
sponse to flutamide, their potential target genes were
identified. Functional analysis showed that the identified
target genes were enriched in 16 GO terms (seven in
“biological process”, seven in “molecular function” and
two in “cellular component”). Majority of the genes were
related with “tubulin binding” (GO:0015631), “microtu-
bule-based movement” (GO:0007018), “microtubule
binding” (GO:0008017) and “iron ion binding”
(GO:0005506). Kinesin family genes (KIF3A, KIFI8A,
KIF21A, KIF20B) and genes associated with microtubule
dynamics (HOOKI, CENPE) were found among these
genes. The expression of target genes listed in the previ-
ous sentence was down-regulated by flutamide similar to
the expression of the IncRNAs potentially involved in
the regulation of these genes (i.e., the expression of
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IncRNAs and the expression of their target genes were
positively correlated).

Validation of selected DEGs and DELs by qRT-PCR

To validate RNA-Seq data, three DEGs, i.e., zona pellu-
cida glycoprotein 4 (ZP4), cytochrome P450 11A1
(CYP11A1), and serpin Al (SERPINAI) as well as one
DEL (TCONS_00107335), were submitted to quantita-
tive RT-PCR. These transcripts were selected based on
their potential importance for the ovary functions as well
as the high log,FC value. The expression of the selected
DEGs and DEL confirmed the results obtained by
RNA-Seq (Fig. 9).

Discussion

Recently, we have demonstrated that androgen defi-
ciency induced by flutamide treatment during fetal life
led to delayed formation of primordial follicles as well as
their delayed transition into primary stage within the
fetal porcine ovary [13, 14]. We have also found that the
exposure to flutamide during the neonatal window de-
creased ovarian cell proliferation, which probably was
partially responsible for the restricted development of

early primary follicles in the neonate ovaries [15]. These
findings contributed to better understanding of andro-
gen involvement in the promotion of follicle formation
and development. In the current study, RNA-Seq has
been employed to extend our knowledge on the role of
androgens in neonatal folliculogenesis as well as to
examine the impact of the chemical compound display-
ing anti-androgenic activity on ovarian function.

We were able to identify a number of differentially
expressed genes (DEGs) and InRNAs (DELs) in the ovar-
ian transcriptome of the 11-day-old piglets treated neo-
natally with flutamide. LncRNAs have recently become
recognized as molecules involved in the regulation of a
wide range of biological processes including epigenetic
regulation, chromatin modification, genomic imprinting,
transcriptional control and pre-/post-translational
mRNA processing [34, 35]. An increasing evidence links
the dysregulation of IncRNA expression with the promo-
tion of tumors including epithelial ovarian cancer [36,
37]. Little is known, however, about the significance of
IncRNAs in the regulation of early follicle development.

Gene Ontology database analysis of the 280 identified
DEGs revealed that some DEGs were classified into
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“biological processes” categories related to mechanisms
regulating sperm-zona pellucida interaction. Moreover,
the “molecular function” and “cellular components” cat-
egories linked DEGs to functions associated with cellular
transport, cell divisions and cytoskeleton. In addition,
STRING software demonstrated the strongest interac-
tions between CENPE, KIFI8A, KIF19, SMC4 and
DNAHI, i.e., genes related to cell proliferation.

Some of the down-regulated DEGs may be involved in
the regulation of ovarian cell proliferation in the neo-
natal pig. Proliferation of granulosa cells is prerequisite
for the progression of follicular growth. Members of
kinesin family are required for intracellular transport of
molecules or organelles as well as for mitosis, including
such processes as bipolar spindle assembly, chromosome
alignment, chromosome segregation and cytokinesis [38,
39]. The essential role of KIF18A in the regulation of
chromosome congression during pro-metaphase and

chromosome alignment during metaphase was previ-
ously reported [40, 41]. Moreover, RNAi-mediated
KIF18A deficiency resulted in mitotic arrest in HeLa
cells [40]. It was also demonstrated that KIF18A physic-
ally interacted with CENPE [42]. Interestingly, CENPE,
which is required for efficient and stable microtubule
capture at the kinetochore [43], was recognized in the
present study (STRING software) as the most interacting
node. Moreover, kinesin-2 complex (KIF3A/3B) was
found to be localized in spindle microtubules and cen-
trosomes of HeLa cells [44], and aberrant mitosis was
demonstrated in the NIH3T3 cells transfected with a
dominant-negative mutant of KIF3A/3B [44]. In the
current study, KIF3A, KIFI8A and CENPE were found
to be down-regulated in the ovaries of 11-day-old piglets
exposed to flutamide during neonatal period. SMC#%, im-
portant for chromosome condensation and segregation,
was downregulated in these ovaries, too. Zhang et al.
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[45] demonstrated that SMC4 knockdown significantly
inhibited the proliferation and invasion of A549 cells.
Since flutamide reduced the number of proliferating
granulosa cells in neonate piglets [15], we may conclude
that this reduction may, at least partially, originate from
the flutamide-induced down-regulation of KIF3A,
KIF18A, CENPE and SMC4.

The follicular growth is a complex phenomenon and in-
volves various metabolic and proteolytic events mediated
by a number of enzymes [46]. In the current study fluta-
mide affected the expression of serine protease inhibitors
i.e, SERPINAI, SERPINBS5 and SERPINA6. These inhibi-
tors are important in balancing the activity of proteases,
which influence diverse biological processes, including cel-
lular differentiation, apoptosis, extracellular matrix remod-
elling, fibrinolysis, coagulation, inflammation and cell
mobility [47]. It has been reported that serpins are in-
volved in follicular development of different species [48,
49]. In addition to its role in inflammation, SERPINA1 has
also been shown to increase low density lipoprotein (LDL)
binding/uptake and to upregulate LDL receptor level [50].
Since LDLs provide substrate for steroid hormone produc-
tion, the flutamide-induced down-regulation of SERPINA1
expression suggests that this antiandrogen may affect ovar-
ian steroidogenesis in piglets. On the other hand, fluta-
mide increased the expression of CYP11A1l, an enzyme
responsible for converting cholesterol into pregnenolone.
We demonstrated previously the stage-dependent changes
in the luteal CYP11A1l expression of pregnant pigs

exposed to flutamide [51]. Regardless of the fact that cur-
rently it is not possible to clarify the relationships between
flutamide, SERPINA1 and CYP11A1 with regards to ste-
roidogenesis, the presented results support the notion that
anti-androgens affect steroid production in the ovaries of
neonatal piglets.

Mammalian oocyte is surrounded by zona pellucida
(ZP), a transparent extracellular matrix playing an im-
portant role during the period between species-selective
sperm-oocyte recognition and implantation [52]. Porcine
ZP consists of glycoproteins ZP2, ZP3 and ZP4, but only
the ZP3/ZP4 heterocomplex has sperm binding activity
[53]. It was demonstrated that in mice ZP2 is the sub-
strate for ovastacin, an oocyte-specific metalloendopro-
tease (encoded by ASTL) and component of cortical
granules. Cleavage of ZP2 by ovastacin provides a defini-
tive block to polyspermy [54]. Moreover, Sachdev et al.
[55] reported a role of ovastacin in sperm-egg inter-
action prior to fusion and sperm internalization in the
mouse. Ovarian expression of ovastacin was not only
demonstrated to be conserved in mammals, but also
limited to the oocytes of follicles at the
primary-secondary transition [56]. In the current study,
ZP2, ZP4 and ASTL were up-regulated in the ovaries of
11-day-old piglets exposed to flutamide during the neo-
natal period. This may indicate that flutamide affects ex-
pression of genes involved in oocyte fertilization in the
pig. Such notion is supported by meiotic abnormalities
and fertilization failure observed in rat oocytes in vitro
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exposed to 2-hydroxyflutamide [57]. However, further
research is necessary to uncover the nature of molecular
processes underlying the association between neonatal
anti-androgen exposure and oocyte fertilizing ability in
pigs.

In the present study, along with coding transcripts,
IncRNAs were also identified in ovarian tissue of porcine
neonates. Ninety eight of the identified IncRNAs were
differentially expressed in the ovaries of control and flu-
tamide treated piglets. GO enrichment analysis of the
genes targeted by the flutamide-affected IncRNAs re-
vealed that a majority of the genes were associated with
tubulin binding, microtubule-based movement and
microtubule binding terms. This group of target genes
includes those encoding “kinesin family members of
motor proteins” important for intracellular transport
and cell division [38, 39]. These findings clearly support
the hypothesis concerning the link between the
flutamide-induced inhibition of granulosa cell prolifera-
tion [15] and the changes in the expression of kinesins.

Conclusions

In the current study, 280 differentially expressed genes
were identified in the porcine ovaries after flutamide ad-
ministration during the neonatal period. Flutamide was
found to affect expression of KIF3A, KIF18A, CENPE
and SMC4 which may be responsible for the decrease in
proliferation of ovarian cells and, in consequence, for
changes in folliculogenesis. Moreover, the expression of
genes involved in ovarian steroidogenesis and oocyte
fertilization was also disturbed by flutamide, displaying
the potential to affect female reproductivity in adult-
hood. In conclusion, the results obtained in the current
study, by employing an antiandrogen flutamide as a re-
search tool and with the assistance of RNA-Seq, con-
firmed the indispensable role of androgens during the
early stages of folliculogenesis in the pig. In addition,
they emphasized the importance of monitoring environ-
mental pollutants with antiandrogen activity that may
influence androgen-mediated processes within neonatal
ovaries.

Additional files

Additional file 1: An overview of up and down regulated genes [P < 0.05;
(log,) fold change] in the ovaries of flutamide-treated piglets (XLS 95 kb)

Additional file 2: Heatmap illustrating the expression profile of all 280
differentially expressed genes (DEGs; P-adjusted < 0.05 and log; fold
change 21.0) in the ovaries of porcine piglets treated with flutamide. The
red blocks represent up-regulated genes, and the green blocks represent
down-regulated genes. The color scale represents the expression level,
where the most bright green stands for — 2.0 log, fold change and the
most bright red stands for 2.0 log, fold change. (PNG 68 kb)

Additional file 3: An overview of all differentially expressed INcCRNAs [P <
0.05; (log,) fold change] in the ovaries of flutamide-treated piglets. (XLS 61 kb)
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Additional file 4: Heatmap illustrating correlations found between 280
differentially expressed genes (DEGs; P-adjusted < 0.05 and log, fold change
21.0) and 98 differentially expressed long non-coding RNAs (DELs; P-ad-
justed < 0.05 and log; fold change =1.0) in the ovaries of porcine piglets
treated with flutamide. The red color represents a positive correlation and
the blue color represents a negative correlation. (TIF 1011 kb)

Additional file 5: Differentially expressed IncRNAs (DELs; P-adjusted <
0.05 and log; fold change 21.0) in the ovaries of porcine neonates
treated with flutamide. The left panel shows a heatmap illustrating the
expression profile of all DELs: the red blocks represent up-regulated DELs,
and the green blocks represent down-regulated DELs; the color scale of
the heatmap represents the expression level, where the most bright
green stands for — 2.0 log, fold change and the most bright red stands
for 2.0 log, fold change. The right panel presents the number of DETs/
DELs obtained by employing two statistical methods, i.e., Cufflinks and
DESeq combined with SVA batch normalization effect. (TIF 461 kb)

Abbreviations

ACTL7B: Actin like 7B; AR: Androgen receptor; ASTL: Ovastacin;

CENPE: Centromere-associated protein E; CTR: Control; CYP11A1: Cytochrome
P450 11A1; DEGs: Differentially expressed genes; DELs: Differentially
expressed INcRNAs; DETs: Differentially expressed transcripts; DNAH1: Dynein
axonemal heavy chain 1; EACs: Endocrine-active chemicals; FLU: Flutamide;
GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; GO: Gene Ontology
database; KIF: Kinesin family member; KIF3A/3B: Kinesin-2 complex; LDL: low
density lipoprotein; INcRNA: Long non-coding RNA; nt: Nucleotides; gRT-
PCR: Real-time PCR; RIN: RNA integrity number; RNA-Seq: RNA sequencing;
SEM: Standard error of mean; Seq: Sequencing; SERPIN: Serine protease
inhibitor; SERPINAT: Serpin A1; SMC4: Structural maintenance of
chromosome 4; SRA: Sequence Read Archive; TTLL6: Tubulin tyrosine ligase
like 6; ZP: Zona pellucida glycoprotein

Acknowledgements
Not applicable.

Funding
This study was supported by grant OPUS9 2015/17/B/NZ9/01457 from the
National Science Centre, Poland.

Availability of data and materials

The datasets analyzed during the current study are available in the NCBI
Sequence Read Archive (SRA) under accession No. BioProject ID:
PRINA413646 (http://www.nchinlm.nih.gov/sra). The identified INcRNA
sequences have been deposited in the GenBank (MG014013 - MG014182).

Authors’ contributions

KKS & MS contributed to the experimental concept; KKS, REC & MS
participated in creating the experimental design; MK performed handling of
animals, flutamide injections and sample collection; KKS, PW, EC & AN
conducted the experiments; LP & JPJ performed bioinformatics analysis of
the data and participated in discussion and interpretation of bioinformatics
data; KKS, AN, REC & MS analyzed the data, discussed the obtained results
and wrote manuscript; KKS, AN, REC, LP & JPJ worked out the figures and
tables. All authors read and approved the manuscript.

Ethics approval and consent to participate

Animal use protocol of this project was conducted in accordance with the
national guidelines and approved by the Local Ethics Committee at the
Jagiellonian University in Krakow, Poland (approval number 150/2013, 187/
2014 and 188/2014).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
'Department of Endocrinology, Institute of Zoology and Biomedical
Research, Jagiellonian University in Krakow, Gronostajowa 9 Street, 30-387


https://doi.org/10.1186/s40104-019-0340-y
https://doi.org/10.1186/s40104-019-0340-y
https://doi.org/10.1186/s40104-019-0340-y
https://doi.org/10.1186/s40104-019-0340-y
https://doi.org/10.1186/s40104-019-0340-y
http://www.ncbi.nlm.nih.gov/sra

Knapczyk-Stwora et al. Journal of Animal Science and Biotechnology

Krakow, Poland. 2Laboratory of Molecular Diagnostics, Faculty of Biology and
Biotechnology, University of Warmia and Mazury in Olsztyn, Olsztyn, Poland.
3Department of Animal Anatomy and Physiology, Faculty of Biology and
Biotechnology, University of Warmia and Mazury in Olsztyn, Olsztyn, Poland.
“Department of Plant Physiology, Genetics and Biotechnology, Faculty of
Biology and Biotechnology, University of Warmia and Mazury in Olsztyn,
Olsztyn, Poland. *Department of Physiology and Reproduction of Animals,
University of Rzeszow, Rzeszow, Poland.

Received: 23 November 2018 Accepted: 26 February 2019
Published online: 03 April 2019

References

1. Uzumcu M, Zachow R. Developmental exposure to environmental
endocrine disruptors: consequences within the ovary and on female
reproductive function. Reprod Toxicol. 2007;23:337-52.

2. Sweeney T. Is exposure to endocrine disrupting compounds during fetal/
post-natal development affecting the reproductive potential of farm
animals? Domest Anim Endocrinol. 2002;23:203-9.

3. Pepling ME. Follicular assembly: mechanisms of action. Reproduction. 2012;
143:139-49.

4. Monniaux D, Clément F, Dalbiés-Tran R, Estienne A, Fabre S, Mansanet C,
et al. The ovarian reserve of primordial follicles and the dynamic reserve of
antral growing follicles: what is the link? Biol Reprod. 2014;90:85.

5. Eppig JJ. Oocyte control of ovarian follicular development and function in
mammals. Reproduction. 2001;122:829-38.

6. Drummond AE. The role of steroids in follicular growth. Reprod Biol
Endocrinol. 2006;4:16.

7. Knight PG, Glister C. TGF-beta superfamily members and ovarian follicle
development. Reproduction. 2006;132:191-206.

8. Heemers HV, Tindall DJ. Androgen receptor (AR) coregulators: a diversity of
functions converging on and regulating the AR transcriptional complex.
Endocr Rev. 2007;28:778-808.

9. Cinar B, Mukhopadhyay NK, Meng G, Freeman MR. Phosphoinositide
3-kinase-independent non-genomic signals transit from the androgen
receptor to Akt1 in membrane raft microdomains. J Biol Chem. 2007,282:
29584-93.

10.  Walters KA, Allan CM, Handelsman DJ. Androgen actions and the ovary. Biol
Reprod. 2008;78:380-9.

11. Vendola KA, Zhou J, Adesanya OO, Weil SJ, Bondy CA. Androgens stimulate
early stages of follicular growth in the primate ovary. J Clin Invest. 1998;101:
2622-9.

12. Burek M, Duda M, Knapczyk K, Koziorowski M, Stomczynska M. Tissue-
specific distribution of the androgen receptor (AR) in the porcine fetus. Acta
Histochem. 2007;109:358-65.

13. Knapczyk-Stwora K, Durlej-Grzesiak M, Ciereszko RE, Koziorowski M,
Stomczynska M. Antiandrogen flutamide affects folliculogenesis during fetal
development in pigs. Reproduction. 2013;145:265-76.

14.  Knapczyk-Stwora K, Grzesiak M, Duda M, Koziorowski M, Stomczyriska M. Effect
of flutamide on folliculogenesis in the fetal porcine ovary - regulation by kit
ligand/c-kit and IGF1/IGF1R systems. Anim Reprod Sci. 2013;142:160-7.

15. Knapczyk-Stwora K, Grzesiak M, Ciereszko RE, Czaja E, Koziorowski M,
Slomczynska M. The impact of sex steroid agonists and antagonists on
folliculogenesis in the neonatal porcine ovary via cell proliferation and
apoptosis. Theriogenology. 2018;113:19-26.

16. Durlej M, Knapczyk-Stwora K, Duda M, Kopera-Sobota |, Hejmej A, Bilinska B,
et al. Prenatal and neonatal exposure to the antiandrogen flutamide alters
connexin 43 gene expression in adult porcine ovary. Domest Anim
Endocrinol. 2011;40:19-29.

17. Durlej M, Knapczyk-Stwora K, Stomczyriska M. Prenatal and neonatal
flutamide administration increases proliferation and reduces apoptosis in
large antral follicles of adult pigs. Anim Reprod Sci. 2012;132:58-65.

18. Rinn JL, Chang HY. Genome regulation by long noncoding RNAs. Annu Rev
Biochem. 2012,81:145-66.

19. Lanz RB, Razani B, Goldberg AD, O'Malley BW. Distinct RNA motifs are
important for coactivation of steroid hormone receptors by steroid receptor
RNA activator (SRA). Proc Natl Acad Sci U S A. 2002;99:16081-6.

20. Foster PM, Harris MW. Changes in androgen-mediated reproductive
development in male rat offspring following exposure to a single oral dose
of flutamide at different gestational ages. Toxicol Sci. 2005,85:1024-32.

(2019) 10:35 Page 14 of 15

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

Williams K, McKinnell C, Saunders PT, Walker M, Fisher JS, Turner KJ, et al.
Neonatal exposure to potent and environmental oestrogens and
abnormalities of the male reproductive system in the rat: evidence for
importance of the androgen-oestrogen balance and assessment of the
relevance to man. Hum Reprod Update. 2001;7(3):236-47.

Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illumina
sequence data. Bioinformatics. 2014;30:2114-20.

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR:
ultrafast universal RNA-seq aligner. Bioinformatics. 2013;29:15-21.

Pertea M, Pertea GM, Antonescu CM, Chang TC, Mendell JT, Salzberg SL.
StringTie enables improved reconstruction of a transcriptome from RNA-seq
reads. Nat Biotechnol. 2015;33:290-5.

Pertea M, Kim D, Pertea GM, Leek JT, Salzberg SL. Transcript-level expression
analysis of RNA-seq experiments with HISAT, StringTie and Ballgown. Nat
Protoc. 2016;11:1650-67.

Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley DR, et al. Differential
gene and transcript expression analysis of RNA-seq experiments with
TopHat and cufflinks. Nat Protoc. 2012,7:562-78.

Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15:550.

Leek JT, Johnson WE, Parker HS, Fertig EJ, Jaffe AE, Storey JD, et al. sva:
Surrogate Variable Analysis. R package version 3.24.4. 2017.

Huber W, Carey VJ, Gentleman R, Anders S, Carlson M, Carvalho BS, et al.
Orchestrating high-throughput genomic analysis with Bioconductor. Nat
Methods. 2015;12:115-21.

Gentleman RC, Carey VJ, Bates DM, Bolstad B, Dettling M, Dudoit S, et al.
Bioconductor: open software development for computational biology and
bioinformatics. Genome Biol. 2004;5:R80.

Reimand J, Arak T, Adler P, Kolberg L, Reisberg S, Peterson H, et al. G:
profiler-a web server for functional interpretation of gene lists (2016
update). Nucleic Acids Res. 2016;44:W83-9.

Snel B, Lehmann G, Bork P, Huynen MA. STRING: a web-server to retrieve
and display the repeatedly occurring neighbourhood of a gene. Nucleic
Acids Res. 2000,28:3442-4.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) method.
Methods. 2001;25:402-8.

Kretz M, Webster DE, Flockhart RJ, Lee CS, Zehnder A, Lopez-Pajares V, et al.
Suppression of progenitor differentiation requires the long noncoding RNA
ANCR. Genes Dev. 2012;26:338-43.

Angrand P-O, Vennin C, Le Bourhis X, Adriaenssens E. The role of long non-
coding RNAs in genome formatting and expression. Front Genet. 2015,6:165.
Wang H, Fu Z, Dai C, Cao J, Liu X, Xu J, et al. LncRNAs expression profiling
in normal ovary, benign ovarian cyst and malignant epithelial ovarian
cancer. Sci Rep. 2016,6:38983.

Liu X, Dai C, Jia G, Xu S, Fu Z, Xu J, et al. Microarray analysis reveals
differentially expressed INcRNAs in benign epithelial ovarian cysts and
normal ovaries. Oncol Rep. 2017;38:799-808.

Miki H, Okada Y, Hirokawa N. Analysis of the kinesin superfamily: insights
into structure and function. Trends Cell Biol. 2005;15:467-76.

Zhu C, Zhao J, Bibikova M, Leverson JD, Bossy-Wetzel E, Fan JB, et al.
Functional analysis of human microtubule-based motor proteins, the
kinesins and dyneins, in mitosis/cytokinesis using RNA interference. Mol Biol
Cell. 2005;16:3187-99.

Mayr IM, Hummer S, Bormann J, Gruner T, Adio S, Woehlke G, et al. The
human kinesin Kif18A is a motile microtubule depolymerase essential for
chromosome congression. Curr Biol. 2007;17:488-98.

Stumpf J, von Dassow G, Wagenbach M, Asbury C, Wordeman L. The
kinesin-8 motor Kif18A suppresses kinetochore movements to control
mitotic chromosome alignment. Dev Cell. 2008;14:252-62.

Huang Y, Yao Y, Xu HZ, Wang ZG, Lu L, Dai W. Defects in chromosome
congression and mitotic progression in KIF18A-deficient cells are partly
mediated through impaired functions of CENP-E. Cell Cycle. 2009;8:2643-9.
Wood KW, Chua P, Sutton D, Jackson JR. Centromere associated protein E: a
motor that puts the brakes on the mitotic checkpoint. Clin Cancer Res.
2008;14:7588-92.

Haraguchi K, Hayashi T, Jimbo T, Yamamoto T, Akiyama T. Role of the
kinesin-2 family protein, KIF3, during mitosis. J Biol Chem. 2006;281:4094-9.
Zhang C, Kuang M, Li M, Feng L, Zhang K, Cheng S. SMC4, which is
essentially involved in lung development, is associated with lung
adenocarcinoma progression. Sci Rep. 2016;6:34508.



Knapczyk-Stwora et al. Journal of Animal Science and Biotechnology (2019) 10:35

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Curry TE Jr, Osteen KG. The matrix metalloproteinase system: changes,
regulation, and impact throughout the ovarian and uterine reproductive
cycle. Endocr Rev. 2003;24:428-65.

Law RH, Zhang Q, McGowan S, Buckle AM, Silverman GA, Wong W, et al.
An overview of the serpin superfamily. Genome Biol. 2006;7:216.

Hayashi KG, Ushizawa K, Hosoe M, Takahashi T. Differential gene expression
of serine protease inhibitors in bovine ovarian follicle: possible involvement
in follicular growth and atresia. Reprod Biol Endocrinol. 2011,9:72.

Ambekar AS, Nirujogi RS, Srikanth SM, Chavan S, Kelkar DS, Hinduja |, et al.
Proteomic analysis of human follicular fluid: a new perspective towards
understanding folliculogenesis. J Proteome. 2013,87:68-77.

Janciauskiene S, Lindgren S, Wright HT. The C-terminal peptide of alpha-1-
antitrypsin increases low density lipoprotein binding in HepG2 cells. Eur J
Biochem. 1998;254:460-7.

Grzesiak M, Knapczyk-Stwora K, Ciereszko RE, Golas A, Wieciech |,
Slomczynska M. Androgen deficiency during mid- and late pregnancy alters
progesterone production and metabolism in the porcine corpus luteum.
Reprod Sci. 2014;21:778-90.

Wassarman PM, Jovine L, Litscher ES. A profile of fertilization in mammals.
Nat Cell Biol. 2001;3:59-64.

Topfer-Petersen E, Ekhlasi-Hundrieser M, Tsolova M. Glycobiology of
fertilization in the pig. Int J Dev Biol. 2008;52:717-36.

Burkart AD, Xiong B, Baibakov B, Jiménez-Movilla M, Dean J. Ovastacin, a
cortical granule protease, cleaves ZP2 in the zona pellucida to prevent
polyspermy. J Cell Biol. 2012;197:37-44.

Sachdev M, Mandal A, Mulders S, Digilio LC, Panneerdoss S, Suryavathi V, et
al. Oocyte specific oolemmal SAS1B involved in sperm binding through
intra-acrosomal SLLP1 during fertilization. Dev Biol. 2012;363:40-51.

Pires ES, Hlavin C, Macnamara E, Ishola-Gbenla K, Doerwaldt C, Chamberlain
C, et al. SAS1B protein [Ovastacin] shows temporal and spatial restriction to
oocytes in several eutherian orders and initiates translation at the primary
to secondary follicle transition. Dev Dyn. 2013;242:1405-26.

Starowicz A, Galas J, Duda M, Tabarowski Z, Szottys M. Effects of
testosterone and prolactin on steroidogenesis in post-ovulatory cumuli
oophori and on in vitro oocyte fertilisation in the rat. Reprod Fertil Dev.
2017;29:406-18.

Page 15 of 15

e fast, convenient online submission

 rapid publication on acceptance

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your research? Choose BMC and benefit from:

o thorough peer review by experienced researchers in your field
o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC




	Abstract
	Background
	Method
	Results
	Conclusions

	Background
	Methods
	Experimental design and sample collection
	Total RNA isolation and evaluation of RNA integrity
	Construction and sequencing of Illumina cDNA libraries
	Bioinformatic analysis of gene expression
	Functional enrichment analysis (GO and KEGG pathway)
	Identification, characterization and analysis of lncRNAs
	Real-time PCR

	Results
	The effects of flutamide on the transcriptome of the porcine neonate ovaries
	Functional classification of flutamide-affected genes
	Identification and characterization of lncRNAs in the ovarian transcriptome of porcine neonates
	Validation of selected DEGs and DELs by qRT-PCR

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References

