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PPARY regulates the expression
of genes involved in the DNA
damage response in an inflamed
endometrium

Karol Mierzejewski, tukasz Paukszto?, Aleksandra Kurzyriskal, Zuzanna Kunicka?,
Jan P. Jastrzebski?, Karol G. Makowczenko?, Monika Golubska® & Iwona Bogacka'**

Inflammation is a biological response of the immune system, which can be triggered by many factors,
including pathogens. These factors may induce acute or chronic inflammation in various organs,
including the reproductive system, leading to tissue damage or disease. In this study, the RNA-Seq
technique was used to determine the in vitro effects of peroxisome proliferator-activated receptor
gamma (PPARYy) ligands on the expression of genes and long non-coding RNA, and alternative splicing
events (ASEs) in LPS-induced inflammation of the porcine endometrium during the follicular phase of
the estrous cycle. Endometrial slices were incubated in the presence of LPS and PPARy agonists (PGJ,
or pioglitazone) and a PPARYy antagonist (T0070907). We identified 169, 200, 599 and 557 differentially
expressed genes after LPS, PGJ,, pioglitazone or T0070907 treatment, respectively. Moreover,
changes in differentially expressed long non-coding RNA and differential alternative splicing events
were described after the treatments. The study revealed that PPARYy ligands influence the LPS-
triggered expression of genes controlling the DNA damage response (GADD458, CDK1, CCNA1,
CCNG1, ATM). Pioglitazone treatment exerted a considerable effect on the expression of genes
regulating the DNA damage response.

Inflammation is a biological reaction to disrupted tissue homeostasis, caused by interactions between numer-
ous factors'. According to the World Health Organization (WHO), chronic inflammatory diseases affecting any
organ of the body constitute the greatest health problem and one of the leading causes of death in the world”.
Inflammation of the female reproductive organs occurs physiologically during the menstrual/estrous cycle, but
acute or chronic inflammations and bacterial infections contribute to infertility, endometrial polyps, miscar-
riage and diseases related to abnormal placentation'. Research has demonstrated that bacterial toxicity can be
triggered by lipopolysaccharide (LPS), an endotoxin present in the outer membrane of Gram-negative bacteria’.
Lipopolysaccharide induces the expression of genes regulating the production of cytokines, adhesion proteins
and enzymes involved in pro-inflammatory responses*. This endotoxin also triggers the release of reactive oxygen
species (ROS), reactive nitrogen species (RNS) and nitric oxide (NO)®.

Inflammation is self-limiting and usually subsides after harmful particles have been removed and tissue
repair is complete. However, prolonged homeostatic imbalance in tissues can ultimately lead to chronic inflam-
mation, increased macrophage recruitment, accelerated aging, apoptosis, unregulated growth and tissue repair.
Large quantities of persistent ROS produced by inflammatory cells can damage host cell macromolecules (DNA
as well as RNA, lipids, carbohydrates and proteins)®. To avoid the above deleterious events, cells have evolved
various DNA repair and DNA damage response (DDR) pathways to maintain genomic integrity. The following
mechanisms are usually triggered in response to oxidative DNA damage: (1) base excision repair (BER)/single-
strand break repair (SSBR), (2) nucleotide excision repair (NER), (3) mismatch repair (MMR), (4) homologous
recombination (HR), and (5) nonhomologous end joining (NHE])’. There is evidence to indicate that LPS leads to
DNA damage in mouse embryos and uterine cells during the preimplantation stage, resulting in poor embryonic
development and inadequate uterine horn preparation®.
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Inflammation-related abnormalities in the reproductive system have been frequently described in various
species”!’. In women, inflammations are manifested mostly by endometriosis, which is a chronic inflammatory
disease!®. It has been hypothesized that the pathogenesis of endometriosis involves bacterial contamination and
LPS from Escherichia coli (E. coli)". The continuous release of LPS from E. coli may increase the concentration of
LPS in menstrual blood and endotoxin levels in peritoneal fluid. The LPS/TLR4 complex induces pelvic inflam-
mation and promotes the growth and progression of endometriosis through intracellular adaptor molecules and
nuclear factor kappa B (NF-kB) light chain enhancers!'. Moreover, oxidative stress might promote the progression
of endometriosis through the activation of TLRs and the NF-kB signaling pathway'. It has also been reported
that due to high oxidative stress, endometriotic lesions are more sensitive to DNA damage, which contributes to
the accumulation of somatic mutations in various genes. In women with endometriosis, greater genomic damage
was observed in eutopic endometrial cells'% Research has also shown that DDR and DNA repair pathways are
impaired in ectopic lesions and eutopic endometrial cells'®.

Peroxisome proliferator-activated receptors (PPARs) belong to a family of nuclear receptors that act as tran-
scription factors regulating various biological processes such as inflammation and reproduction'*. Three isoforms
of PPAR—a, /8 and y—have been described to date'®. According to research, PPARY inactivation in mice leads
to embryonic death due to abnormal placental angiogenesis and severe developmental damage'®'”. In addition,
the knockout of PPARy compromises trophoblasts differentiation and placental maze development'®. The role of
PPARy in the inflammatory response has attracted considerable attention in recent years'*?’. Generally, PPARy
ligands inhibit NF-kB activity during the inflammatory process®. They also stimulate the expression of various
antioxidant enzymes and decrease ROS concentrations®'. PPARy ligands have also been reported to affect pro/
anti-inflammatory cytokines in the reproductive system.

Our recent studies have shown that PPARY is engaged in the synthesis of inflammatory mediators in the
porcine endometrium under physiological conditions (during the luteal phase of the estrous cycle and early
pregnancy)’. We have also demonstrated that PPARY is involved in LPS-stimulated inflammation of the porcine
endometrium during the mid-luteal phase of the estrous cycle?>. PPARy blocking by a specific antagonist exerted
pro-inflammatory effects, and this mechanism involved various intracellular pathways, including the cellular
response to IL-1, cell migration and granulocyte chemotaxis. The aim of the present study was to investigate the
in vitro effect of PPARYy ligands (natural or synthetic agonists and an antagonist) on the transcriptome profile
of the porcine endometrium during LPS-induced inflammation in the follicular phase of the estrous cycle (days
18-20). The effect of PPARYy ligands on alternative splicing events (ASEs) and long non-coding RNA (IncRNA)
expression was also analyzed.

Results

RNA sequencing data. RNA sequencing data were prepared for 20 cDNA libraries. They comprised con-
trol samples (n=4; untreated), LPS (n=4), 15d-prostaglandin J, (n=4; natural PPARy agonist; PGJ,), pioglita-
zone (n=4; synthetic PPARy agonist; PIO) and T0070907 (n=4; PPARY antagonist; T). The sequencing analysis
generated 1 114 235 534 raw paired-end reads, with an average of 55.71 million read pairs per sample. The
filtered reads were mapped to the Ss11.1.98 version of the porcine genome with an average mapping rate of
93.06%. The analysis revealed that nearly 53.64% of the read pairs were mapped to coding sequences, 6.58% were
mapped to introns, 24.67% were mapped to untranslated regions, and the remaining 15.11% were mapped to
intergenic regions. Sequencing data and the process of mapping the reads to a reference genome are presented
in Tables S1 and S2 in the Supplemental Materials. Volcano plots illustrate changes in gene expression in the
LPS-treated group versus the control (untreated) group, as well as in the groups treated with PPARy ligands
(PG]J, or PIO or T) versus LPS (Fig. 1). Circular heatmaps present differentially expressed genes (DEGs) (Fig. 2).
Differences in the percentage of splicing inclusion (APSI) values in the above comparisons are presented in the
volcano plots of ASEs (Fig. 3).

The effect of LPS treatment on differential gene expression in the endometrium.  An analysis
of DEGs (FDR<0.05%) revealed a total of 169 protein-coding genes in the LPS treatment group compared
with the untreated group. A total of 115 overexpressed and 54 underexpressed DEGs were identified. The Gene
Ontology (GO) annotation of biological processes (BP) contains 36 terms, whereas 14 ontology terms have
been classified as molecular functions (MF) and 4 terms as cellular components (CC) (Fig. 4). Detailed results
of DEG and GO analyses are presented in Tables S3 and S4 in the Supplemental Materials. The responses of
endometrial slices to LPS treatment indicate that five genes (CXCL9, CXCL10, CXCL11, CCL19 and CXCLI12)
are involved in chemokine activity. The above DEGs and 40 other genes (including CCL5, CCL19, IL34, IDO1
and CASP1) encode proteins involved in immune system processes. Moreover, LPS treatment of endometrial
tissues induced changes in the expression of genes regulating defense (28 DEGs) and inflammatory (14 DEGs)
responses. The induction of endometrial toxicity was associated with the production of cytokines which trig-
ger the transcriptional mechanism that regulates inflammation. In the group of genes encoding the response to
cytokines, 12 DEGs were upregulated (IRF7, ICAM1, ACKRI, IL34, ISG15, UBD, CXCL10, CXCL11, CASPI,
CCR7, CCL5 and CXCL12), whereas five DEGs were downregulated (TREM2, PDE2A, SPOCK2, APOA1 and
ENSSSCG00000006418). Moreover, seven DEGs (ENSSSCG00000006380, IL34, CXCL10, VEGFD, CCR7, CCL5
and CXCL12) were involved in the regulation of leukocyte chemotaxis, whereas 41 DEGs (including TAPI,
TREM?2, PTGES, SFRP2, CASP1, APOA1, PDK3 and ACOD1) were engaged in stress responses. Eighteen DEGs
were assigned to four significant signaling pathways (KEGG). In this group, CCL22, CXCL9, CXCL10, CXCL11,
ENSSSCG00000036445, CCL19, CCR7, CCL5 and CXCL12 were assigned to the chemokine signaling pathway.
In addition to DEGs, 24 DEIncRNAs were also identified in endometrial tissues after LPS administration. The
correlation analysis revealed that ENSSSCG00000041052 (protein-coding gene) was the only DEG that was
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Figure 1. Volcano plots describing the abundance of transcript expression profiles after LPS treatment (A);

the impact of PPARy agonists—PGJ, (B) or pioglitazone (C) and antagonist (D) on LPS action in endometrial
tissue. Logarithmic fold changes in expression (log,FC) are plotted on the X-axis against normalized adjusted
p-values (Y-axis). The sharp horizontal line denotes the negative logarithmic adjusted p-value (0.05) cut-

off. Sharp vertical lines denote the fold change cut-oft (absolute value of log,FC > 1). Points represent gene
expression values, where green (underexpressed) and red (overexpressed) points denote significant genes
(adjusted p-value <0.05). Grey dots indicate non-significant genes. The plots were generated in base and ggplot2
R bioconductor software.

expressed similarly to three IncRNAs (underexpression, r?>0.9) after LPS treatment (Fig. 2A). Detailed results
of the DEIncRNA analysis are presented in Table S5 in the Supplemental Materials.

The effect of PPARy agonists on differential gene expression in LPS-treated endome-
trium. The influence of two PPARy agonists on the gene expression profile of LPS-treated endometrium was
determined in this part of the study. The incubation of endometrial tissues in the presence of PGJ, or pioglita-
zone upregulated the expression of 181 and 476 genes, respectively, and downregulated the expression of 19
and 123 genes, respectively, relative to the LPS-treated group. In the GO analysis, DEGs were assigned to 57 BP
terms, 4 MF terms and 1 CC term after PGJ, treatment, and to 67 BP terms, 3 MF terms and 2 CC terms after
pioglitazone treatment (Fig. 4). In the PGJ,-treated group, seven DEGs (EGRI, IGF1, ZC3HI12A, IL6, TNFAIP3,
CCL3L1 and GHSR) were engaged in the production of interleukin-1 beta, and 27 genes (including IDOI, SER-
PINEL, IL1A, RSAD2, ADAR, NFKBIA, TNFAIP3, MAP3K14 and TRIMS etc.) encoded defense responses. Most
of these genes were upregulated. Moreover, eight upregulated genes (CSF2, IL1f, NFKBIA, CXCL8, CXCL2,
IL6, TNFAIP3 and CSF3) were implicated in the IL-17 signaling pathway (KEGG:04,657). Pioglitazone treat-
ment of the LPS-inflamed endometrium induced changes in the expression of 11 genes (BMP2, CSF2, CSF1,
ENSSSCG00000024759, EDN1, TNF, IL25, IL6, CCL3L1, WNT5A and THPO) that regulate cytokine activity.
The identified DEGs were also engaged in vasculature development (34) and apoptotic processes (70). Seven
upregulated genes (PMAIP1, GADD45B, SERPINE1, APAFI, SESN3, GADD45G and ENSSSCG00000010448)
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Figure 2. Circular heatmaps presenting the associations between differentially expressed genes (DEGs) and
differentially expressed long non-coding RNAs (DEIncRNAs) in endometrial tissues treated with LPS (A),
PPARYy agonists—PG]J, (B) or pioglitazone (C) and antagonist (D). Each circle consists of eight upper tracks
presenting the normalized (Z-score; red-green scale) expression profiles for DEGs and DEIncRNAs in two
separate blocks. The middle tracks describe the expression of upregulated (red) and downregulated (blue) genes
in the each compared group. The innermost track presents the correlations between the co-expressed DEGs and
DEIncRNAs, where blue links depict positive correlations (>0.9) and orange links depict negative Euclidean
correlations (< - 0.9). The plots were generated in circlize R bioconductor software.

and three downregulated genes (CCNGI, TP5313 and CDK1) were implicated in the p53 signaling pathway
(KEGG:04,115). Detailed results of DEG and GO analyses are presented Tables S3 and S4 in the Supplemental
Materials, respectively.

The treatment of endometrial tissues with PPARYy agonists induced changes in the expression of 35 IncRNAs
exposed to PGJ, and 109 IncRNAs exposed to pioglitazone. After PGJ, treatment, 22 noncoding transcripts were
correlated with DEGs (Fig. 2B). In the pioglitazone-treated group, 69 DEIncRNAs were bound by a strong positive
correlation (r?>0.9) with DEG expression (Fig. 2C). Moreover, 18 common DEIncRNAs were correlated with
DEGs after exposure to both agonists. In one case, ENSSSCG00000051243 (protein-coding gene) was negatively
correlated (r? <—0.9) with IncRNA—ENSSSCG00000050854 (Fig. 2B). Detailed results of the DEIncRNA analysis
are presented in Table S5 in the Supplemental Materials.

The effect of the PPARy antagonist on differential gene expression in LPS-treated endome-
trium. The effect of the PPARy antagonist on the gene expression profiles of LPS-treated endometrium was
determined in this part of the study. A total of 557 DEGs were identified (adjusted p-value <0.05). Of those,
452 were upregulated and 105 were downregulated. In a functional cluster analysis, DEGs were annotated to
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Figure 3. Circos plots presenting selected Gene Ontology processes and KEGG pathways associated with
differentially expressed genes (DEGs) engaged in the responses to LPS (A), PPARy agonists PGJ, (B) or
pioglitazone (C) and antagonist (D) in endometrial tissue. Logarithmic values (blue-red scale) represent the fold
change (logFC) of DEGs. Five-color links combine gene symbols (left) with the most important GO and KEGG
annotations (right). The plots were generated in the GOplot R bioconductor software.

54 BP GO terms and six CC GO terms, as well as six signaling pathways in the KEGG database (Fig. 3). These
DEGs were engaged in apoptosis regulation, RNA splicing, cell death and other processes. The GO analysis
revealed that the genes involved in the regulation of apoptosis (including RTKN2, CHST11, ZNF473, PTGIS
and CD44) and cell death (including PIK3R1, CSF2, DOCKS, IGF1, GADD45G and DAPKI etc.) were mostly
overexpressed. In addition, 11 upregulated genes (PIK3R1, CSF2, IL1B, ENSSSCG00000006286, MLKL, EDN1,
CXCL2, IL6, TNFAIP3, MAP3K14 and ENSSSCG00000010448) were implicated in the TNF signaling pathway
(KEGG:04,668). Detailed results of DEG and GO analyses are presented in Tables S3 and S4, respectively, in the
Supplemental Materials. In endometrial tissues incubated in the presence of LPS and the PPARy antagonist, the
expression of 89 IncRNAs increased and the expression of 16 IncRNAs decreased. In the group of DEIncRNAs,
81 unique transcripts were positively correlated with 220 DEGs (Fig. 2D). Thirty-two DEIncRNAs were specific
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Figure 4. Volcano plot presenting the abundance of alternative splicing events (ASEs) in each experimental
comparison: (A) LPS versus controls; (B) PGJ, versus LPS, (C) pioglitazone versus LPS; (D) T0070907 versus
LPS. The APSI values of each ASE are presented on the X-axis, and the negative logarithmic adjusted p-value is
presented on the Y-axis. Horizontal lines are equal to the negative logarithmic value of the adjusted p-value cut-
off (0.05). Colored dots represent different types of significant DASEs (adjusted p-value < 0.05), and grey dots
represent non-significant ASEs. The most interesting DASEs are labeled with gene symbols. The plots generated
in maser bioconductor software.

to endometrial tissues exposed to the PPARy antagonist and were not identified in other groups. Detailed results
of the DEIncRNA analysis are presented in Table S5 in the Supplemental Materials.

The effect of LPS treatment on differential alternative splicing events in the endome-
trium. The reads were aligned to the target genome to evaluate differences in the percent spliced-in (PSI)
value. A total of 130 differential alternative splicing events (DASEs), including 86 protein-coding genes, were
identified. The DASEs were allocated to the following alternative splicing types: seven—alternative 3’ splice site
(A3), eight—5' splice site (A5SS), 56—alternative first exon (AFE), two—alternative last exon (ALE), five—
mutually exclusive exon (MXE), 10 - retention intron (RI) and 42—skipping exon (SE). Differential alternative
splicing events are presented in Table S6 in the Supplemental Materials. The GO analysis demonstrated that the
Fc gamma R-mediated phagocytosis pathway was regulated by alternative splicing. Five DAS genes (CFL2, CFLI,
GAB2, LIMKI and AKTI) were involved in this signaling pathway (KEGG:04,666). Moreover, the presence
of the hypoxia-inducible factor (HIF1a; APSI=0.16; AF) and prostaglandin-endoperoxide synthase 2 (PTGS2;
APSI=0.11; AF), which are engaged in the response to LPS, indicates that LPS treatment increased the inclusion
level of AFEs in both genes. Two biomarkers (PTP4A3; APSI=—0.12; SE and DUSP5; APSI=-0.14; RI) of DNA
damage revealed that the PSI value decreased in the LPS-treated group. Additionally, multiple AFEs in PEPD
(APSI=-0.5: AF), PDP2 (APSI=-0.42: AF) and BCAR3 (APSI=0.20; AF) genes were modulated by LPS. All of
the above genes play a crucial role in the response to oxidative stress.
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Figure 5. Sashimi plot (quantitative visualization) of differential alternative splicing events (DASEs) in the
SOD2 gene. Upper colored tracks represent the experimental conditions within mutually exclusive exons
(MXEs). The numbers on curved lines indicate the number of counts for each splice junction. The middle track
depicts the genomic coordinates of DASEs on the chromosome. The bottom tracks represent exons engaged in
DASEs. The plot was generated in ggsashimi Python script.

The effect of PPARy agonists on differential alternative splicing events in LPS-treated endo-
metrium. A total of 172 and 211 DASEs were identified in endometrial tissues treated with PGJ, and piogl-
itazone, respectively. The identified DASEs were allocated to the following splicing types: 10—A3, 8—AS5, 46—
AFE, 7—ALE, 6—MXE, 22—RI and 73—SE after PGJ, treatment, and 19—A3, 8—A5, 58—AFE, 10—ALE,
8—MXE, 30—RI and 78—SE after pioglitazone treatment. Changes in PSI values were observed in 114 and 141
protein-coding genes after PGJ, and pioglitazone treatment, respectively. The analysis demonstrated that PGJ,
participated in 96 splicing events and pioglitazone participated in 116 splicing events with a higher value of
PSI (APSI>0.1). The GO and KEGG pathway enrichment analysis revealed that none of the DAS genes in the
compared treatments were significantly enriched. Ninety-three DASEs were common for PGJ, and pioglitazone
treatments. However, a number of DAS genes play a crucial role in the regulation of oxidative stress. The study
revealed changes in ASEs in PRDX2 (APSI=-0.75; RI) and SOD2 (APSI =0.24; MX) under exposure to piogl-
itazone (Fig. 5). CLDNDI (APSI=-0.36; SE) and PIGT (APSI=0.42; SE) were identified only in endometrial
tissues treated with PGJ,. The remaining oxidative stress biomarkers (GJAI, ASS1, HIFI1A, TTLL10, TATDNI)
changed alternative splice-sites after the administration of both agonists. Detailed results of the DAS analysis are
presented in Table S6 in the Supplemental Materials.

The effect of PPARy antagonist on differential alternative splicing events in LPS-treated
endometrium. A total of 200 DASEs were identified, including 13—A3, 12—A5, 50—AFE, 16—ALE,
four—MXE, 35—RI and 70—SE. The antagonist treatment evoked 108 splicing events with a higher inclusion
level (APSI>0.1) and 92 splicing events with a lower inclusion level (APSI<0.1). The greatest changes in the
alternative splicing ratio were noted in PPPIR21 (APSI=0.75; AL) and GJBI (APSI=0.59; AF), whereas the
lowest inclusion levels were observed in SEC24B (APSI=-0.75; AF) and ERI3 (APSI=-0.65; AL). A second
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DASE was observed in both genes: AFE (APSI=-0.37) in SEC24B and ALE (APSI=-0.43) in ERI3. A functional
clustering analysis revealed that in endometrial tissues exposed to the PPARy antagonist, DAS genes were anno-
tated to four CC GO terms associated with intercellular anatomical structures (92 DAS genes) and intercellular
organelles (79 DAS genes). Differential alternative splicing events involved in the regulation of apoptosis, i.e.,
BCL9 (APSI=-0.22, AS; APSI=-0.22, A3) and PIK3RI (APSI=0.02; SE), were also identified. It should also be
noted that the PPARY antagonist changed the ASEs of PRDX2 (APSI=-0.5; RI) in the same manner as pioglita-
zone. After exposure to the PPARy antagonist, the genes (HSBP1LI—APSI=-0.16, MED25—APSI=-0.11 and
SEC24B—APSI=-0.75, APSI=-0.37) annotated to GO terms associated with DNA damage and the response to
oxidative stress were characterized by lower PSI values in the first and last exons. A somewhat higher potential
for intron retention was noted only in NQO2 (-APSI=0.11, RI) Detailed results of the DAS analysis are presented
in Table S6 in the Supplemental Materials.

Real-time PCR validation. To validate the results of RNA-Seq, two DEGs (CCL5, CCLI9) in the LPS-
treated group and the untreated group, and four DEGs (CDK1, CCNA1, CCNGI1, TNFAIP3) in the PPARy-
treated group and the LPS-treated group were selected for real-time PCR. The real-time PCR expression patterns
of the tested DEGs were in agreement with RNA-Seq results (Fig. 1 in the Supplemental Materials).

Discussion

Acute or chronic inflammations and bacterial infections in the female reproductive system contribute to infertil-
ity, endometrial polyps, miscarriage and diseases associated with abnormal placentation'. According to a growing
number of researches, effective therapies are needed to modulate endometrial immune functions?**. To address
this problem, this study was undertaken to determine the potential role of PPARy ligands in the regulation of
inflammatory processes in the endometrium. To the best of our knowledge, this is the first study to comprehen-
sively analyze the in vitro effect of PPARy ligands on LPS-induced inflammation of the porcine endometrium
during the follicular phase of the estrous cycle (high estrogen levels, low progesterone levels).

Interestingly, the gene expression profile in LPS-treated endometrium was different in the follicular phase
(current study) and the mid-luteal phase of the estrous cycle?. In our previous study, 222, 3, 4, and 62 DEGs
were identified after treatment with LPS, PGJ,, pioglitazone or T0070907, respectively. Significantly more genes
were identified in the present study, which could be attributed to differences in sex steroid levels in various
phases of the estrous cycle (high in the mid-luteal phase). Progesterone suppresses the innate immune function
of the endometrium®.

In the present study, 169 DEGs were identified in the porcine endometrium after in vitro treatment with
LPS, including 115 upregulated and 54 downregulated genes. The group of overexpressed genes included genes
encoding proinflammatory chemokines CCL5, CCL19, CCL22, CXCL9, CXCL10, CXCL11, CXCLI12 and CXCLI3.
These chemotactic cytokines coordinate the positioning of cells, including immune system cells. Chemokines
CXCLY9, CXCL10, CXCL11, CXCL12, CXCL13 are regarded as inflammatory biomarkers in different tissues?.
In turn, CCL5 induces the in vitro migration and recruitment of T cells, dendritic cells, eosinophils, NK cells,
mast cells and basophils, whereas CCL19—expressed constitutively—regulates lymphocytes and dendritic cells?’.
Chemokine CCL22 induces the migration of CCR4+, Th2 and Treg cells?®. All of the above chemokines have
been found to be overexpressed upon LPS stimulation?®*. Our previous study revealed that the use of LPS in the
proposed experimental model induced an inflammatory response in the porcine endometrium.

In the current study, PPARy ligands influenced the transcriptome in the porcine endometrium after LPS-
induced inflammation during the follicular phase of the estrous cycle. PPARy agonists, PGJ, or pioglitazone,
increased the expression of 181 and 476 genes, but decreased the expression of 19 and 123 genes, respectively.
After T0070907 treatment, 452 DEGs were upregulated and 105 DEGs were downregulated. Only the most
interesting genes are discussed below.

The study revealed an interesting relationship between PPARYy ligands and the expression of genes involved in
DNA damage response, such as GADD453, CDK1, CCNG1, CCNA1 and ATM. LPS stimulates the production of
ROS, RNS and NO>* which contribute to DNA damage in different types of cells, including the endometrium®.
Certain repair mechanisms are initiated in response to DNA damage, including the activation of the DNA damage
checkpoint that arrests cell cycle progression®'. GADD45p (growth-arrest and DNA-damage inducible 45 beta)
seems to be a particularly interesting gene in the context of DNA damage response, regulation of inflammation
and reproductive pathologies. GADD45p belongs to the GADD45 family whose members participate in the
expression of genes regulating cell cycle checkpoint control, apoptosis, cell damage and other processes regulating
cell growth. It has been reported that GADD45p plays an important role in G2/M arrest*** by inhibiting CDK1
activity and arresting the cell at the G2/M checkpoint®***. Furthermore, Jiang et al. (2016) found a link between
GADD45p and NF-E2-related factor 2 (NRF2), an antioxidant transcription factor that protects cells from
ROS-induced damage by modulating the expression of cytoprotective and antioxidant genes. NRF2-GADD45(
protects human embryonic kidney HEK293 cells against antimony-induced oxidative stress and apoptosis®.
Additionally, GADD45 regulates various immunological processes because GADD45p-deficient dendritic cells
produce less IFN-y upon stimulation with LPS*. The recruitment of myeloid cells to the peritoneal cavity was
also impaired after an LPS injection in mice lacking GADD45a or GADD45p%. The absence of GADD45p
influences the in vitro differentiation of bone marrow cells into macrophage or granulocyte lineages®®. It should
also be noted that GADD45 can regulate the process of autophagy via the GADD453-MEKK4-p38 signaling
pathway****. GADD453 mRNA has been identified in human and rodent reproductive tissues**2. Significant
differences in GADD458 mRNA abundance were observed between women with chronic endometritis and
healthy individuals®. Since endometriosis can be associated with a reduced level of autophagy, GADD45p can
participate in the pathogenesis of endometriosis***. Autophagy is a DNA damage response that plays a crucial
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role in cell survival. This catabolic pathway is activated when cells are deficient in nutrients. Impaired and defec-
tive autophagy increases the susceptibility of cells to DNA damage and chromosomal instability*6*.

The results of this study indicate that pioglitazone upregulated GADD45f3 expression in LPS-treated porcine
endometrium. To the best of our knowledge, this relationship has never been previously observed in reproductive
tissues, however various PPARY agonists have been reported to stimulate GADD45 gene or protein expression in
human coronary artery smooth muscle cells (HCSMC)* and cholangiocarcinoma cells®. The activation of PPARy
promoted apoptosis and growth arrest at the G2/M checkpoint. We hypothesize that pioglitazone, via GADD45,
could affect the DNA damage response during LPS-induced inflammation of the porcine endometrium. This
influence could be mediated by CDK1 because pioglitazone inhibited CDK1 expression. These findings elucidate
the potential mechanisms by which PPARy controls the cell cycle in an inflamed endometrium.

Cyclin-dependent kinases (CDKs) contain a specific catalytic core and cooperate with cyclins (regulatory
subunits) that control kinase activity and substrate specificity. In the present study, PPARy antagonist T0070907
inhibited the expression of cyclin A1 (CCNAI). CCNAL1 levels are low in the GO phase and increase in the early
G1 phase®®. CCNAL1 is involved in G1 to S progression in somatic cells and plays an anti-apoptotic role in the
DNA damage response®*. Moreover, CCNA1 is strongly involved it the regulation of cancer progression and is
consistently overexpressed in recurrent and chemoresistant tumors and cancer cell lines®***. It has been reported
that the expression of cyclin Al was sufficient to enhance paclitaxel resistance, whereas the siRNA-induced
decrease in cyclin Al expression in the ovarian carcinoma cell line sensitized cells to paclitaxel cytotoxicity®*. The
present study demonstrated that CCNA1 expression in LPS-stimulated porcine endometrium decreased when
PPARY was blocked by the antagonist. Although this study did not explore a tumor model, the presented results
open up new avenues for research on cancer and various pathologies, as well as PPARy activity and CCNA1.

ATM kinase is considered a master regulator of the cellular response to DNA double-strand breaks (DSBs),
and it protects the integrity of the genome in mammalian cells by regulating the activation of cell cycle
checkpoints®. For instance, ATM activation by ROS promotes endothelial proliferation by suppressing the
accumulation of ROS through a feedback mechanism in a model of ischemic retinopathy’. Interestingly, PPARy
blocking with a specific antagonist in an LPS-stimulated endometrium upregulated the expression of ATM. ATM
is activated in response to oxidative stress, and PPARy blocking intensified this process*®.

In the current study, the PPARy agonist pioglitazone inhibited CCNGI expression in an LPS-stimulated
porcine endometrium. Cyclin G1 has been found to act as oncogenic protein, and it was overexpressed in vari-
ous types of uterine, ovarian, cervical and breast tumors®’. Cyclin G is also involved in G2/M arrest in response
to DNA damage, and it facilitates TNF-induced apoptosis™. To the best of our knowledge, only a single study
reported on a significant decrease in cyclin G1 protein levels, without changes in the levels of the correspond-
ing mRNA, in PPARy —/- and PPARy +/+ embryonic stem cells exposed to thiazolidinediones (troglitazone,
ciglitazone)®®. Therefore, the cited results are only partially consistent with our findings. However, this discrep-
ancy could be attributed to differences in the analyzed tissues/PPARYy ligands or the duration of in vitro cul-
tures. Surprisingly, in the current study, both PPARY ligands (agonist and antagonist) exerted similar inhibitory
effects on the abundance of cyclin G1 mRNA. Such phenomena were frequently noted by our team and other
researchers'”?. Several explanations are possible, but the most likely one is that intracellular metabolic pathways
are activated independently of PPARYy. It should also be noted that some molecules, such as PGCla, are capable
of ligand-independent binding and activating PPARy*.

The current study provided new information on ASEs in the porcine endometrium treated with LPS and
PPARy ligands. A total of 130 DASEs were identified after LPS administration, whereas 172 and 211 DASEs were
identified after PGJ, or pioglitazone treatment, respectively. Moreover, 200 DASEs were identified after T0070907
treatment. The ASEs in genes encoding PRDX2 and SOD2 are particularly interesting. Both genes are involved
in antioxidant reactions that are crucial for the proper course of many physiological processes®. An imbalance
between ROS and anti-oxidative defense mechanisms induces intracellular oxidative stress and may contribute
to disease and cancer progression. Enzymatic and non-enzymatic antioxidants make up a highly effective system
that protects cells against ROS-induced oxidative stress®. This group of cell protectants includes peroxiredoxins
(PRDXs) which regulate hydrogen peroxide levels and influence the signal transduction pathways induced by
cytokines®!. Mitochondrial superoxide dismutase (SOD2) belongs to the first line antioxidant defense system
and catalyzes the conversion of the superoxide radical (O2- -) into hydrogen peroxide (H,0O,). The expression of
this antioxidant enzyme was higher in an ectopic than a normal endometrium®. There is evidence to suggest that
ROS regulate various physiological processes, such as oocyte maturation, ovulation, follicular and luteal steroi-
dogenesis, implantation, and early embryonic development®. Research has demonstrated that ROS-scavenging
enzymes are involved in uterine physiology, but the role of ROS and antioxidant enzymes in endometrial func-
tions has not been fully elucidated and future research is required®.

Long non-coding RNAs (IncRNAs) are non-coding genetic transcripts with a length of more than 200 nucleo-
tides. Recent evidence indicates that IncRNAs participate in the regulation of various biological processes, such
as tumor initiation, growth and metastasis, by initiating epigenetic, transcriptional and post-transcriptional
mechanisms®. In this study, 25 IncRNAs were expressed after LPS treatment, whereas 109, 35 and 105 IncRNAs
were expressed after treatment with pioglitazone, PGJ, and T0070907, respectively. A comprehensive analy-
sis of IncRNA profiles after pioglitazone treatment revealed the presence of ENSSSCG00000047709 and ENS-
SSCG00000042682 that positively regulated SMAD family member 7 (SMAD?). SMADs can act as transcription
factors and central mediators in the canonical TGF-p signaling pathway®. SMAD? is a potent modulator of the
TGEF-p family. SMAD?7 has been found to inhibit TGF- and BMP signaling through a negative feedback mecha-
nism by blocking the activity of a type I receptor. SMAD7 expression is extensively regulated at the RNA level
by noncoding RNAs (ncRNAs), such as microRNAs (miRNAs), circular RNAs (circRNAs) and long noncoding
RNAs (IncRNAs)%. In addition to its inhibitory effect on TGFp1 signaling, SMAD?7 regulates the expression and
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function of several molecules involved in inflammation control. Moreover, it has been reported that SMAD7
protects against acute kidney injury by rescuing the G1 cell cycle arrest of tubular epithelial cells®’.

Conclusions

The in vitro effect of PPARy ligands on the global transcriptome profile of an inflamed porcine endometrium
during the follicular phase of the estrous cycle was described comprehensively in this study. The study demon-
strated that PPARY is involved in various immunological processes, including IL-1p production, IL-17 signaling
pathway and defense response. Most of the described DEGs have been assigned to the p53 signaling pathway.
The observation that pioglitazone regulates the expression of genes encoding the DNA damage response to stress
conditions makes a valuable contribution to the existing body of knowledge. These findings open up new avenues
for research on PPARy mechanisms that control reproductive functions during inflammation.

Materials and Methods

Animals. The study was conducted on crossbred pigs (Large White x Polish Landrace) on days 18-20 of
the estrous cycle (follicular phase; n=4). The animals were aged 7-8 months, weighed approximately 100 kg,
and were reared in a private farm. After slaughter, uterine horns were dissected, and the collected tissues were
transported on ice in phosphate-buffered saline (PBS) with antibiotics: 100 IU/mL of penicillin and 100 mg/
mL of streptomycin (Polfa Tarchomin, Warsaw, Poland). The experimental material was collected in accordance
with the national guidelines for animal care as well as ARRIVE guidelines. All procedures were approved by the
Animal Ethics Committee of the University of Warmia and Mazury in Olsztyn, Poland.

In vitro experiment. The procedure for collecting and incubating porcine endometrial tissue has been
described previously®®. In the laboratory, the endometrium was separated from the myometrium, washed with
sterile PBS containing antibiotics, and placed on ice in a sterile Petri dish. Tissue slices (100 + 10 mg, collected in
one piece in duplicate from each animal) were incubated in the M199 medium (Sigma-Aldrich, St. Louis, MO,
USA) supplemented with 0.1% BSA fraction V (Roth, Germany) and antibiotics: nystatin (120 IU/mL, Sigma-
Aldrich) and gentamicin (40 mg/mL; Sigma-Aldrich). The explants were pre-incubated for two hours on a rock-
ing platform in a water bath at 37 °C in an atmosphere of 95% O, and 5% CO, After incubation, the explants
were treated with LPS (100 ng/ml, from Escherichia coli) for 24 h. Explants not treated with LPS were the control.
The medium was removed, and the explants were incubated in an LPS-free medium for 6 h with PPARy ligands:
15-deoxy-A12,14-prostaglandin J, (PGJ,; natural agonist; 10 pmol/L, Enzo Life Sciences Int., New York, NY,
USA), pioglitazone (PIO; synthetic agonist; 1 umol/L, Cayman Chemical Company, Ann Arbor, MI, USA), and
T0070907 (T; antagonist; 1 pmol/L, Cayman Chemical Company). The control additionally contained dimethyl
sulfoxide (DMSO, solvent for the tested PPAR ligands, total volume of 20 pl). The doses of the tested factors were
selected based on the results of our preliminary study and literature data®7°. After incubation, tissue explants
were washed with PBS and frozen at — 80 °C for total RNA isolation. Tissue slices were stored until RNA-Seq and
real-time PCR analysis.

RNA isolation, library preparation and sequencing procedure. Total RNA from 20 samples (4
pigs x 5 treatments) was isolated with the RNeasy Mini Kit (Qiagen, Germany) according to the manufacturer’s
protocol. The purity and concentration of the isolated RNA was measured with the Tecan Infinite M200 plate
reader (Tecan Group Ltd., Switzerland). Sample degradation was evaluated in the Agilent Bioanalyzer 2100 (Agi-
lent Technology, USA). Twenty RNA samples with an RNA Integrity Number (RIN) > 7 were selected for future
analysis. The library preparation and sequencing procedure was described previously??. In brief, the library
was prepared with the TruSeq Stranded mRNA LT Sample Prep Kit (Illumina, San Diego, CA, USA). Genetic
material was fragmented, and RNA was transcribed into cDNA using reverse transcriptase. Fragments of dou-
ble-stranded cDNA were marked with specific adapters for each library. The generated cDNA fragments were
strand-specific. Finally, pooled libraries were sequenced on the Illumina NovaSeq 6000 platform with 2 x 150 bp
paired-end (PE) chemistry.

Quality controlsand genome mapping. The quality of raw paired-end reads was controlled with FastQC
and Trimmomatic, and sequences were processed to (a) minimum length > 120 bp, (b) PHRED score > 20, (c)
cropped to equal length. High-quality trimmed reads were aligned to the Sus_scrofa 11.1 genome assembly
with reference to the ENSEMBL annotation (release 98) using the Spliced Transcripts Alignment to a Reference
(STAR) aligner. Mapping results were indexed and sorted by coordinates. Gene expression values (read counts)
were reconstructed by compiling ballgown files and the prepDE.py script. Sequencing data (PRJEB45635) were
submitted to the European Nucleotide Archive (ENA).

Differentially expressed genes. An analysis of DEGs and the corresponding false discovery rate
(FDR <0.05) was performed using DESeq2. Changes in the gene expression pattern in the porcine endometrium
on days 18-20 of the estrous cycle after in vitro treatment with LPS and/or PPARy ligands (agonists: 15d-pros-
taglandin J, (PG]J,) or pioglitazone (PIO); and antagonist T0070907 (T)) were determined by high-throughput
transcriptome sequencing. The transcriptomic effects of treatment with LPS and PPARy ligands were examined
in four comparisons: LPS versus control, PGJ, versus. LPS, PIO versus LPS, and T versus LPS. Additionally,
fragments per kilobase of transcript per million mapped reads (FPKM) were calculated as a normalized expres-
sion measure that depends on sequencing depth and the length of genomic features. The enrichment of the
main biological processes and the metabolic pathways in DEGs were identified by enrichGO and enrich KEGG
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methods implemented in the ontology-based clusterProfiler R package”'. In the functional enrichment analysis,
the cut-off criteria were: organism, pig; ont, CC, MF or BP; P-adjust value cut-off, 0.05; P-adjust method, BH.
To draw expression and functional profiles, the ggplot2, circlize, GOplot R bioconductor packages were used.

IncRNA identification and analysis. A multi-step pipeline was used to identify IncRNA candidates in
the porcine endometrium, as previously described by Paukszto et al. (2019)72 In brief, transcripts with protein-
coding Ensembl class code annotation and low-expressed transcripts were removed. Transcripts with a single
exon and a sequence length shorter than 200 bp were then filtered out. Coding potential was estimated with
the Coding Potential Calculator (CPC2), PLEK and FlExible Extraction of LncRNAs (FEELnc)*>7. The set of
predicted IncRNA transcripts and annotated IncRNAs (with ENSEMBL gene IDs) constituted the final pool of
endometrial IncRNAs. The obtained IncRNAs were compiled with DEGs, and common transcripts were identi-
fied as differentially expressed IncRNAs (DEIncRNAs). Pairs of coregulated IncRNAs and DEGs were identified
based on the values of the correlation coefficient and Euclidean distance (absolute value of r*>0.9). Next, the
expression of each IncRNA identified in the treated endometrium was compared with the expression of the
respective IncRNA identified in the control samples. This approach enabled the identification of differentially
expressed IncRNAs (DEIncRNAs); p-adjusted <0.05 and log, fold change (log,FC) >1.0; DESeq2 software). The
identified DELs and DEGs were also compared based on the values of the correlation coefficient and Euclidean
distance.

Differential alternative splicing events. Differences in alternative splicing were predicted by a super-
fast pipeline for alternative splicing analysis (SUPPA v.2)”!. Trimmed paired-end reads of equal length (90 bp)
were used to calculate the percent spliced-in (PSI) value for all ASEs. Reads were remapped to the reference
transcriptome using Salmon software. Differential alternative splicing events for each of the four comparisons
(LPS vs. control, PGJ, vs. LPS, PIO vs. LPS and T vs. LPS) were statistically tested (FDR <0.05). Splicing events
with APSI>0.1 were classified as significant. Alternative events were classified into seven types in SUPPA soft-
ware: alternative 5’ splice site (A5SS), alternative 3 splice site (A3SS), mutually exclusive exons (MXE), retention
intron (RI), skipping exon (SE), alternative first exon (AFE) and alternative last exon (ALE). Alternative splicing
events were visualized in the maser package and ggsashimi python scripts.

Real-time PCR validation. Differentially expressed genes were validated by real-time PCR with the use
of the AriaMx real-time PCR System (Agilent Technology, USA), as described previously?>. Primer sequences
(Supplemental Table S6) for reference and target genes (CCL5, CCL19, CDK1, CCNA1, CCNG1, TNFAIP3) were
designed using Primer Express Software 3 (Applied Biosystems, USA). PCR reaction mixtures with a final vol-
ume of 25 pl consisted of cDNA (4 ng), 300 uM of each primer, 12.5 pl of the Power SYBR Green PCR Master
Mix (Applied Biosystems, USA), and RNase-free water. The abundance of the tested mRNAs was calculated
using standard curves which were prepared by a serial dilution of a known amount of total RNA. Constitutively
expressed ACTB and GAPDH genes were adopted as the reference genes, and the geometric means of expres-
sion levels were applied in the analysis. The results of real-time PCR were processed statistically in the Statistica
software (Statsoft Inc. Tulsa, USA) with Student’s t-test and were expressed as means + SEM. The results were
regarded as statistically significant at p <0.05.
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