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Abstract: Estradiol-17β (E2) is a key hormone regulating reproductive functions in females. In pigs, E2,
as the main conceptus signal, initiates processes resulting in prolonged corpus luteum function, embryo
development, and implantation. During early pregnancy the endometrium undergoes morphological
and physiological transitions that are tightly related to transcriptome changes. Recently, however,
the importance of E2 as a primary conceptus signal in the pig has been questionable. Thus, the aim of the
present study was to determine the effects of E2 on the porcine endometrial transcriptome in vivo and to
compare these effects with transcriptome profiles on day 12 of pregnancy. Microarray analysis revealed
differentially expressed genes (DEGs) in response to E2 with overrepresented functional terms related
to secretive functions, extracellular vesicles, cell adhesion, proliferation and differentiation, tissue
rearrangements, immune response, lipid metabolism, and many others. Numerous common DEGs and
processes for the endometrium on day 12 of pregnancy and E2-treated endometrium were identified.
In summary, the present study is the first evidence for the effect of E2 on transcriptome profiles in
porcine endometrium in vivo in the period corresponding to the maternal recognition of pregnancy.
The presented results provide a valuable resource for further targeted studies considering genes and
pathways regulated by conceptus-derived estrogens and their role in pregnancy establishment.
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1. Introduction

Local autocrine-paracrine signaling at the embryo-maternal interface is crucial for the successful
establishment of pregnancy. Reduced fertility is a serious problem in animal and human reproduction.
Pregnancy losses significantly decrease the profitability in animal production. The reasons for
unsuccessful implantation are associated with the embryo e.g., insufficient conceptus signaling [1],
genetic disorders, and impaired endometrial receptivity (reviewed in [2]). In most mammals,
estradiol-17β (E2) serves as a pivotal molecule regulating reproductive functions of the female
reproductive tract. In humans and rodents, estrogens secreted by ovarian follicles prior to ovulation
are required for regeneration and growth of the endometrium and prime the tissue for progesterone
(P4) (reviewed in [3]). Progesterone, called a “pregnancy hormone”, in turn regulates endometrial
receptiveness, enabling conceptus implantation and early pregnancy development (reviewed in [4]).
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During early pregnancy in the pig, porcine conceptuses (embryos with associated membranes) secrete
E2, which is regarded as the pregnancy recognition signal required for prolonged progesterone
synthesis and secretion by corpora lutea (CLs). Porcine conceptuses secrete estrogens in a biphasic
manner—the first increase of conceptus-derived estrogens occurs on days 11–13 after fertilization and
the second is between days 15 and 25–30 after fertilization (reviewed in [2]). However, the levels
of conceptus-derived estrogens in the uterine lumen may also vary depending on the number of
conceptuses [1]. The period of elevated E2 synthesis and secretion by porcine conceptuses between
days 11–13 of pregnancy is a process defined as the maternal recognition of pregnancy [5]. This is the
critical period for establishment and development of pregnancy as the highest mortality rate of embryos
in animals including pigs is observed during the peri-implantation period [6]. Embryonic estrogen
synthesis and secretion not only prolongs the CL lifespan but also enhances P4-induced endometrial
receptivity for implantation. Following the decrease of the progesterone receptor expression in
the endometrial luminal and glandular epithelia, the expression of the estrogen receptor (ESR1) is
up-regulated in these structures, which in turn is important for the cell-specific responses to conceptus
estrogens released on day 12 of pregnancy [7]. Estrogen is involved in stimulation of uterine secretory
activity [8], increased blood flow [9], endometrial edema [10], and the regulation of endometrial
expression of many factors (reviewed in [4]). Recent studies revealed that porcine conceptuses with an
aromatase knock out (CYP19A1−/−) were capable of maintaining the corpora lutea and survived until
day 27–30 of pregnancy [11]. Therefore, the role of E2 as a primary conceptus signal in the pig has
recently been questionable.

Understanding the mechanisms of pregnancy development in animals, including pigs, requires
establishing the hierarchy and timing of molecular relationships in the maternal–conceptus crosstalk.
Recent studies on endometrial transcriptome profiling revealed that differentially expressed genes (DEGs)
enriched a number of processes, including regulation of immune response, tissue rearrangements, cellular
processes (adhesion, proliferation, and differentiation), and many others [12–14]. However, as porcine
embryos secrete diverse factors, research on the endometrial transcriptome during pregnancy does not
elucidate the particular role of the main embryonic signal (E2) in these processes.

Considering the above facts, we hypothesize that E2, acting as the main embryonic signal,
induces changes in the porcine endometrial transcriptome and triggers the processes involved in
embryo–maternal interactions during early pregnancy. In studies on the mechanisms of maternal
recognition of pregnancy in pigs, usually in vivo models of pseudopregnancy are used, in which
pharmacological concentrations of 5 mg of estradiol benzoate is administered systemically on days
11–15 of the estrous cycle [8,15–17]. Regarding pharmacological doses of E2 and the systemic route of
administration of the hormone, conclusions from studies in which in vivo models of pseudopregnancy
should be considered with careful attention.

Thus, concerning a significant role of E2 in endometrial function in most mammals and the
divergent information about the importance of E2 signaling in the establishment and development
of pregnancy in the pig, the aim of the present study was to determine the effect of E2 on porcine
endometrial transcriptome using a novel in vivo model, in which E2 in concentrations similar to the
physiological levels secreted by embryos on day 11–12 of pregnancy was administered directly into the
uterine lumen. This approach allowed us to examine both direct and indirect local effects of E2 on
differential gene expression in porcine endometrium. Moreover, we aimed to compare the changes of
endometrial gene expression on day 12 of pregnancy to those induced by estrogen administration.
This allows us to determine the processes activated or inhibited on day 12 of pregnancy related with
estrogen signaling.
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2. Results

2.1. Endometrial Transcriptome Profiling

Changes in the endometrial transcriptome profile towards estradiol-17β treatment in vivo and on
day 12 of pregnancy compared to day 12 of the estrous cycle were determined using the porcine Agilent
microarray assay. Differential gene expression between the analyzed groups (833 ng of E2/infusion vs.
control, 33.3 µg of E2/infusion vs. control; day 12 of pregnancy vs. day 12 of the estrous cycle) was
evaluated separately for each experiment. The numbers of detected probes passing the filters were as
follows: 39,253 (833 ng of E2/infusion), 38,935 (33.3 µg of E2/infusion), and 37,426 (day 12 of pregnancy
vs. day 12 of the estrous cycle).

Pairwise distance analysis based on all detectable probes revealed that endometrial samples
collected from E2- and placebo-treated pigs represented mainly treatment grouping with a slight bias
observed in the heatmap (Supplementary Figure S1A,B). Samples collected from gilts on day 12 of
the pregnancy and day 12 of the estrous cycle were grouped by reproductive status (pregnant–cyclic;
Supplementary Figure S1C). Using the LIMMA package, 434 (833 ng of E2/infusion), 3176 (33.3 µg
of E2/infusion), and 1167 (day 12 of pregnancy vs. day 12 of the estrous cycle), probes were
found as differentially regulated (fold change </>1.5; p < 0.05; false discovery rate (FDR) = 5%).
Collapsing the results from the probe level to the gene level revealed 251 (833 ng of E2/infusion), 1957
(33.3 µg of E2/infusion), and 727 (day 12 of pregnancy vs. day 12 of the estrous cycle) differentially
expressed genes (DEGs).The results of statistical analysis of microarray data are summarized in
Supplementary Tables S1–S3. In endometrial samples collected from horns receiving 833 ng of
E2/infusion, the five DEGs showing the highest upregulation in the pairwise comparison “E2-treated
horns” vs. “placebo-treated horns” were S100A8 (18.7-fold), SERPINB7 (18.1-fold), SERPINB11 (7-fold),
IRG1 (5.4-fold), and TMEM45B (5.3-fold), whereas the five most down-regulated genes were REG3G
(6.1-fold), GPR83 (4.6-fold), GDF15 (4.3-fold), CSAD (4.3-fold), and FAM164C (3.7-fold; Figure 1).

Figure 1. Heatmap of the log2 fold changes (estradiol-17β (E2)-treated endometrium vs. placebo-treated
endometrium; day 12 pregnant-cyclic) of the top 10 differentially expressed genes of each gene expression
comparison. The scale is from log2 fold change -4 (blue, down-regulated in E2-treated/pregnant samples)
to 9 (red, up-regulated in E2-treated/pregnant samples). Each row represents one gene, and each
column represents a comparison (E2-treated vs placebo or pregnant vs. cyclic).
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In endometrial samples collected from horns receiving 33.3 µg of E2/infusion, the five most
up-regulated genes were S100A8 (150.2-fold), S100A9 (78.6-fold), S100A12 (50.7-fold), SAA1 (33.4-fold),
and IRG1 (23.7-fold). The five most down-regulated genes were IL24 (26.8-fold), C1QTNF3 (14.8-fold),
CYP26A1 (11-fold), REG3G (9.8-fold), and GPR83 (8.2-fold; Figure 1). The five DEGs showing the
highest upregulation in the pairwise comparison “12 day of pregnancy” vs. “12 day of the estrous
cycle” were S100A8 (1221-fold), S100A9 (907-fold), S100A12 (368-fold), AKR1B1 (127-fold), and SAA1
(88-fold), whereas the five most down-regulated genes (suppressed on day 12 of pregnancy) were
GDF15 (14-fold), WNT7A (seven-fold), DGKI (seven-fold), ANXA13 (six-fold), and SNCA (six-fold;
Figure 1).

The Pearson correlation performed for DEGs detected in endometrial samples from in vivo
experiments (833 ng of E2/infusion and 33.3 µg of E2/infusion) revealed treatment grouping of the
analyzed samples with two main distinct clusters of genes with uniform distribution of expression
signals (Supplementary Figures S2 and S3). In endometrial samples collected on day 12 of pregnancy
and day 12 of the estrous cycle, the Pearson correlation revealed reproductive status grouping
(pregnant–cyclic) of analyzed samples with two main distinct clusters of genes with uniform distribution
of expression signals (Supplementary Figure S4).

2.2. Functional Annotation of Microarray Data

Functional terms enriched for up-regulated and down-regulated DEGs in the analyzed groups
were identified by using the Database for Annotation, Visualization and Integrated Discovery (DAVID).
For DEGs up-regulated in endometrial samples collected from gilts treated with E2 (833 ng E2/infusion),
DAVID identified 36 annotation clusters (enrichment score 3.8–1.3) and for down-regulated genes
15 annotation clusters (enrichment score 1.9–1.3) were identified. For DEGs up-regulated in the
group treated with 33.3 µg of E2 per infusion, DAVID identified 255 annotation clusters (enrichment
score 30.1–1.3), whereas for down-regulated genes, 60 annotation clusters (enrichment score 27.6–1.3)
were identified.

Functional annotation clustering performed for E2-up-regulated DEGs (833 ng/infusion) revealed
terms related to glucose metabolic process, calcium ion transport, protein phosphorylation, positive
regulation of apoptosis and cell growth, epithelial differentiation, cell adhesion and migration, response
to hypoxia, placenta development, lipid transport, and regulation of blood circulation. The terms
enriched for down-regulated genes included lipid and steroid metabolism, protein ubiquitination,
calcium transport, and epithelial tube morphogenesis.

Genes up-regulated by E2 (33.3 µg) revealed enriched terms such as extracellular exosomes
and vesicles, focal adhesion, cell junctions, regulation of the inflammatory response, cell migration,
proliferation, apoptosis, the mitogen-activated protein kinase (MAPK) cascade, angiogenesis, cytokine
production, leukocyte migration, NF-kappaB signaling, lipid metabolism, gland development, and the
response to hypoxia. Functional annotation clustering of genes down-regulated by E2 (33.3 µg) revealed
overrepresented functional terms related to negative chemotaxis, cell differentiation, cytoskeletal
binding, histone acetylation, and import into the cell (Table 1). The complete results from the DAVID
analysis performed for E2-affected DEGs are summarized in Supplementary Tables S4 and S5.



Int. J. Mol. Sci. 2020, 21, 890 5 of 29

Table 1. Selected results Database for Annotation, Visualization, and Integrated Discovery (DAVID)
functional annotation clustering for differentially expressed genes in porcine endometrium.

Selected Functional Terms of Overrepresented Annotation Clusters Enrichment Score

E2 – 833 ng/infusion
UP REGULATED

extracellular exosome (45; 1.85), extracellular vesicle (45; 1.84) 3.76
glucose metabolic process (8; 5.41) 2.60

calcium ion transport (9; 3.14), ion homeostasis (16; 2.95), transmembrane transport (21; 2.05) 2.31
protein phosphorylation (28; 1.95) 2.07

positive regulation of cell growth (6; 5.02) 1.89
epithelial cell differentiation (12; 2.75) 1.79

cell adhesion (23; 1.74) 1.72
response to hypoxia (6; 2.71) 1.51

regulation of cell migration (11; 2.07) 1.45
placenta development (5; 4.45) 1.43

regulation of blood circulation (7; 3.01) 1.42
DOWN REGULATED

extracellular exosome (23; 1.65), extracellular vesicle (23; 1.64) 1.78
steroid metabolic process (5; 3.59), lipid metabolism (6; 2.88) 1.66

protein ubiquitination (12; 3.09) 1.65
calcium transport (3; 6.36), sodium ion transport (5, 4.98), active transmembrane transporter

activity (7, 3.60) 1.59

E2 – 33.3 µg/infusion
UP REGULATED

extracellular exosome (338; 1.85) extracellular vesicle (339; 1.85) 30.04
focal adhesion (77; 3.03), cell junction (143; 1.60) 13.69
regulation of inflammatory response (56; 2.96) 12.95

cell migration (135; 1.89) 9.57
cell proliferation (177; 1.58) 8.04
apoptotic process (177; 1.62) 7.67

positive regulation of mapk cascade (58; 2.02), activation of mapk activity (21; 2.39) 7.62
angiogenesis (61; 2.45) 7.32

cytokine production (75; 1.98) 6.77
leukocyte migration (59; 2.61) 5.70

lipid metabolism (57; 2.09) 4.72
gland development (54; 2.13) 4.37
response to hypoxia (38; 2.21) 3.77

cell division (64; 1.84), mitotic cell cycle (96; 1.64), regulation of cell cycle (81; 1.38) 3.54
maternal process involved in female pregnancy (11; 3.10), female pregnancy (28; 2.49);

multi-organism reproductive process (70; 1.24) 3.37

ecm-receptor interaction (20; 2.79), extracellular matrix component (19; 2.28), extracellular
matrix (27; 2.01) 3.12

protein transport (153; 1.37), intracellular protein transport (78; 1.28) 3.09
protein processing (37; 2.61), protein maturation (40; 2.45) 3.03

cellular response to interferon-gamma (20; 2.46) 3.02
epithelial cell proliferation (39; 1.87) 2.57

endothelium development (19; 2.84), endothelial cell differentiation (14; 2.45) 2.54
steroid hormone receptor binding (15; 3.10), hormone receptor binding (21; 2.29), nuclear

hormone receptor binding (18; 2.28) 2.13

DOWN REGULATED
cell development (111; 1.31), regulation of cell differentiation (88; 1.33) 4.06

cytoskeletal protein binding (59; 1.59) 2.84
cell migration (67; 1.32) 2.32

histone acetylation (16; 2.57) 2.05
import into cell (10; 3.28) 1.74

negative chemotaxis (8; 4.54) 1.67
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Table 1. Cont.

Selected Functional Terms of Overrepresented Annotation Clusters Enrichment Score
Day 12 of pregnancy vs day 12 of the estrous cycle

UPREGULATED
vasculature development (54; 3.12) 11.26

cell migration (76; 2.26) 9.78
extracellular exosome (464; 1.51), extracellular vesicle (464; 1.50) 6.67

mitotic cell cycle (57; 2.02), cell cycle process (64; 1.66) 5.65
regulation of signal transduction (116; 1.50) 5.32

focal adhesion (32; 2.56 ), adherens junction (42; 1.89) 4.81
regulation of protein phosphorylation (67; 1.81) 4.75

tissue migration (22; 3.27), epithelial cell migration (19; 2.93) 4.55
response to hypoxia (22; 2.71) 4.04

activation of innate immune response (18; 2.53) 3.28
endothelial cell development (9; 5.37), endothelium development (11; 3.49) 3.12

immune response-regulating signaling pathway (28; 1.86) 2.26
immune system development (39; 1.67) 2.08

in utero embryonic development (20; 2.13) 1.84
DOWN REGULATED

oxidation-reduction process (25; 2.31), organic acid metabolic process (21; 2.11), fatty acid
metabolic process (11; 2.73), lipid metabolism (11; 2.63), lipid biosynthesis (5, 3.31) fatty acid

biosynthesis (3; 5.97)
2.13

regulation of extent of cell growth (7; 6.12) 1.95
regulation of cell morphogenesis (16; 2.56), regulation of cell differentiation (30; 1.77),

regulation of anatomical structure size (13; 2.44) 1.92

response to calcium ion (6; 4.63) 1.89
circulatory system development (19; 1.83) 1.62

response to hormone (16; 1.70) 1.60
regulation of transport (29; 1.47) 1.36

For DEGs up-regulated on day 12 of pregnancy, DAVID identified 98 annotation clusters
(enrichment score 11.3–1.3) whereas for DEGs down-regulated on day 12 of pregnancy 20 annotation
clusters (enrichment score 3.5–1.3) were identified. The most interesting functional terms of
overrepresented annotation clusters enriched for pregnancy-associated up-regulated genes were related
to vascular development, cell migration, extracellular vesicles, focal adhesion, and immune response
activation (Table 1). For pregnancy-associated down-regulated genes, the most interesting enriched
terms were related to lipid metabolism, fatty acid biosynthesis, regulation of cell morphogenesis
and differentiation, and the response to hormone and transport (Table 1). The complete results from
the functional annotation clustering performed for pregnancy-associated DEGs are summarized in
Supplementary Table S6.

2.3. Comparison of Estradiol-17β Effect with Pregnancy-Induced Transcriptome Changes

Pearson correlation of mean-centered values of expression signals of pregnancy-associated and
E2-affected DEGs revealed pregnancy status (pregnant–non-pregnant) and treatment (E2, placebo)
grouping (Figure 2A,B). Interestingly, endometrial samples collected from uterine horns receiving
estradiol-17β infusion (833 ng and 33.3 µg/infusion) were grouped closer to the endometrial samples
collected from gilts on day 12 of pregnancy, whereas the endometrial samples collected from uterine
horns receiving placebo infusions were grouped closer to endometria from gilts on day 12 of the estrous
cycle (Figure 2A,B).



Int. J. Mol. Sci. 2020, 21, 890 7 of 29

Figure 2. Comparison of transcriptome changes detected in endometrial samples collected from gilts
on day 12 of the estrous cycle and pregnancy with the effect of intrauterine estradiol-17β administration
(A: 833 ng of E2/infusion; B: 33.3 µg of E2/infusion). Data are shown as a heatmap of hierarchical
clustering (Pearson correlation) of the normalized values of the intensity of the expression signals of
probes detected as significantly changed (log fold change > 0.585; p nominal < 0.05 false discovery rate
(FDR) = 5%) in analyzed groups. Cyclic-endometrial samples collected on day 12 of the estrous cycle,
pregnant-endometrial samples collected on day 12 of pregnancy, control-endometrial samples collected
from gilts assigned to control groups (infusions of placebo to both uterine horns), EX_H-endometrial
samples collected from gilts assigned to the experimental group (uterine horns receiving E2 infusions),
EX_C-endometrial samples collected from gilts assigned to experimental group (uterine horns receiving
placebo infusion).

Lists containing up- and down-regulated genes specific for each analyzed group were identified
using jVenn software. Comparison of up-regulated genes identified in E2-treated endometria with
genes that were found to be up-regulated in day 12 of pregnancy endometrial samples revealed 72
(833 ng of E2/infusion) and 263 (33.3 µg of E2/infusion) common genes. Sixty genes were found to be
up-regulated in all analyzed groups. Comparison of down-regulated genes identified in E2-treated
endometria with genes that were found to be down-regulated in day 12 of pregnancy endometrial
samples revealed 10 (833 ng of E2/infusion) and 72 (33.3 µg of E2/infusion) common genes when
compared to day 12 of pregnancy-down regulated genes. Ten genes were found to be down-regulated
in all analyzed groups. One hundred and eight out of 150 (72%) up-regulated genes identified in
endometrial samples treated with a lower dose of E2 (833 ng/infusion) were also up-regulated by
a higher dose of E2 (33.3 µg/infusion). Seventy-seven out of 101 (76%) down-regulated genes were
found to be common for E2 (833 ng/infusion)- and E2 (33.3 µg/infusion)-treated endometrial samples.
Venn diagrams of common and group-specific DEGs are shown in Figure 3, and the complete results of
these comparisons are summarized in Supplementary Table S7.
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Figure 3. Venn diagrams of common, and group-specific up- (A) and down-regulated (B) genes.
D12 pregnancy–endometrial samples collected on day 12 of pregnancy, E2 (833 ng/infusion) endometrial
samples collected from uterine horns receiving 833 ng of E2/infusion, E2 (33.3µg/infusion)—endometrial
samples collected from uterine horns receiving 33.3 µg of E2/infusion. Complete lists of common and
group-specific DEGs are presented in Supplementary Table S7.

A multiple gene list feature enrichment analyzer (Topp Cluster) was used to determine
functional terms specifically related to DEGs identified for each analyzed group: E2 (833 ng/infusion;
33.3 µg/infusion), day 12 of pregnancy and the estrous cycle. Results of this analysis showed that
the majority of identified enriched terms were in common for pregnancy-associated and E2-affected
DEGs (Figure 4). These were related to extracellular matrix organization, angiogenesis, integrin
signaling, epithelium development, embryo development, PI3K-AKT signaling, and leukocyte
migration. However, several terms were found to be related only with day 12 of pregnancy-associated
or E2-affected DEGs. The most interesting terms enriched by day 12 of pregnancy-associated DEGs
were related with extracellular matrix (ECM)-receptor interaction, regeneration, protein digestion,
and absorption, whereas terms enriched by E2 treatment were associated with activation of Toll like
receptor 4 (TLR4) signaling, establishment or maintenance of cell polarity, epithelial cell proliferation,
and the hypoxia-inducible factor 1 (HIF1) signaling pathway. The most interesting enriched terms
from clusters identified for analyzed groups were visualized as a network (Figure 4). The complete
results are provided in Supplementary Table S8.
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Figure 4. A functional map showing shared and group-specific functional annotation terms generated
in multi-cluster gene functional enrichment analysis for differentially expressed genes (DEGs) identified
in porcine endometrial samples collected on day 12 of pregnancy and treated with E2 (833 ng or
33.3 µg/infusion). Analysis was performed in ToppCluster software, the functional map was edited
and adjusted using Cytoscape. The redundant and noninformative terms were removed. The complete
results are presented in a tabular format in Supplementary Table S8.

Ingenuity Pathway Analysis (IPA) software was used to compare transcriptomics data of
endometrial samples collected from E2-treated animals (833 ng and 33.3 µg/infusion) with data
generated for samples collected from gilts on day 12 of pregnancy and the estrous cycle. We found
that among 65 canonical pathways that were activated or inhibited (Z-score higher than 2 or
lower than −2 respectively) by pregnancy-specific DEGs, 13 were found to be affected also by
E2 (33.3 µg/infusion). These were Glycoprotein VI Platelet (GP6) Signaling Pathway, Interleukin 8
(IL8) Signaling, Integrin Signaling, Leukocyte Extravasation Signaling, Actin Cytoskeleton, Signaling,
Iintegrin-Linked Kinase Signaling, the Neuroinflammation Signaling Pathway, Fcγ Receptor-mediated
Phagocytosis in Macrophages and Monocytes, Signaling by Rho Family GTPases, RhoA Signaling,
Inhibition of Angiogenesis by Thrombospondin 1, the T Cell Exhaustion Signaling Pathway, and RhoGDI
Signaling. Interestingly, 55 canonical pathways were identified to be exclusively activated or inhibited
by E2-affected DEGs (i.e., peroxisome proliferator-activated receptor (PPAR) Signaling, Toll-like receptor
signaling, ephrin receptor signaling, interleukin-6 (IL6) signaling, NF-κβ signaling, and the apelin
endothelial signaling pathway). The most interesting canonical pathways affected by DEGs detected
in analyzed groups are presented as a heatmap in Figure 5A. The complete results are summarized in
Supplementary Table S9.
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Figure 5. Comparison analysis of canonical pathways (A), diseases and bio functions (B) and upstream
regulators enriched by DEGs identified in estradiol-17β-treated (833 ng and 33.3 µg/infusion) and day
12 of pregnancy endometrial samples. A Z-score value higher than 2 means that the enriched pathway
(A) or enriched function (B) is significantly activated or stimulated, or the upstream regulator stimulates
the set of identified DEGs (C). A Z-score value lower than 2 means that the enriched pathway (A) or
enriched function (B) is significantly inhibited or suppressed, or the upstream regulator suppresses the
set of identified DEGs (C). Grey color indicates there is no data allowing for activation/suppression or
stimulation/inhibition prediction of the enriched term.

Analysis of diseases and bio functions revealed 64 processes related either to pregnancy-associated
or E2-affected DEGs. The most interesting inhibited functions were related to apoptosis and organismal
death, whereas the most interesting functions that were found to be activated were related with cellular
homeostasis, angiogenesis, and the development of vasculature, fatty acid metabolism, migration
of cells, and phosphorylation of proteins. We also found 80 processes exclusively related with
E2-affected DEGs. The most interesting were related to angiogenesis and vasculogenesis, development
of epithelial tissue, and the inflammatory response. A comparison of selected processes related with
pregnancy-associated and E2-regulated DEGs is presented in Figure 5B. The complete results of diseases
and bio functions analysis are summarized in Supplementary Table S10.

Upstream regulator analysis was used to predict molecules, including microRNAs and
transcription factors, which may be causing the observed gene expression changes in the analyzed
datasets. Indeed, among 306 molecules potentially affecting the expression of DEGs identified
in endometrial samples on day 12 of pregnancy, 22 molecules were found to potentially affect
DEGs regulated by E2. The most interesting upstream regulators common for DEGs detected in all
analyzed groups were miR-16-5p (and other miRNAs w/seed AGCAGCA), prostaglandin E2 (PGE2),
vascular endothelial growth factor A (VEGFA), interleukin 1β (IL1B), and tumor necrosis factor (TNF).
Interestingly, up-stream analysis performed for pregnancy-associated DEGs revealed that these genes
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may be potentially regulated by E2 but also by other molecules commonly known to be involved in
pregnancy establishment: PGE2, prolactin (PRL), transforming growth factors beta 1–3 (TGFB1-3),
P4 and interferon gamma (IFNG), and interleukin 1B (IL1B); Supplementary Figure S5).

Similarly, IFNG, TGFB1, TGFB2, PRL, PGE2, TNF, and transforming growth factor alpha were
found to potentially regulate E2-affected DEGs (Supplementary Figures S6 and S7). A comparison
of selected molecules identified as potential upstream regulators of DEGs identified in analyzed
groups are illustrated in Figure 5C. The complete results of the upstream analysis are summarized in
Supplementary Table S11.

2.4. Validation of the Microarray Results by Quantitative Real-Time RT-PCR

The expression of the following DEGs identified in analyzed groups was validated using
quantitative PCR (real-time RT-PCR): ATP binding cassette subfamily C member 4 (ABCC4); acyl-CoA
synthetase long-chain family member 4 (ACSL4); ADAM metallopeptidase domain 9 (ADAM9); ADAM
metallopeptidase with thrombospondin type 1 motif 20 (ADAMTS20); bradykinin receptor B2 (B2R);
caspase 3 (CASP3); CCAAT/enhancer binding protein beta (CEBPB); claudin 1 (CLDN1); deleted
in malignant brain tumors 1 (DMBT1); growth differentiation factor 15 (GDF15); heparin binding
EGF like growth factor (HBEGF); interleukin 1 beta (IL1B); kelch like family member 14 (KLHL14);
lysophosphatidic acid receptor 3 (LPAR3); mucin 4, cell surface associated (MUC4); serpin family
B member 7 (SERPINB7); SMAD family member 3 (SMAD3); STEAP family member 1 (STEAP1);
transient receptor potential cation channel subfamily V member 6 (TRPV6); Wnt family member 5A
(WNT5A); and Wnt family member 7A (WNT7A).

Overall, qPCR analysis confirmed the pattern of gene expression detected using expression
microarrays in analyzed groups. GDF15, KLHL14, WNT5a, and WNT7a genes were found to be
down-regulated (p < 0.001 – p < 0.05) both in endometrial samples treated with E2 and in endometrial
samples collected on day 12 of pregnancy. ADAM9, ADAMTS20, B2R, CASP3, CEBPB, CLDN1, DMBT1,
IL1B, LPAR3, MUC4, SERPINB7, SMAD3, STEAP1, and TRPV6 genes were found to be up-regulated
(p < 0.001 – p < 0.05) either in endometrial samples collected from in vivo models and in endometrial
samples collected from gilts on day 12 of pregnancy (when compared to day 12 of the estrous cycle).
The expression of HBEGF gene was found to be elevated in endometrial samples treated with E2
(833 ng/infusion; p > 0.001), but no difference was observed on day 12 of pregnancy vs. the estrous
cycle (p > 0.05). The results of the microarray validation are summarized in Supplementary Table
S12. The direct and indirect local effects of estradiol-17β on selected gene expression in porcine
endometrium in vivo compared with their expression in endometrial samples collected on day 12 of
the pregnancy and the estrous cycle are presented in Figure 6.
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Figure 6. Expression of selected target genes determined by real-time RT-PCR in porcine endometrial
samples treated with a placebo (control) or E2 (833 ng and 33.333.3 µg/infusion) and on day 12 of the
estrous cycle (D12 Cyclic) and pregnancy (D12 Pregnant). Data are presented as the mean ± SEM.
The expression of genes was normalized against the geometrical mean of RPL13A and GAPDH
expression values. Different letters indicate statistically significant differences (two-way ANOVA,
followed by the Bonferroni post-test; p < 0.05) in the local-indirect effect of E2 on gene expression.
Asterisks (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001) indicate the significant differences within
the direct local effect of the E2 on gene expression. (A) ATP binding cassette subfamily C member 4
(ABCC4); (B) acyl-CoA synthase long-chain family member 4 (ACSL4); (C) ADAM metallopeptidase
domain 9 (ADAM9); (D) ADAM metallopeptidase with thrombospondin type 1 motif 20 (ADAMTS20);
(E) Bradykinin Receptor B2 (B2R); (F) caspase 3 (CASP3); (G) CCAAT/enhancer binding protein
beta (CEBPB); (H) claudin 1 (CLDN1); (I) deleted in malignant brain tumors 1 (DMBT1); (J) growth
differentiation factor 15 (GDF15); (K) heparin binding EGF like growth factor (HBEGF); (L) interleukin
1 beta (IL1B); (M) kelch like family member 14 (KLHL14); (N) lysophosphatidic acid receptor 3 (LPAR3);
(O) mucin 4, cell surface associated (MUC4); (P) serpin family B member 7 (SERPINB7); (Q) SMAD
family member 3 (SMAD3); (R) STEAP family member 1 (STEAP1); (S) transient receptor potential
cation channel subfamily V member 6 (TRPV6); (T) Wnt family member 5A (WNT5A); and (U) Wnt
family member 7A (WNT7A).

2.5. The Effects of E2 on PGE2 Secretion and PGF2αMetabolite (PGFM) Accumulation

The highest concentration of PGE2 was detected in media collected after incubation of endometrial
explants isolated from uterine horn treated with E2 (33.3 µg/infusion; p < 0.05; Figure 7A).
An intermediate concentration of PGE2 was found in media collected after incubation of endometrial
explants isolated from uterine horn treated with lower dose of E2 (833 ng/infusion) whereas the lowest
PGE2 concentration was found in media collected from endometrial explants of gilts treated with
placebo. No differences in PGE2 concentration were found for media collected after incubation of
endometrial explants isolated from saline-treated horns.

Accumulation of PGFM (PGF2α metabolite) in media after culture of endometrial explants
collected from both saline- and hormone-treated uterine horns of E2-treated gilts (33.3 µg/infusion)
was decreased when compared to the control group (p < 0.05; Figure 7B).
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Figure 7. Concentration of prostaglandin E2 (PGE2) (A) and PGF2α metabolite (PGFM) (B) in the
conditioned media form endometrial explants collected from gilts treated with a placebo (control) or E2
(833 ng and 33.3 µg/infusion) in vivo. Data are presented as the mean ± SEM. Different letters indicate
statistically significant differences (two-way ANOVA, followed by Bonferroni post-test; p < 0.05) in
concentration of PGE2 or PGFM in culture media. Asterisks * p < 0.05; ** p < 0.01; *** p < 0.001;
**** p < 0.0001) indicate the significant differences within the direct local effect of the E2 on PGE2 or
PGFM secretion by endometrial explants.

3. Discussion

During early pregnancy porcine conceptuses secrete a pregnancy recognition signal (estradiol-17β;
E2) required for prolonged progesterone synthesis and secretion by corpora lutea (CLs).
Progesterone, in turn primes endometrial function enabling conceptus development and implantation.
The present study is the first demonstrating the effect of E2 on the global gene expression profile
in porcine endometrium in vivo during the time corresponding to the maternal recognition of
pregnancy. We also compared the biological processes and functions related to E2-regulated genes
with those associated with pregnancy-specific DEGs. The strength of the study is that the applied
approach of in utero infusion of E2 is much closer to physiological conditions than the in vivo model
of pseudopregnancy with systemic administration of E2 using high doses of E2 [16]. We found
that a lower dose of E2 (833 ng/infusion) resulted in smaller alterations within the endometrial
transcriptome, whereas a higher dose of E2 (33.3 µg/infusion) induced more changes in the global gene
expression profile that were also similar to changes identified in day 12 of the pregnancy endometrial
transcriptome. The limitation of the present study is the use of porcine expression microarrays for
endometrial transcriptome profiling. With this technique the analysis is limited by the number of
annotated genes at the time of the array design.

3.1. The Effect of Estradiol-17β on Porcine Endometrial Transcriptome In Vivo

Using expression microarrays, we determined the effects of E2 on the endometrial transcriptome
in vivo and compared them with the effects of pregnancy on day 12 after estrus. Functional annotation
clustering performed in DAVID revealed that E2-affected genes were enriched in high number of gene
ontology terms related to metabolism (i.e., glucose metabolic processes and lipid metabolism), cellular
processes (i.e., transmembrane transport, protein phosphorylation, cell division, and proliferation),
tissue rearrangements (i.e., cell differentiation, focal adhesion, angiogenesis, and gland development),
immune response (i.e., cytokine production and leukocyte migration), and many others. These findings
stay in line with the results generated by DAVID for pregnancy-specific DEGs but also with previous
studies on transcriptome changes in the porcine endometrium during early pregnancy [12,13].

Interestingly, the Pearson correlation of analyzed samples based on expression signals of identified
DEGs revealed that endometria treated with E2 (833 ng and 33.3 µg/infusion) were clustered with
endometria collected on day 12 from pregnant gilts, whereas samples treated with placebo (saline)
were clustered together with endometria collected on day 12 of the estrous cycle. This indicates that the
major changes in the endometrial transcriptome observed on day 12 of pregnancy are induced by E2.
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The observation that E2 is a potent regulator of changes in the porcine endometrial transcriptome
is consistent with our findings indicating that the higher dose of E2 resulted in more similarities in
transcriptome changes found for day 12 of pregnancy when compared to the lower dose. Present results
suggesting a critical role of E2 in pregnancy are also in agreement with the previous findings that
premature exposure of pregnant gilts to exogenous estrogen (on days 9–10 of pregnancy) results
in a significant alteration in the endometrial global gene expression profiles that likely causes
desynchronization of the uterine environment and results in embryonic loss between days 15 and 18 of
pregnancy [17].

On the other hand, E2 is not the only regulator affecting the endometrial transcriptome profile.
Thus, we compared the functional annotation analysis results to determine which processes were
enriched either by pregnancy-specific and E2-affected DEGs and to identify processes related with
DEGs identified exclusively for day 12 of pregnancy or for the effect of E2 alone. Using the Topp Cluster
software, we found multiple terms common for day 12 of pregnancy-specific and E2-regulated DEGs,
which, likewise in DAVID, were related with processes involved in embryo–maternal interactions
and preparation of the endometrial tissue for embryo implantation (i.e., integrin signaling, focal
adhesion, angiogenesis, leukocyte migration, ion homeostasis, gland development, adherens junctions,
and others). However, some processes were enriched only for E2-affected genes (i.e., HIF1A signaling
and Toll like receptor cascades) or for pregnancy-associated DEGs (cytokine production by macrophages,
protein digestion, and absorption).

Additional comparisons were performed using Ingenuity Pathway Analysis software, which,
besides the identification of enriched terms, displays a prediction of activation or inhibition as a
Z-score value. Overall, the results generated using IPA analysis were similar to those obtained
using DAVID and Topp Cluster. However, the most interesting canonical pathway that was not
identified using above mentioned tools was the PPAR signaling pathway, which was inhibited both in
pregnancy and E2-treated endometrial samples. Among canonical pathways exclusively activated by
E2, the ephrin receptor signaling pathway and apelin endothelial signaling pathway were identified.
Interestingly, transcriptome profiling of porcine endometrium during the peri-implantation period
revealed that the members of the EPH-ephrin system were significantly enriched for terms related to
developmental processes [18].Based on data indicating the involvement of the EPH-ephrin system in
regulation of the endometrial epithelial cell barrier [19], cell–cell and cell-matrix adhesion, and cell
migration [20], it has been suggested that the EPH-ephrin system could be involved in a mechanism of
control for trophoblast attachment and inhibition of invasion through the endometrial epithelium [18].
However, further studies on changes within the porcine endometrial transcriptome during the time of
conceptus attachment revealed that only two members of EPH-ephrin system are expressed in the
luminal epithelium (EFNA1 and EFNA5), whereas in stromal cells and blood vessels only EFNA1
expression has been detected [14].

Comparing the diseases and bio function activated by DEGs detected in pregnant and E2-treated
animals were related to cell movement, cell adhesion, organization of the cytoskeleton, adhesion of
immune cells, cell proliferation, fatty acid metabolism, angiogenesis, and others. On the other hand,
we found that apoptosis was inhibited in the endometrium of pregnant and E2-treated animals.

3.2. Potential Upstream Regulators of DEGs

Analyzing the DEGs identified in endometrial samples of pregnant and E2-treated animals we
found multiple potential upstream regulators. Interestingly, we found that DEGs identified in the
endometrium of pregnant gilts may be potentially regulated by factors that have already been described
to participate in pregnancy establishment: PGE2, TGFB1-3, IFNG, IL1B, PRL, and progesterone
(reviewed in [2]). Intriguingly, a recent study suggested that E2 production by the conceptus is
not required for pre-implantation conceptus development and elongation, as well as for early CL
maintenance, but is essential for maintenance of pregnancy beyond 30 days [11]. On the other
hand, results of upstream regulators performed in the present study indicate that the endometrial



Int. J. Mol. Sci. 2020, 21, 890 16 of 29

transcriptome changes triggered by E2 could be induced by other factors secreted by the conceptus
and/or endometrium. Moreover, previous studies revealed that, in addition to porcine conceptuses,
both the endometrium and myometrium could be other sources of estrogens in the porcine uterus [21].
It is then possible that E2 of endometrial origin together with other factors secreted and/or induced
by conceptus signals (i.e., PGE2 [22]) may constitute compensatory mechanisms that are sufficient
for maintenance of CL function and early pregnancy development in the pig. Our previous studies
revealed that the profiles of PGE2 synthase expression and PGE2 secretion by porcine endometrium and
conceptus are convergent to the profile of estradiol-17β secretion by porcine conceptuses [22]. As we
identified PGE2 as a potential regulator of DEGs either in endometrial samples collected on day 12 of
pregnancy and in endometrial samples treated with E2 in vivo, we speculate that PGE2, when together
with estrogens of uterine origin and other factors secreting both by the endometrium and conceptuses,
is sufficient to enable implantation of embryos and support CL function till day 30 of pregnancy.
Therefore, findings from the functional analyses of microarray data indicate that the transcriptome
changes should not rather be regarded as the effect of only one factor but, more likely, as a result of the
interplay occurring between different hormones, cytokines, and other factors. Hence, further research
on the effect of PGE2 and its synergistic action with E2 on global gene expression profile in vivo will be
performed by our group.

3.3. Validation of the Microarray Results by Quantitative PCR

Based on the functional annotation of DEGs identified in the endometrium on day 12 of pregnancy
and in the endometrium treated with E2 in vivo, we selected 21 genes whose expression was validated
by quantitative PCR. Overall, a good agreement was found for the results obtained from the microarray
and quantitative PCR. We found that E2 acting in a local-direct manner differentially regulated the
expression of ADAM9, ADAMTS20, CEBPB, CLDN1, SERPINB7, SMAD3, STEP1, TRPV6, and WNT7a
genes whereas ABCC4, ACSL4, B2R, CASP3, DMBT1, GDF15, HBEGF, IL1B, KLHL14, LPAR3, MUC4,
SMAD3, STEAP1, TRPV6, and WNT5a were regulated by E2 acting in local-indirect manner (their
expression was changed in hormone-treated and placebo–treated uterine horn of experimental group).
It is consistent with earlier reports characterizing two types of effects of E2 infusions into uterine
lumen in pigs—local and systemic [23]. Interestingly, the patterns of endometrial DEGs regulation by
E2 were identical to the expression of DEGs detected in endometrial samples on day 12 of pregnancy.
Here, we briefly discuss the importance of the most interesting DEGs regarding their involvement in
the most important processes such as secretion, tissue remodeling, cell differentiation and proliferation,
regulation of immune response, and other processes accompanying embryo implantation.

3.4. Estradiol-17β Affects the Expression of Genes Involved in Secretive Function and Ion Transport
in Endometrium

Gene ontology terms related to secretion were significantly enriched in day 12 of
pregnancy-associated and E2-affected DEGs. These results stay in line with previous findings
that exogenous administration of estrogens on day 11 after estrus results in an increase in uterine
luminal secretions of endometrial proteins, PGs and calcium [8]. Similarly, we evidenced that local
infusion of E2 directly into the uterine lumen resulted in an elevated capacity of endometrial explants
for secretion of PGE2. Moreover, a decreased content of PGFM was detected in culture media
collected after incubation of endometrial explants treated with E2 in vivo. This result, however, does
not necessarily mean that E2 inhibits PGF2α synthesis in porcine endometrium. Accumulation of
PGF2α in porcine uterine lumen and its increased synthesis or PGF2α synthase in the endometrium
on later days of pregnancy (day 15) during the implantation period has been reported [24–26].
Furthermore, endometrial expression of the 15-hydroxyprostaglandin dehydrogenase gene involved in
prostaglandin catabolism (also in conversion of PGF2α to PGFM) has been found to be reduced on day
12 of pregnancy in pigs [13]. Results of the targeted gene expression validation revealed stimulating
effect of E2 on IL1B and ABCC4 gene expression. The importance of these genes in prostaglandin
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secretion has been reported in porcine endometrium [26,27]. Thus, present results confirm our previous
findings on the importance of E2 as an embryonic signal regulating PGs synthesis and secretion [2,28].

Another group of enriched gene ontology (GO) terms contained genes involved in production
and regulation of histotroph (e.g., transporter activity, calcium ion binding, and ion homeostasis).
Histotroph, which includes transport proteins, enzymes, growth factors, and extracellular matrix
proteins, acts on conceptus development, implantation, and placentation [29]. Since calcium ions are
involved in the exocytotic process [30] they may act on exocytotic secretion of various histotrophic
molecules in the uterine endometrium.

The calcium balance in mammalian cells is essential for many physiological functions including
cellular processes such as gene regulation, cell differentiation, and apoptosis [31]. In humans,
binding endometrial epithelial cells to trophoblast cells results in a calcium influx into endometrial
epithelial cells [32]. Concentration of calcium ions in porcine uterine lumen is increased during
the periimplantation period [8]. Our results are consistent with reports indicating a key role of
calcium in the attachment of the conceptus to endometrium. Calcium facilitates cell-to-cell and
extracellular matrix (ECM) adhesion, as many cell adhesion molecules such as integrins, cadherins,
selectins, and ECM proteins require calcium ions for their activity [33,34]. Quantitative analysis of gene
expression revealed that E2 induced expression of TRPV6 gene that mediates calcium ion uptake [35].
Our data confirmed previous findings concerning regulation of TRPV6 by E2 and its up-regulation
on day 12 of pregnancy [36]. TRPV6 was suggested to be a marker for implantation in the porcine
endometrium [36]. In murine embryos TRPV6 is responsible for calcium ion homeostasis [37], whereas
silencing its expression in human trophoblast cells resulted in diminished cell proliferation and induced
apoptosis [38]. Interestingly, among the top five up-regulated genes in E2-treated and day 12 of
pregnant endometrium were other genes related to calcium binding S100A8, S100A9, and S100A12.
S100A8 and S100A9 have been described to act as survival factors for early-stage murine embryos [39].
Moreover, up-regulation of S100A8 gene expression has been found in the porcine endometrium on day
12 and 14 of pregnancy [13,18]. In cattle, S100A8 and S100A9 genes were associated with inflammatory
changes of endometrial tissue. STEAP1, which is related to ion homeostasis and ion transport, is another
gene strongly up-regulated by E2 and on day 12 of pregnancy in porcine endometrium, STEAP1 has
been described to be involved in intercellular communication [40,41]. Thus, our results indicate that
E2, as the primary embryonic signal, is also responsible for ion homeostasis, which is required for
other processes involved in the establishment of pregnancy in the pig.

Extracellular vesicles (EVs)/exosomes were the most enriched gene ontology terms related with
day 12 of pregnancy-specific and E2-affected DEGs. These structures are emerging as novel regulators
of interactions occurring at the embryo–maternal interface. The importance of EVs and their cargo in
regulation of endometrial function and conceptus growth during pregnancy establishment has been
described in humans [42], pigs [43], and sheep [44].

3.5. Estradiol-17β Affects Processes Related with Immune Response

Implantation and establishment of pregnancy are associated with a highly coordinated
increase in the expression of inflammatory mediators at the embryo–maternal interface.
During the peri-implantation period, various inflammatory mediators such as E2, interferons,
interleukins, and prostaglandins create a proinflammatory environment (reviewed in [2,4]).
Interestingly, our microarray data suggest that E2 during early pregnancy in the pig is involved
in shifting towards the Th1 pathway from Th2, a common phenomenon occurring during implantation
period in other species [4]. Functional analyses of transcriptome data of endometrial samples collected
on day 12 of pregnancy and from in vivo models revealed high enrichment of terms related with
immune response and immunotolerance.

Gene expression analyses confirmed up-regulated expression of IL1B both on day 12 of pregnancy
and in E2-treated endometrial samples. The elevated expression of IL1B has been detected in
porcine conceptuses during morphological transformation to filamentous form [45]. At the porcine
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embryo-maternal interface, IL1B has been suggested to modulate the proinflammatory reaction of the
uterus during elongation and placental attachment (reviewed [46]).

Our results are consistent with transcriptome profiling performed in porcine endometrium and
in LE and GE, which revealed SERPINB7 as one of the most up-regulated genes on day 12 and 14 of
pregnancy [13,14,18]. The role of SERPIN family proteins in immunomodulation in reproductive
tissues have been described in cattle [47].In the present study we evidenced the local-direct highly
stimulating effect of E2 on expression of SERPINB7 that may suggest its contribution into immune
interactions at the embryo-maternal interface during pregnancy establishment in pigs. In mice
endometrium, SERPINB7 was localized mainly in luminal epithelial cells and it has been suggested
that its increased levels may inhibit protease (plasmin) activity that normally leads to extracellular
matrix degradation [48]. Up-regulated expression of SERPINB7 in response to E2 treatment may
suggest its contribution to ECM remodeling during the pre-attachment phase of pregnancy in pigs.

One of the down-regulated genes on day 12 of pregnancy and in the E2-treated endometrium
was KLHL14 gene, a member of the Kelch-like gene family, whose members contain a broad-complex
tramtrack and bric a brac (BTB, also known as Poxvirus and Zinc finger—POZ) domain, a BACK domain,
and several Kelch domains [49]. The BTB/POZ domain facilitates protein binding (reviewed in [50]).
Other BTB-containing proteins were found to be involved in a variety of cellular mechanisms i.e., control
of cytoskeletal organization [51], ion channel gating [52], or transcription suppression [53]. In human
endometrium expression, the KLHL14 gene was found to be up-regulated during the secretory phase
of the menstrual cycle [54]. Interestingly, studies performed in mice suggest that KLHL14 promotes
lymphocytes B-1a development in mice [55]. Hence, we hypothesize that down-regulation of KLHL14
by E2 may modulate the immune response of endometrial tissue during early pregnancy.

3.6. Involvement of Estrogen Signaling in Processes Related to Cell Adhesion, Differentiation, and Proliferation
and Tissue Remodeling

Adhesion of trophoblast cells to the epithelial layer of the endometrium precedes the embryo
implantation in all mammalian species (reviewed in [56]) and was one of the GO terms enriched in our
results and related to genes such as PTGER2, CLDN1, and MUC4. Hence, a profound rearrangement of
endometrial tissue is required for successful implantation of embryos. The remodeling of endometrial
epithelium resulting in changes of its structure, polarity, and adhesive properties is irrespective
of the type of placenta and has been described in humans as well as in animal species [57,58].
Previously, we reported that PGE2 acting through its receptor (PTGER2), regulated adhesion of the
porcine and human trophoblast to ECM proteins [59]. Results from transcriptome profiling performed
in the present study revealed that expression of PTGER2 was stimulated by E2, in line with our
previous studies [28].

Claudins are a family of integral membrane proteins contributing to both adhesion and barrier
properties of tight junctions [60]. During the receptive phase, the apico-basal polarity of endometrial
epithelial cells is reduced and accompanied with redistribution of cell-cell junction proteins to facilitate
apposition between the embryo and the endometrium [61]. Interestingly, recent studies revealed
the up-regulated expression of the CLDN1 gene and protein in porcine endometrium on day 12 of
pregnancy [62].

Mucin 4 is a high-molecular-weight glycoprotein proposed to protect the surface of most
epithelia [63]. Its expression in porcine surface and glandular epithelia increased in the luteal
phase and declined during early proestrus [64]. Additionally, the expression of MUC4 was found to be
elevated on days 12 and 14 of pregnancy when compared to days 12 and 14 of the estrous cycle [12,13].
Therefore, it has been speculated that it is involved in protecting the epithelial layer of the endometrium
against invasive trophoblasts. Accordingly, in the present study we confirmed the previous findings
and we also evidenced that this up-regulation of MUC4 gene is related with E2 signaling.

Other group of molecules that were up-regulated both by E2 and on day 12 of pregnancy belong to
a disintegrin and metalloprotease (ADAM) family of membrane-anchored glycoproteins. Our results
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are consistent with previous reports indicating that ADAM9 might play an important role in the
remodeling of the mouse uterus and rabbit endometrium during the peri-implantation period [65,66].
ADAMTS20 is a member of another ADAM family containing the thrombospondin motif [67]. The role
of ADAMTS20 is related to cleaving ECM proteins (reviewed in [68]). However, its role in the
reproductive processes in mammals is not specified.

Another E2-specific and pregnancy-specific DEG, also related in tissue remodeling, is macrophage
inhibitory cytokine-1 (MIC-1), also named growth differentiation factor 15 (GDF15), a member of the
transforming growth factor-β (TGFB) superfamily, known to be expressed at high levels in human
placenta [69]. GDF15 has been reported to be involved in actin cytoskeleton reorganization and
remodeling [70] and is necessary for the maintenance of pregnancy in humans [71] and rats [72].
Intriguingly, it has been suggested that GDF15 participates in placenta development via promoting
trophoblast cell invasion [73]. Thus, the down-regulation of GDF15 in porcine endometrium in response
to E2 treatment may be due to a non-invasive type of implantation occurring in pigs.

Another gene related to TGFB, which was DEG identified in both E2-treated and pregnant
endometrium, was SMAD3, which belongs to the main signal transducers for receptors of the TGFB
superfamily. Its activation and subsequent translocation into the nucleus results in gene expression in
response to TGFB [74]. Thus, it can be suggested that E2-stimulated expression of endometrial SMAD3
may serve as the mechanism sustaining the TGFB signaling in porcine endometrium during early
pregnancy therefore contributing to enhanced cell differentiation and proliferation and regulation of
porcine trophoblast adhesion and invasiveness [75,76].

Changes within the endometrial structure also involve processes related to cell proliferation
and differentiation. CCAAT/enhancer-binding protein beta (CEBPB) has been described as a critical
mediator of steroid hormone-regulated cell proliferation and differentiation and steroid hormone
responsiveness in the uterine epithelium and stroma in mice [77]. In humans the expression of CEBPB
was detected in at the implantation sites and has been described as a marker of uterine receptivity [78].
In the present study we found a direct local effect of E2 on the elevated expression of CEBPB in porcine
endometria. Thus, its role in endometrial receptivity during early pregnancy in the pig requires further
investigation. Another factor related with cell proliferation and differentiation is DMBT1. Studies on
both primate and rodent uteri demonstrated that DMBT1 is an E2-induced protein and was localized
to the epithelial layer of the endometrium. Moreover, it has been suggested that it may be involved in
endometrial growth and/or differentiation [79]. Accordingly, we demonstrated that the expression of
DMBT1 is up-regulated in porcine endometrium on day 12 of pregnancy and that this up-regulation is
induced by E2.

The results of the present study showing the up-regulation of endometrial LPAR3 expression
on day 12 of pregnancy are in line with elevated LPAR3 expression in porcine endometria [80].
Interestingly, we demonstrated that this expression is regulated by E2 signaling in vivo. LPAR3 is
considered to be a uterine receptivity marker critical for embryo migration and spacing in mice [81].
The LPA-LPAR3 signaling may be involved in the development of trophoblasts during early pregnancy
in pigs, as it was evidenced that LPA promoted proliferation, migration, and differentiation of porcine
trophoblast cells by activating the ERK1/2-P90RSK-RPS6 and P38 pathways [82]. Moreover, LPA can
regulate PG synthesis in bovine endometrium [83].

Intriguingly, results generated by Ingenuity Pathway Analysis software revealed that E2-regulated
genes were enriched with terms related to cancer diseases. Indeed, endometrioid type endometrial
cancers (EEC), which represent around 70–80% of all endometrial cancers, are associated with increasing
estrogen levels that, in turn are responsible for impaired control of cell proliferation (reviewed in [84]).
Using the Hec-1A endometrial cancer cell line it has been demonstrated that diacylglycerol kinase alpha
(DGKA) activity is required for E2-stimulated cell proliferation, as using DGKA inhibitors resulted in
E2-stimulated proliferation and growth of Hec-1A cells [85]. Interestingly, the gene expression of iota
and delta isoforms of diacyloglicerol kinase (DGKI, DGKD) have been found to be down-regulated
in E2-treated and day 12 of pregnancy endometrial samples. However, unlike in cancer tissue,
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the growth of the endometrium during pregnancy is limited. Transcriptome profiling revealed that
E2 (33.3 µg/infusion) lead to down-regulation of insulin growth factor 1 (IGF1), a cytokine that has
been suggested to promote cancer survival and tumor metastasis [86,87]. Hence, the above-mentioned
literature data together with our results from endometrial transcriptome profiling suggest the existence
of mechanisms controlling the E2-induced changes within endometrial tissue during pregnancy.

Summarizing, present study is the first showing the effect of E2 on the global gene expression profile
in porcine endometrium in vivo, in the period corresponding to maternal recognition of pregnancy.
Using in vivo models involving physiological levels of E2 mimicking action of conceptus signal,
we demonstrated that endometrial transcriptome changes induced by E2 are similar to those observed
on day 12 of the pregnancy. Our results indicate that administration of estradiol-17β to the uterus results
in hypertrophy of the surface epithelium, stromal cell differentiation, and an increase in glandular
secretory activity, which are early indicators of maternal response to pregnancy. We also showed that E2,
by regulation of gene expression in porcine endometrium, is a key factor triggering multiple processes,
such as secretive function, secretion of extracellular vesicles, ion homeostasis, cell adhesion, immune
response, tissue remodeling, and cell proliferation and differentiation that are required for successful
implantation of embryos and development of early pregnancy. Moreover, our results suggest that
changes observed in the endometrial transcriptome triggered by E2 can also be potentially controlled
by other factors of both conceptus and maternal origin. The genes and pathways identified in the
present study not only add to our understanding of the complex gene regulation dynamics regulated by
E2 in the endometrium but also provide valuable resources for further targeted studies considering the
importance of embryo–maternal interactions in successful implantation and pregnancy development.

4. Materials and Methods

All procedures involving the use of animals were conducted in accordance with the national
guidelines for agricultural animal care and were approved by the Animal Ethics Committee, University
of Warmia and Mazury in Olsztyn, Poland, permission No. 17/2008 (22 January 2008).

4.1. Tissue Collection

Prepubertal crossbred gilts of similar age (6 months) and genetic background were observed for
the onset of the estrous cycle. After two natural estrous cycles, gilts were divided into two groups:
cyclic and pregnant. Cyclic pigs were slaughtered in the local abattoir on day 12 of the estrous cycle (n
= 6 per every group) whereas pregnant gilts were slaughtered on day 12 of pregnancy (n = 6 per every
group). Pregnancy was confirmed by the presence of conceptuses. The conceptuses were flushed from
each uterine horn with sterile phosphate-buffered saline (PBS; 137 mM NaCl, 27 mM KCl, 10 mM
Na2HPO4, and 2 mM KH2PO4, pH 7.4). Endometrial fragments from collected uteri were dissected
from myometrium at the middle part of uterine horn. In pregnant gilts, the endometrium was also
separated from trophoblasts and was collected from implantation sites. Endometrial samples were
snap-frozen in liquid nitrogen and stored in −80 ◦C for further analyses.

4.2. Effect of E2 on Porcine Endometrium In Vivo

The effects of E2 administered directly into the uterine lumen was studied using in vivo models [88].
Prepubertal crossbred gilts of similar age (6 months) and genetic background after the second
natural estrous cycle were treated hormonally with 750 I.U. PMSG (Folligon, Intervet, Boxmeer, The
Netherlands) and 500 I.U. of hCG (Chorulon, Intervet) given 72 h later to induce estrus. Between days
12–14 of the estrous cycle, gilts were injected with 10 mg PGF2α (Dinolytic; Pfizer, Warsaw, Poland).
Sixteen hours later, 10 mg of PGF2α was injected simultaneously with 750 IU PMSG (Folligon; Intervet).
After 72 h, 500 I.U. hCG (Chorulon; Intervet) was given intramuscularly. On days 8–9 of the third
estrous cycle animals underwent surgery in which the cannula was introduced into the uterine lumen
at distance of 10–15 cm from the isthmus.
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To simulate hormone delivery by conceptuses the cannula was perforated along its length as
reported previously [23] with some modifications. Animals were divided into three groups. In the
control group, each horn received intrauterine placebo (5 mL of 1% v/v ethanol saline) infusions. In the
experimental groups, the doses of hormones used were similar to those previously published [23].
Randomly selected horns within each gilt received hormonal infusions: E2 (833 ng or 33.3 µg/infusion)
while the contralateral horn received only placebo infusions. Treatments were administered every
4 h for 24 h on days 11–12 after the onset of estrus. After the experiment, endometrial samples
were collected as described in paragraph 4.1. Uteri with inflammatory changes and/or with fluid
accumulation were eliminated from further procedures.

4.3. RNA Isolation and cDNA Synthesis

Total RNA was isolated from endometria using TRIzol (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s protocol. Purity and concentration of isolated RNA was measured with a
NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Additionally, RNA
integrity was assessed by using Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA,
USA). To generate cDNA for the quantitative PCR (qPCR) reaction, the total RNA sample (1 µg) was
reverse-transcribed with MultiScribe™ Reverse Transcriptase kit (Thermo Fisher Scientific) according
to the manufacturer’s protocol. cDNA samples were stored in −80 ◦C for further qPCR analyses.

4.4. Global Gene Expression Profiling Using Expression Microarrays

Microarray analysis was performed using 100 ng total RNA isolated from endometrial
tissues. Cy3-labeled cRNA was produced with the Low-Input Quick Amp Labeling Kit, one-color
(Agilent Technologies) and hybridized to the Agilent 4x44k Porcine Gene Expression microarrays
(G2519F-026440) according to the instructions provided by the manufacturer. Hybridized and washed
slides were scanned at 2-µm resolution with an Agilent DNA Microarray Scanner (G2505C; Agilent
Technologies). Image processing was performed with Feature Extraction Software 10.5.1.1 (Agilent
Technologies). Signals were filtered based on “well above background” flags (detection in three of four
samples) and normalized with the BioConductor package VSN [89].

For quality control, normalized data were analyzed with a distance matrix and a heatmap
based on pair-wise distances (BioConductor package Geneplotter). Probes exhibiting significant
differences in signal intensity were identified in the contrasts (pairwise comparison) “pregnant” vs.
“cyclic” (endometrial samples collected from gilts on day 12 of pregnancy and the estrous cycle) and
“hormone-treated horns” (experimental group) vs. “placebo-treated horns” (control group) using the
BioConductor package LIMMA (Linear Model for Microarray Analysis; [90]). The following cut-offs
were applied: log fold change > 0.585 and adjusted p-value < 0.05. The “FDR”-method (False Discovery
Rate; FDR 5%, i.e., adjusted p-value < 0.05) was applied for the correction of multiple testing.

To visualize the distribution of expression signals of identified probes among samples, hierarchical
clustering using the Pearson correlation was performed using Multiexperiment Viewer software
(MeV; [91]). Identified significant probes were annotated based on mapping of the probe sequences
(60 nt sequences) to the porcine genome (SusScrofa 11.1). Known and potential human ortholog
or homolog genes were assigned using a ortholog annotation database (Mammalian Ortholog and
Annotation Database, MAdb; [92]). If a gene in the list was represented by more than one probe
sequence, the mean of log fold-change, p-value, and adjusted p-value (FDR) were calculated.

4.4.1. Functional Annotation of Microarray Data

Lists of DEGs generated by LIMMA analysis were used as input data for functional
annotation. To study the changes in global gene expression profile in endometrial samples on
day 12 of the estrous cycle and pregnancy and the effect of E2, open-source and commercial
software was applied. The Database for Annotation, Visualization, and Integrated Discovery
(DAVID; [93,94]) was used to calculate the fold enrichment of identified gene ontology (GO)
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terms using the following databases: Functional Categories (UP_KEYWORDS); gene ontology
Biological Process (GOTERM_BP_FAT), Cellular Component (GOTERM_CC_FAT); Molecular
Function (GOTERM_MF_FAT); General Annotations (SP_COMMENT); Pathways (BIOCARTA; KEGG
PATHWAY); Protein Domains (INTERPRO); and Protein Interactions (UCSC_TFBS). The results
generated by DAVID were summarized in a tabular format.

To compare transcriptome changes associated with pregnancy with these induced by E2 treatment
the expression signals of DEGs identified in endometrial samples collected from gilts on day 12 of
pregnancy and the estrous cycle were matched with expression signals of genes in datasets generated
for endometrial samples collected from in vivo model. Likewise, the expression signals of DEGs
identified in endometrial samples treated with E2 (833 ng/infusion or 33.3 µg/infusion) were matched
with expression signals of genes in dataset generated for endometrial samples collected from gilts on
day 12 of pregnancy and the estrous cycle. Generated matrix of matched expression signals was then
analyzed by hierarchical clustering using Pearson correlation. Common and group-specific DEGs were
identified using jVenn plug in (jvenn.toulouse.inra.fr; [95]) and summarized in a Venn diagram and
tabular format.

Topp Cluster software [96] was used to identify gene ontologies enriched by DEGs identified in
endometria on day 12 of pregnancy (when compared to day 12 of the estrous cycle) and in endometrial
samples treated with E2 (when compared to placebo). Results were summarized in a tabular format
and visualized by interaction network.

Ingenuity Pathway Analysis (IPA; v. 01.12; Qiagen, Redwood City, CA, USA) software was used to
compare canonical pathways, upstream regulators and bio functions associated with pregnancy-specific
and E2-affected DEGs. Terms with prediction Z-score higher than 2 or lower than −2 may be regarded
as significant [97]. The results of the performed analyzes were summarized in tabular and in
graphic formats.

4.4.2. Validation of Microarray Results

To verify the results obtained in microarray analysis the expression of the following genes was
determined by qPCR (real-time RT-PCR): ABCC4; ACSL4; ADAM9; ADAMTS20; B2R; CASP3; CEBPB;
CLDN1; DMBT1; GDF15; HBEGF; IL1B; LPAR3; MUC4; SERPINB7; SMAD3; STEAP1; TRPV6; WNT5A;
and WNT7A. Real-time RT-PCR was performed using TaqMan assays (Thermo Fisher Scientific;
accordingly to the manufacturer’s protocol or using oligonucleotide primers and SYBR Green (Thermo
Fisher Scientific); Supplementary Table S13). Briefly, reverse-transcribed cDNA (3.5 µL) was added
to the reaction mixture: 12.5 µL Power SYBR Green master mix, 2.5 µL of each sense and antisense
primer (1 µM; Supplementary Table S12), and 4 µL of nuclease-free water.

The PCR programs were performed as follows: initial denaturation (95 ◦C, 10 min) followed by
36 cycles of denaturation (95 ◦C; 15 s), annealing and elongation (60 ◦C; 1 min). After PCR using SYBR
Green, melting curves were acquired by gradual increases in the temperature from 60 to 95 ◦C to ensure
that a single product was amplified in the PCR reaction. All real-time PCR reactions were performed
with Applied Biosystems 7900HT Real-Time PCR system (Life Technologies, Carlsbad, CA, USA).
Gene expression was estimated using real-time PCR Miner software [98]. Stability of the reference
genes in the porcine endometrium was assessed using the statistical algorithm Normfinder 2.0 [99].

Six reference genes were analyzed: ACTB, GAPDH, HMBS, HPRT1, PPIA, and RPL13A. For
normalization of results, the geometrical mean of the most stable pair of reference genes (RPL13A
and GAPDH) was used. The direct local effect of E2 on endometrial gene expression was studied
by comparison of mRNA levels in the endometrial samples from the hormone-treated horn to its
expression in the samples from the placebo-treated horn of each gilt. The local indirect effects of E2 on
endometrial gene expression were studied by comparison of mRNA levels in endometrial samples
from the experimental group to the levels in the control group (vehicle infusions into both horns).
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4.5. PGs Secretion by Endometrial Explants in Response to Estradiol-17β In Vivo

4.5.1. Isolation of Endometrial Explants

The effect of E2 administered into uterine lumen in vivo on the capacity of secretion of PGE2 and
PGF2α was studied in vitro. Briefly, endometrial explants were isolated as described previously [28].
Isolated endometrial tissue fragments were preincubated in medium 199 (M199, Sigma-Aldrich, St.
Louis, MO, USA) supplemented with BSA (1%, wt/vol), newborn calf serum (NCS, 5% vol/vol),
and antibiotics (penicillin/streptomycin, Sigma-Aldrich) for 2 h in humidified atmosphere of air and
CO2 (5%) at 37 ◦C with gentle shaking. After preincubation, endometrial explants were flushed
two times with sterile phosphate buffered saline (PBS) and placed in the vials containing incubation
medium (M199 with antibiotics). Explants were then incubated for 24 h in humidified atmosphere of
air and CO2 (5%) at 37 ◦C with gentle shaking. Following incubation, media were collected and stored
at −80 ◦C until further analyses.

4.5.2. Measurement of Hormone Concentration in Incubation Media

The content of secreted PGE2 and PGFM (PGF2α metabolite) in media collected after incubation of
endometrial explants isolated from gilts after the in vivo experiment was determined using an enzyme
immunoassay, as described previously [22]. Briefly, cross-reactivities of the anti-PGE2 antiserum
(donated by Dr Seiji Ito, Kansai Medical University, Osaka, Japan) were as follows: 18% PGE1, 10%
PGA1, 4.6% PGA2, 6.7% PGB2, 0.13% PGD2, 2.8%, PGF2α, 14% PGJ2, and 0.05% 15-keto-PGE2.
Assay sensitivity was 0.19 ng/mL and the intra- and inter-assay coefficients of variation were 6.5% and
13.9% respectively. Concentrations of PGFM were determined using horseradish peroxidase-labeled
PGFM and anti-PGFM antiserum (WS4468-7; donated by Dr William Silvia, University of Kentucky,
Lexington, KY, USA). Cross-reactivities of the anti-PGFM antiserum with PGE2, PGA2, PGF2α,
and 6-keto-PGF1 were lower than 0.1%. Assay sensitivity was 50 pg/mL and the intra- and inter-assay
coefficients of variation were 6.6% and 11.2% respectively

4.6. Statistical Analyses

The T-test was used to determine statistical significance of gene expression difference in porcine
endometrium on day 12 of pregnancy when compared to day 12 of the estrous cycle. Two-way ANOVA
followed by the Bonferroni post-test was used to analyze the effect of E2 on gene expression and PG
secretion in endometrial samples collected from in vivo experiments. Differences were considered as
statistically significant at the 95% confidence level (p < 0.05). All statistical analyses were conducted
using GraphPad PRISM v. 6.0 software (GraphPad Software Inc., San Diego, CA, USA).

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/3/890/s1.

Author Contributions: Conceptualization, A.W.; methodology, P.K., S.B., J.M., W.J.G. and A.W.; validation, M.B.
and E.G.; investigation, P.K.; M.B., E.G., and A.W.; data curation, P.K., S.B., and A.W.; formal analysis, P.K.;
writing—original draft preparation, P.K. and A.W.; writing—review and editing, P.K., S.B., A.W.; visualization,
P.K.; supervision, A.W.; project administration, A.W.; funding acquisition, A.W. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by National Science Centre, Poland, grant number 2017/27/B/NZ9/03014.
Piotr Kaczynski was supported by the grant of KNOW Consortium “Healthy Animal—Safe Food”, MS&HE
Decision No. 05-1/KNOW2/2015.

Acknowledgments: The Authors would like to thank Katarzyna Gromadzka-Hliwa and Jan Klos for technical
assistance as well as Michal Blitek and Zbigniew Struzynski for their help in care and handling of animals.
Jolanta Muszak and Waldemar J Ggrzegorzewski participated in creation of in vivo model during their employment
in the Institute of Animal Reproduction and Food Sciences of Polish Academy of Sciences in Olsztyn. Authors would
like to thank Dr Jochen Bick for his help in updating microarray probes annotation to porcine genome. Authors are
members of COST Action CA16119 CellFit.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to
publish the results.

http://www.mdpi.com/1422-0067/21/3/890/s1


Int. J. Mol. Sci. 2020, 21, 890 24 of 29

References

1. Pope, W.F.; First, N.L. Factors affecting the survival of pig embryos. Theriogenology 1985, 23, 91–105. [CrossRef]
2. Waclawik, A.; Kaczmarek, M.M.; Blitek, A.; Kaczynski, P.; Ziecik, A.J. Embryo-maternal dialogue during

pregnancy establishment and implantation in the pig. Mol. Reprod. Dev. 2017, 84, 842–855. [CrossRef]
[PubMed]

3. Groothuis, P.G.; Dassen, H.H.; Romano, A.; Punyadeera, C. Estrogen and the endometrium: Lessons learned
from gene expression profiling in rodents and human. Hum. Reprod. Update 2007, 13, 405–417. [CrossRef]
[PubMed]

4. Waclawik, A. Novel insights into the mechanisms of pregnancy establishment: Regulation of prostaglandin
synthesis and signaling in the pig. Reproduction 2011, 142, 389–399. [CrossRef] [PubMed]

5. Bazer, F.W.; Thatcher, W.W. Theory of maternal recognition of pregnancy in swine based on estrogen controlled
endocrine versus exocrine secretion of prostaglandin F2α by the uterine endometrium. Prostaglandins 1977,
14, 397–400. [CrossRef]

6. Bolet, G. Timing and Extent of Embryonic Mortality in Pigs Sheep and Goats: Genetic Variability. In Embryonic
Mortality in Farm Animals; Current Topics in Veterinary Medicine and Animal Science; Sreenan, J.M.,
Diskin, M.G., Eds.; Springer: Dordrecht, The Netherlands, 1986; pp. 12–43.

7. Geisert, R.D.; Brenner, R.M.; Moffatt, J.; Harney, J.P.; Yellin, T.; Bazer, F.W. Changes in oestrogen
receptor protein, mRNA expression and localization in the endometrium of cyclic and pregnant gilts.
Reprod. Fertil. Dev. 1993, 5, 247–260. [CrossRef] [PubMed]

8. Geisert, R.D.; Thatcher, W.W.; Roberts, R.M.; Bazer, F.W. Establishment of pregnancy in the pig: III.
Endometrial secretory response to estradiol valerate administered on day 11 of the estrous cycle. Biol. Reprod.
1982, 27, 957–965. [CrossRef] [PubMed]

9. Bazer, F.W.; Geisert, R.D.; Thatcher, W.W.; Roberts, R.M. The establishment and maintenance of pregnancy.
In Control of Pig Reproduction; Cole, D.J.A., Foxcroft, G.R., Eds.; Butterworth Scientific: London, UK, 1982;
pp. 227–253.

10. Laforest, J.P.; King, G.J. Structural and functional aspects of porcine endometrial capillaries on days 13 and
15 after oestrus or mating. J. Reprod. Fertil. 1992, 94, 269–277. [CrossRef]

11. Meyer, A.E.; Pfeiffer, C.A.; Brooks, K.E.; Spate, L.D.; Benne, J.A.; Cecil, R.; Samuel, M.S.; Murphy, C.N.;
Behura, S.; McLean, M.K.; et al. New perspective on conceptus estrogens in maternal recognition and
pregnancy establishment in the pig. Biol. Reprod. 2019, 101, 148–161. [CrossRef]

12. Østrup, E.; Bauersachs, S.; Blum, H.; Wolf, E.; Hyttel, P. Differential endometrial gene expression in pregnant
and nonpregnant sows. Biol. Reprod. 2010, 83, 277–285. [CrossRef]

13. Samborski, A.; Graf, A.; Krebs, S.; Kessler, B.; Reichenbach, M.; Reichenbach, H.D.; Ulbrich, S.E.; Bauersachs, S.
Transcriptome changes in the porcine endometrium during the preattachment phase. Biol. Reprod. 2013, 89,
134. [CrossRef] [PubMed]

14. Zeng, S.; Ulbrich, S.E.; Bauersachs, S. Spatial organization of endometrial gene expression at the onset of
embryo attachment in pigs. BMC Genom. 2019, 20, 895. [CrossRef] [PubMed]

15. Frank, M.; Bazer, F.W.; Thatcher, W.W.; Wilcox, C.J. A study of prostaglandin F2alpha as the luteolysin in
swine: III effects of estradiol valerate on prostaglandin F, progestins, estrone and estradiol concentrations in
the utero-ovarian vein of nonpregnant gilts. Prostaglandins 1977, 14, 1183–1196. [CrossRef]

16. Pusateri, A.E.; Smith, J.M.; Smith, J.W.; Thomford, P.J.; Diekman, M.A. Maternal recognition of pregnancy in
swine. I. Minimal requirement for exogenous estradiol-17 beta to induce either short or long pseudopregnancy
in cycling gilts. Biol. Reprod. 1996, 55, 582–589. [CrossRef]

17. Ashworth, M.D.; Ross, J.W.; Ritchey, J.W.; Desilva, U.; Stein, D.R.; Geisert, R.D.; White, F.J. Effects of aberrant
estrogen on the endometrial transcriptional profile in pigs. Reprod. Toxicol. 2012, 34, 8–15. [CrossRef]

18. Samborski, A.; Graf, A.; Krebs, S.; Kessler, B.; Bauersachs, S. Deep sequencing of the porcine endometrial
transcriptome on day 14 of pregnancy. Biol. Reprod. 2013, 88, 84. [CrossRef]

19. Fujii, H.; Fujiwara, H.; Horie, A.; Sato, Y.; Konishi, I. Ephrin A1 induces intercellular dissociation in Ishikawa
cells: Possible implication of the Eph-ephrin A system in human embryo implantation. Hum. Reprod. 2011,
26, 299–306. [CrossRef]

http://dx.doi.org/10.1016/0093-691X(85)90075-5
http://dx.doi.org/10.1002/mrd.22835
http://www.ncbi.nlm.nih.gov/pubmed/28628266
http://dx.doi.org/10.1093/humupd/dmm009
http://www.ncbi.nlm.nih.gov/pubmed/17584823
http://dx.doi.org/10.1530/REP-11-0033
http://www.ncbi.nlm.nih.gov/pubmed/21677026
http://dx.doi.org/10.1016/0090-6980(77)90185-X
http://dx.doi.org/10.1071/RD9930247
http://www.ncbi.nlm.nih.gov/pubmed/8272529
http://dx.doi.org/10.1095/biolreprod27.4.957
http://www.ncbi.nlm.nih.gov/pubmed/7171674
http://dx.doi.org/10.1530/jrf.0.0940269
http://dx.doi.org/10.1093/biolre/ioz058
http://dx.doi.org/10.1095/biolreprod.109.082321
http://dx.doi.org/10.1095/biolreprod.113.112177
http://www.ncbi.nlm.nih.gov/pubmed/24174570
http://dx.doi.org/10.1186/s12864-019-6264-2
http://www.ncbi.nlm.nih.gov/pubmed/31752681
http://dx.doi.org/10.1016/0090-6980(77)90295-7
http://dx.doi.org/10.1095/biolreprod55.3.582
http://dx.doi.org/10.1016/j.reprotox.2012.03.008
http://dx.doi.org/10.1095/biolreprod.113.107870
http://dx.doi.org/10.1093/humrep/deq340


Int. J. Mol. Sci. 2020, 21, 890 25 of 29

20. Arvanitis, D.; Davy, A. Eph/ephrin signaling: Networks. Genes. Dev. 2008, 22, 416–429. [CrossRef]
21. Franczak, A.; Kotwica, G. Secretion of estradiol-17beta by porcine endometrium and myometrium during

early pregnancy and luteolysis. Theriogenology 2008, 69, 283–289. [CrossRef]
22. Waclawik, A.; Ziecik, A.J. Differential expression of prostaglandin (PG) synthesis enzymes in conceptus

during peri-implantation period and endometrial expression of carbonyl reductase/PG 9-ketoreductase in
the pig. J. Endocrinol. 2007, 194, 499–510. [CrossRef]

23. Ford, S.P.; Magness, R.R.; Farley, D.B.; Van Orden, D.E. Local and systemic effects of intrauterine
estradiol-17 beta on luteal function of nonpregnant sows. J. Anim. Sci. 1982, 55, 657–664. [CrossRef]
[PubMed]

24. Zavy, M.T.; Bazer, F.W.; Thatcher, W.W.; Wilcox, C.J. A study of prostaglandin F2α as the luteolysin in swine:
V. Comparison of prostaglandin F, progestins, estrone and estradiol in uterine flushings from pregnant and
nonpregnant gilts. Prostaglandins 1980, 20, 837–851. [CrossRef]

25. Waclawik, A.; Rivero-Muller, A.; Blitek, A.; Kaczmarek, M.M.; Brokken, L.J.; Watanabe, K.; Rahman, N.A.;
Ziecik, A.J. Molecular cloning and spatiotemporal expression of prostaglandin F synthase and microsomal
prostaglandin E synthase-1 in porcine endometrium. Endocrinology 2006, 147, 210–221. [CrossRef] [PubMed]

26. Zeng, S.; Bick, J.; Ulbrich, S.E.; Bauersachs, S. Cell type-specific analysis of transcriptome changes in the
porcine endometrium on Day 12 of pregnancy. BMC Genom. 2018, 19, 459. [CrossRef] [PubMed]

27. Seo, H.; Choi, Y.; Shim, J.; Yoo, I.; Ka, H. Prostaglandin transporters ABCC4 and SLCO2A1 in the uterine
endometrium and conceptus during pregnancy in pigs. Biol. Reprod. 2014, 100, 1–10. [CrossRef]

28. Waclawik, A.; Jabbour, H.N.; Blitek, A.; Ziecik, A.J. Estradiol-17beta, prostaglandin E2 (PGE2), and the
PGE2 receptor are involved in PGE2 positive feedback loop in the porcine endometrium. Endocrinology 2009,
150, 3823–3832. [CrossRef]

29. Roberts, R.M.; Bazer, F.W. The functions of uterine secretions. J. Reprod. Fertil. 1988, 82, 875–892. [CrossRef]
30. Berridge, M.J.; Bootman, M.D.; Roderick, H.L. Calcium signalling: Dynamics, homeostasis and remodelling.

Nat. Rev. Mol. Cell. Biol. 2003, 4, 517–529. [CrossRef]
31. Kovacs, C.S.; Kronenberg, H.M. Maternal-fetal calcium and bone metabolism during pregnancy, puerperium,

and lactation. Endocr. Rev. 1997, 18, 832–872. [CrossRef]
32. Tinel, H.; Denker, H.W.; Thie, M. Calcium influx in human uterine epithelial RL95-2 cells triggers adhesiveness

for trophoblast-like cells. Model studies on signalling events during embryo implantation. Mol. Hum. Reprod.
2000, 6, 1119–1130. [CrossRef]

33. Li, H.Y.; Shen, J.T.; Chang, S.P.; Hsu, W.L.; Sung, Y.J. Calcitonin promotes outgrowth of trophoblast cells on
endometrial epithelial cells: Involvement of calcium mobilization and protein kinase C activation. Placenta
2008, 29, 20–29. [CrossRef] [PubMed]

34. Wang, J.; Armant, D.R. Integrin-mediated adhesion and signaling during blastocyst implantation.
Cells Tissues Organs 2002, 172, 190–201. [CrossRef] [PubMed]

35. Hoenderop, J.G.; Nilius, B.; Bindels, R.J. Epithelial calcium channels: From identification to function and
regulation. Pflugers Arch. 2003, 446, 304–308. [CrossRef] [PubMed]

36. Ka, H.; Seo, H.; Kim, M.; Choi, Y.; Lee, C.K. Identification of differentially expressed genes in the uterine
endometrium on day 12 of the estrous cycle and pregnancy in pigs. Mol. Reprod. Dev. 2009, 76, 75–84.
[CrossRef]

37. Li, S.H.; Yin, H.B.; Ren, M.R.; Wu, M.J.; Huang, X.L.; Li, J.J.; Luan, Y.P.; Wu, Y.L. TRPV5 and TRPV6 are
expressed in placenta and bone tissues during pregnancy in mice. Biotech. Histochem. 2019, 94, 244–251.
[CrossRef]

38. Weng, Z.P.; Wang, X.M.; Qi, H.; Tao, H.; Zhang, S.P.; Ji, X.H. Effects of transient receptor potential V6 silence
on proliferation and apoptosis of trophoblasts. Zhonghua Fu Chan Ke Za Zhi 2012, 47, 777–780.

39. Passey, R.J.; Williams, E.; Lichanska, A.M.; Wells, C.; Hu, S.; Geczy, C.L.; Little, M.H.; Hume, D.A. A null
mutation in the inflammation-associated S100 protein S100A8 causes early resorption of the mouse embryo.
J. Immunol. 1999, 163, 2209–2216.

40. Hubert, R.S.; Vivanco, I.; Chen, E.; Rastegar, S.; Leong, K.; Mitchell, S.C.; Madraswala, R.; Zhou, Y.; Kuo, J.;
Raitano, A.B.; et al. STEAP: A prostate-specific cell-surface antigen highly expressed in human prostate
tumors. Proc. Natl. Acad. Sci. USA 1999, 96, 14523–14528. [CrossRef]

http://dx.doi.org/10.1101/gad.1630408
http://dx.doi.org/10.1016/j.theriogenology.2007.09.023
http://dx.doi.org/10.1677/JOE-07-0155
http://dx.doi.org/10.2527/jas1982.553657x
http://www.ncbi.nlm.nih.gov/pubmed/7130068
http://dx.doi.org/10.1016/0090-6980(80)90137-9
http://dx.doi.org/10.1210/en.2005-0880
http://www.ncbi.nlm.nih.gov/pubmed/16223862
http://dx.doi.org/10.1186/s12864-018-4855-y
http://www.ncbi.nlm.nih.gov/pubmed/29898663
http://dx.doi.org/10.1095/biolreprod.113.114934
http://dx.doi.org/10.1210/en.2008-1499
http://dx.doi.org/10.1530/jrf.0.0820875
http://dx.doi.org/10.1038/nrm1155
http://dx.doi.org/10.1210/edrv.18.6.0319
http://dx.doi.org/10.1093/molehr/6.12.1119
http://dx.doi.org/10.1016/j.placenta.2007.09.012
http://www.ncbi.nlm.nih.gov/pubmed/17983652
http://dx.doi.org/10.1159/000066970
http://www.ncbi.nlm.nih.gov/pubmed/12476048
http://dx.doi.org/10.1007/s00424-003-1045-8
http://www.ncbi.nlm.nih.gov/pubmed/12684797
http://dx.doi.org/10.1002/mrd.20935
http://dx.doi.org/10.1080/10520295.2018.1548710
http://dx.doi.org/10.1073/pnas.96.25.14523


Int. J. Mol. Sci. 2020, 21, 890 26 of 29

41. Yamamoto, T.; Tamura, Y.; Kobayashi, J.; Kamiguchi, K.; Hirohashi, Y.; Miyazaki, A.; Torigoe, T.; Asanuma, H.;
Hiratsuka, H.; Sato, N. Six-transmembrane epithelial antigen of the prostate-1 plays a role for in vivo tumor
growth via intercellular communication. Exp. Cell. Res. 2013, 319, 2617–2626. [CrossRef]

42. Ng, Y.H.; Rome, S.; Jalabert, A.; Forterre, A.; Singh, H.; Hincks, C.L.; Salamonsen, L.A.
Endometrial exosomes/microvesicles in the uterine microenvironment: A new paradigm for
embryo-endometrial cross talk at implantation. PLoS ONE 2013, 8, e58502. [CrossRef]

43. Ruiz-González, I.; Xu, J.; Wang, X.; Burghardt, R.C.; Dunlap, K.A.; Bazer, F.W. Exosomes, endogenous
retroviruses and toll-like receptors: Pregnancy recognition in ewes. Reproduction 2015, 149, 281–291.
[CrossRef] [PubMed]

44. Burns, G.W.; Brooks, K.E.; O’Neil, E.V.; Hagen, D.E.; Behura, S.K.; Spencer, T.E. Progesterone effects on
extracellular vesicles in the sheep uterus. Biol. Reprod. 2018, 98, 612–622. [CrossRef] [PubMed]

45. Ross, J.W.; Ashworth, M.D.; Stein, D.R.; Couture, O.P.; Tuggle, C.K.; Geisert, R.D. Identification of differential
gene expression during porcine conceptus rapid trophoblastic elongation and attachment to uterine luminal
epithelium. Physiol. Genom. 2009, 36, 140–148. [CrossRef] [PubMed]

46. Geisert, R.D.; Lucy, M.C.; Whyte, J.J.; Ross, J.W.; Mathew, D.J. Cytokines from the pig conceptus: Roles in
conceptus development in pigs. J. Anim. Sci. Biotechnol. 2014, 5, 51. [CrossRef]

47. Davoodi, S.; Cooke, R.F.; Fernandes, A.C.; Cappellozza, B.I.; Vasconcelos, J.L.; Cerri, R.L. Expression of
estrus modifies the gene expression profile in reproductive tissues on Day 19 of gestation in beef cows.
Theriogenology 2016, 85, 645–655. [CrossRef]

48. Zhang, X.; Hoang, E.; Nothnick, W.B. Estrogen-induced uterine abnormalities in TIMP-1 deficient mice are
associated with elevated plasmin activity and reduced expression of the novel uterine plasmin protease
inhibitor serpinb7. Mol. Reprod. Dev. 2009, 76, 160–172. [CrossRef]

49. Dhanoa, B.S.; Cogliati, T.; Satish, A.G.; Bruford, E.A.; Friedman, J.S. Update on the Kelch-like (KLHL) gene
family. Hum. Genom. 2013, 7, 13. [CrossRef]

50. Perez-Torrado, R.; Yamada, D.; Defossez, P.A. Born to bind: The BTB protein-protein interaction domain.
Bioessays 2006, 28, 1194–1202. [CrossRef]

51. Kang, M.I.; Kobayashi, A.; Wakabayashi, N.; Kim, S.G.; Yamamoto, M. Scaffolding of Keap1 to the actin
cytoskeleton controls the function of Nrf2 as key regulator of cytoprotective phase 2 genes. PNAS 2004, 101,
2046–2051. [CrossRef]

52. Minor, D.L.; Lin, Y.F.; Mobley, B.C.; Avelar, A.; Jan, Y.N.; Jan, L.Y.; Berger, J.M. The polar T1 interface is
linked to conformational changes that open the voltage-gated potassium channel. Cell 2000, 102, 657–670.
[CrossRef]

53. Melnick, A.; Ahmad, K.F.; Arai, S.; Polinger, A.; Ball, H.; Borden, K.L.; Carlile, G.W.; Prive, G.G.; Licht, J.D.
In-depth mutational analysis of the promyelocytic leukemia zinc finger BTB/POZ domain reveals motifs and
residues required for biological and transcriptional functions. Mol. Cell. Biol. 2000, 20, 6550–6567. [CrossRef]
[PubMed]

54. Evans, G.E.; Martínez-Conejero, J.A.; Phillipson, G.T.; Sykes, P.H.; Sin, I.L.; Lam, E.Y.; Print, C.G.;
Horcajadas, J.A.; Evans, J.J. In the secretory endometria of women, luminal epithelia exhibit gene and
protein expressions that differ from those of glandular epithelia. Fertil. Steril. 2014, 102, 307–317. [CrossRef]
[PubMed]

55. Li, S.; Liu, J.; Min, Q.; Ikawa, T.; Yasuda, S.; Yang, Y.; Wang, Y.Q.; Tsubata, T.; Zhao, Y.; Wang, J.Y. Kelch like
protein 14 promotes B-1a but suppresses B-1b cell development. Int. Immunol. 2018, 30, 311–318. [CrossRef]
[PubMed]

56. Geisert, R.D.; Johnson, G.A.; Burghardt, R.C. Implantation and Establishment of Pregnancy in the Pig.
Adv. Anat. Embryol. Cell. Biol. 2015, 216, 137–163. [CrossRef]

57. Murphy, C.R. Junctional barrier complexes undergo major alterations during the plasma membrane
transformation of uterine epithelial cells. Hum. Reprod. 2000, 15, 182–188. [CrossRef]

58. Murphy, C.R. Uterine receptivity and the plasma membrane transformation. Cell Res. 2004, 14, 259–267.
[CrossRef]

59. Waclawik, A.; Kaczynski, P.; Jabbour, H.N. Autocrine and paracrine mechanisms of prostaglandin E2

action on trophoblast/conceptus cells through the prostaglandin E2 receptor (PTGER2) during implantation.
Endocrinology 2013, 154, 3864–3876. [CrossRef]

http://dx.doi.org/10.1016/j.yexcr.2013.07.025
http://dx.doi.org/10.1371/journal.pone.0058502
http://dx.doi.org/10.1530/REP-14-0538
http://www.ncbi.nlm.nih.gov/pubmed/25526899
http://dx.doi.org/10.1093/biolre/ioy011
http://www.ncbi.nlm.nih.gov/pubmed/29346527
http://dx.doi.org/10.1152/physiolgenomics.00022.2008
http://www.ncbi.nlm.nih.gov/pubmed/19033546
http://dx.doi.org/10.1186/2049-1891-5-51
http://dx.doi.org/10.1016/j.theriogenology.2015.10.002
http://dx.doi.org/10.1002/mrd.20938
http://dx.doi.org/10.1186/1479-7364-7-13
http://dx.doi.org/10.1002/bies.20500
http://dx.doi.org/10.1073/pnas.0308347100
http://dx.doi.org/10.1016/S0092-8674(00)00088-X
http://dx.doi.org/10.1128/MCB.20.17.6550-6567.2000
http://www.ncbi.nlm.nih.gov/pubmed/10938130
http://dx.doi.org/10.1016/j.fertnstert.2014.04.005
http://www.ncbi.nlm.nih.gov/pubmed/24837612
http://dx.doi.org/10.1093/intimm/dxy033
http://www.ncbi.nlm.nih.gov/pubmed/29939266
http://dx.doi.org/10.1007/978-3-319-15856-3_8
http://dx.doi.org/10.1093/humrep/15.suppl_3.182
http://dx.doi.org/10.1038/sj.cr.7290227
http://dx.doi.org/10.1210/en.2012-2271


Int. J. Mol. Sci. 2020, 21, 890 27 of 29

60. Kubota, K.; Furuse, M.; Sasaki, H.; Sonoda, N.; Fujita, K.; Nagafuchi, A.; Tsukita, S. Ca(2+)-independent
cell-adhesion activity of claudins, a family of integral membrane proteins localized at tight junctions.
Curr. Biol. 1999, 9, 1035–1038. [CrossRef]

61. Aplin, J.D.; Ruane, P.T. Embryo-epithelium interactions during implantation at a glance. J. Cell Sci. 2017, 130,
15–22. [CrossRef]

62. Jalali, B.M.; Lukasik, K.; Witek, K.; Baclawska, A.; Skarzynski, D.J. Changes in the expression and distribution
of junction and polarity proteins in the porcine endometrium during early pregnancy period. Theriogenology
2019, 142, 196–206. [CrossRef]

63. Carraway, K.L.; Price-Schiavi, S.A.; Komatsu, M.; Idris, N.; Perez, A.; Li, P.; Jepson, S.; Zhu, X.; Carvajal, M.E.;
Carraway, C.A. Multiple facets of sialomucin complex/MUC4, a membrane mucin and erbb2 ligand, in tumors
and tissues (Y2K update). Front. Biosci. 2000, 5, D95–D107. [CrossRef] [PubMed]

64. Ferrell, A.D.; Malayer, J.R.; Carraway, K.L.; Geisert, R.D. Sialomucin complex (Muc4) expression in porcine
endometrium during the oestrous cycle and early pregnancy. Reprod. Domest. Anim. 2003, 38, 63–65.
[CrossRef] [PubMed]

65. Kim, J.; Kang, S.G.; Kim, J.I.; Park, J.H.; Kim, S.K.; Cho, D.J.; Kim, H. Implication of ADAM-8, -9, -10, -12,
-15, -17, and ADAMTS-1 in implantational remodeling of a mouse uterus. Yonsei Med. J. 2006, 47, 558–567.
[CrossRef]

66. Olson, G.E.; Winfrey, V.P.; Matrisian, P.E.; NagDas, S.K.; Hoffman, L.H. Blastocyst-dependent upregulation of
metalloproteinase/disintegrin MDC9 expression in rabbit endometrium. Cell Tissue Res. 1998, 293, 489–498.
[CrossRef] [PubMed]

67. Llamazares, M.; Cal, S.; Quesada, V.; López-Otín, C. Identification and characterization of ADAMTS-20 defines
a novel subfamily of metalloproteinases-disintegrins with multiple thrombospondin-1 repeats and a unique
GON domain. J. Biol. Chem. 2003, 278, 13382–13389. [CrossRef]

68. Porter, S.; Clark, I.M.; Kevorkian, L.; Edwards, D.R. The ADAMTS metalloproteinases. Biochem. J. 2005, 386,
15–27. [CrossRef] [PubMed]

69. Bootcov, M.R.; Bauskin, A.R.; Valenzuela, S.M.; Moore, A.G.; Bansal, M.; He, X.Y.; Zhang, H.P.; Donnellan, M.;
Mahler, S.; Pryor, K.; et al. MIC-1, a novel macrophage inhibitory cytokine, is a divergent member of the
TGF-beta superfamily. PNAS 1997, 94, 11514–11519. [CrossRef]

70. Aw Yong, K.M.; Zeng, Y.; Vindivich, D.; Phillip, J.M.; Wu, P.H.; Wirtz, D.; Getzenberg, R.H.
Morphological effects on expression of growth differentiation factor 15 (GDF15), a marker of metastasis.
J. Cell Physiol. 2014, 229, 362–373. [CrossRef]

71. Marjono, A.B.; Brown, D.A.; Horton, K.E.; Wallace, E.M.; Breit, S.N.; Manuelpillai, U. Macrophage inhibitory
cytokine-1 in gestational tissues and maternal serum in normal and pre-eclamptic pregnancy. Placenta 2003,
24, 100–106. [CrossRef]

72. Zhao, L.; Isayama, K.; Chen, H.; Yamauchi, N.; Shigeyoshi, Y.; Hashimoto, S.; Hattori, M.A. The nuclear
receptor REV-ERBα represses the transcription of growth/differentiation factor 10 and 15 genes in rat
endometrium stromal cells. Physiol. Rep. 2016, 4, e12663. [CrossRef]

73. Morrish, D.W.; Dakour, J.; Li, H. Life and death in the placenta: New peptides and genes regulating human
syncytiotrophoblast and extravillous cytotrophoblast lineage formation and renewal. Curr. Protein Pept. Sci.
2001, 2, 245–259. [CrossRef] [PubMed]

74. Moustakas, A.; Souchelnytskyi, S.; Heldin, C.H. Smad regulation in TGF-beta signal transduction. J. Cell Sci.
2001, 114, 4359–4369. [PubMed]

75. Burghardt, R.C.; Johnson, G.A.; Jaeger, L.A.; Ka, H.; Garlow, J.E.; Spencer, T.E.; Bazer, F.W. Integrins and
extracellular matrix proteins at the maternal–fetal interface in domestic animals. Cells Tissues Organs 2002,
172, 202–217. [CrossRef] [PubMed]

76. Jaeger, L.A.; Spiegel, A.K.; Ing, N.H.; Johnson, G.A.; Bazer, F.W.; Burghardt, R.C. Functional effects of
transforming growth factor beta on adhesive properties of porcine trophectoderm. Endocrinology 2005, 146,
3933–3942. [CrossRef]

77. Mantena, S.R.; Kannan, A.; Cheon, Y.P.; Li, Q.; Johnson, P.F.; Bagchi, I.C.; Bagchi, M.K. C/EBPbeta is a critical
mediator of steroid hormone-regulated cell proliferation and differentiation in the uterine epithelium and
stroma. PNAS 2006, 103, 1870–1875. [CrossRef]

78. Kannan, A.; Fazleabas, A.T.; Bagchi, I.C.; Bagchi, M.K. The transcription factor C/EBPβ is a marker of uterine
receptivity and expressed at the implantation site in the primate. Reprod. Sci. 2010, 17, 434–443. [CrossRef]

http://dx.doi.org/10.1016/S0960-9822(99)80452-7
http://dx.doi.org/10.1242/jcs.175943
http://dx.doi.org/10.1016/j.theriogenology.2019.09.041
http://dx.doi.org/10.2741/caraway
http://www.ncbi.nlm.nih.gov/pubmed/10702370
http://dx.doi.org/10.1046/j.1439-0531.2003.00405.x
http://www.ncbi.nlm.nih.gov/pubmed/12535332
http://dx.doi.org/10.3349/ymj.2006.47.4.558
http://dx.doi.org/10.1007/s004410051141
http://www.ncbi.nlm.nih.gov/pubmed/9716739
http://dx.doi.org/10.1074/jbc.M211900200
http://dx.doi.org/10.1042/BJ20040424
http://www.ncbi.nlm.nih.gov/pubmed/15554875
http://dx.doi.org/10.1073/pnas.94.21.11514
http://dx.doi.org/10.1002/jcp.24458
http://dx.doi.org/10.1053/plac.2002.0881
http://dx.doi.org/10.14814/phy2.12663
http://dx.doi.org/10.2174/1389203013381116
http://www.ncbi.nlm.nih.gov/pubmed/12369935
http://www.ncbi.nlm.nih.gov/pubmed/11792802
http://dx.doi.org/10.1159/000066969
http://www.ncbi.nlm.nih.gov/pubmed/12476049
http://dx.doi.org/10.1210/en.2005-0090
http://dx.doi.org/10.1073/pnas.0507261103
http://dx.doi.org/10.1177/1933719110361384


Int. J. Mol. Sci. 2020, 21, 890 28 of 29

79. Tynan, S.; Pacia, E.; Haynes-Johnson, D.; Lawrence, D.; D’Andrea, M.R.; Guo, J.Z.; Lundeen, S.; Allan, G.
The putative tumor suppressor deleted in malignant brain tumors 1 is an estrogen-regulated gene in rodent
and primate endometrial epithelium. Endocrinology 2005, 146, 1066–1073. [CrossRef]
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