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Abstract
The uterine endometrium plays a critical role in regulating the estrous cycle and the estab-

lishment and maintenance of pregnancy in mammalian species. Many studies have investi-

gated the expression and function of genes in the uterine endometrium, but the global

expression pattern of genes and relationships among genes differentially expressed in the

uterine endometrium during gestation in pigs remain unclear. Thus, this study investigated

global gene expression profiles using microarray in pigs. Diverse transcriptome analyses

including clustering, network, and differentially expressed gene (DEG) analyses were per-

formed to detect endometrial gene expression changes during the different gestation

stages. In total, 6,991 genes were found to be differentially expressed by comparing genes

expressed on day (D) 12 of pregnancy with those on D15, D30, D60, D90 and D114 of preg-

nancy, and clustering analysis of detected DEGs distinguished 8 clusters. Furthermore,

several pregnancy-related hub genes such as ALPPL2, RANBP17, NF1B, SPP1, and CST6
were discovered through network analysis. Finally, detected hub genes were technically

validated by quantitative RT-PCR. These results suggest the complex network characteris-

tics involved in uterine endometrial gene expression during pregnancy and indicate that

diverse patterns of stage-specific gene expression and network connections may play a crit-

ical role in endometrial remodeling and in placental and fetal development to establish and

maintenance of pregnancy in pigs.

Introduction
The uterus plays a critical role in the control of the estrous cycle and pregnancy in pigs. During
pregnancy, the uterus communicates with the conceptus (embryo/fetus and associated extra-
embryonic membranes) to establish and maintain pregnancy and it undergoes dramatic func-
tional and morphological changes [1]. Synchronization of the developing embryo and
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appropriate endometrial remodeling is essential to a successful pregnancy, while failure leads
to embryonic mortality. Accordingly, knowledge regarding the pattern of expression of uterine
endometrial genes and their function in endometrial remodeling, embryo development and
placentation during pregnancy is an important aspect of management of successful pregnan-
cies. Thus, numerous studies have focused on elucidating the expression and function of uter-
ine genes during pregnancy.

In pigs, maternal recognition of pregnancy, the extension of the functional lifespan of the
corpora lutea, occurs on day (D) 12 of pregnancy, followed by embryo implantation, which
continues until D18 of pregnancy [2, 3]. Once implantation is accomplished, the uterus partici-
pates in the formation of a maternal component of a true epitheliochorial type placenta during
mid-to-late pregnancy, which transports nutrients to the developing embryos and exchanges
gases. During this period placentation is completed, and rapid organogenesis of the developing
fetuses occurs [4, 5]. In the late stage of pregnancy near term, the uterus experiences drastic
changes in the expression of many genes and gene product function resulting from altered pla-
cental hormone secretion in order to prepare for parturition. For example, progesterone levels
decrease, whereas estrogen levels increase [6]. These hormonal changes promote uterine con-
tractility through their effects on myometrial contractile proteins, gap junction formation and
increasing responsiveness of the uterus to oxytocin and prostaglandin (PG) F2α [7].

Uterine endometrial gene expression during pregnancy is regulated mainly by steroid hor-
mones such as progesterone and estrogen and cytokines from the ovaries and/or placenta [2,
8]. Gene products expressed in the endometrium in response to those hormones and cytokines
include transport proteins (uteroferrin, retinol-binding protein and folate-binding protein),
growth factors (fibroblast growth factor 7, insulin-like growth factor 1, epidermal growth fac-
tors, transforming growth factor-βs and connective tissue growth factor), enzymes (antileuko-
proteinase, cathepsins, lysozyme and β-hexoseaminidase), extracellular matrix proteins
(osteopontin, fibronectin and vitronectin) and cell adhesion molecules (integrins α4, α5, αv, β1
and β3) [9–14]. These molecules are involved in the process of embryo implantation, membra-
nogenesis, placentation, organogenesis and endometrial remodeling.

To investigate the pattern of uterine endometrial gene expression and gene function during
pregnancy, a one-by-one approach was used before the genomic era. Although this approach
has significantly helped us to understand gene expression and function in the uterus, a
genome-wide approach using a microarray technique allows us to more efficiently investigate
global gene expression in the uterus during different stages of pregnancy or in different physio-
logical or pathological conditions. Many studies have applied microarray analysis to investigate
expression of uterine endometrial genes during various stages of development or pregnancy
and under pathological conditions. For example, gene expression profiles in the uterine endo-
metrium during the implantation period have been analyzed using a genome-wide microarray
technique in humans, mice and cows [15–17]. In pigs, microarray-based experiments have also
been carried out to analyze differentially expressed genes in the endometrium during the
implantation stage due to early exposure to estrogen [18] or during the estrous cycle [19].
However, there have been no previous reports on the global patterns of expression of genes
and the relationships among genes affecting expression and function in the uterine endome-
trium during pregnancy. Therefore, in this study we analyzed global gene expression profiles
using a microarray technique and performed three types of analyses: (1) detection of differen-
tially expressed genes (DEGs) by comparing genes expressed in the uterine endometrium on
D12 of pregnancy with those on D15, D30, D60, D90 and D114 of pregnancy; (2) clustering
analysis to group those DEGs based on expression patterns during pregnancy; and (3) network
analysis to find hub genes that are correlated with expression of other genes. From these analy-
ses, we sought to identify novel uterine marker genes at different pregnancy stages, and to
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provide valuable insight into the molecular mechanisms regulating dynamic expression of uter-
ine endometrial genes during pregnancy.

Materials and Methods

Animals and tissue preparation
All experimental procedures involving animals were conducted in accordance with the Guide
for Care and Use of Research Animals in Teaching and Research and were approved by the
Institutional Animal Care and Use Committee of Yonsei University (Approval No.
YWC-P120). Eighteen Landrace and Yorkshire crossbred sexually mature gilts of similar age
(8–10 months) were artificially inseminated at the onset of estrus (D0) and 24 h later with
fresh boar semen and assigned to D12, D15, D30, D60, D90, or D114 pregnancy groups (n = 3
pigs per day). The reproductive tracts of gilts were obtained immediately after they were
slaughtered at a local slaughterhouse and uterine endometrial tissues were harvested immedi-
ately. Pregnancy was confirmed by the presence of apparently normal filamentous conceptuses
in uterine flushings on D12 and D15 and the presence of embryos and placenta at later dates.
Uterine flushings were obtained by introducing and recovering 50 ml of phosphate buffered
saline (PBS) (pH 7.4) after hysterectomy (25 ml/uterine horn). Endometrial tissues were dis-
sected from the myometrium and placental tissues, collected from four different areas of the
middle portion of the uterine horn, and mixed for analysis to reduce the heterogeneity of gene
expression. Endometrial tissues on D30 to D114 were collected from where placental tissues
were removed. Endometrial tissues were snap-frozen in liquid nitrogen and stored at -80°C for
RNA extraction.

Gene expression profiling
Total RNA extraction. Total RNA was extracted from endometrial tissues using TRIzol

reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s recommendations. The
quality of total RNA was evaluated using NanoDrop (NanoDrop Technologies, Wilmington,
DE) and Experion (BioRad, Hercules, CA).

Target preparation, microarray hybridization and scanning. The GeneChip Porcine
Genome Array (Affymetrix, Santa Clara, CA) used in this study contained 24,123 probe sets
outlining 19,675 transcripts, which represented 11,265 genes [20]. Five micrograms of total
RNA from porcine endometria were used for labeling. Probe synthesis from total RNA sam-
ples, hybridization, detection, and scanning were performed according to standard protocols
from Affymetrix at Seoulin Bioscience Molecular Biology Center (Seoul, Korea). Briefly, cDNA
was synthesized from total RNA using the One-Cycle cDNA Synthesis Kit (Affymetrix). Single
stranded cDNA was synthesized using Superscript II reverse transcriptase and T7-oligo (dT)
primers at 42°C for 1 h. Double stranded cDNA was obtained by using DNA ligase, DNA poly-
merase I and RNase H at 16°C for 2 h, and followed by T4 DNA polymerase at 16°C for 5 min
for gap filling. After clean up with the Sample Cleanup Module (Affymetrix), double-strand
cDNA was used for in vitro transcription (IVT). cDNA was transcribed using the GeneChip
IVT Labeling Kit (Affymetrix) in the presence of biotin-labeled CTP and UTP. After clean up
with the Sample Cleanup Module (Affymetrix), 10–15 μg of labeled cRNA was fragmented
from 35 to 200 bp by fragmentation buffer (Affymetrix). Fragmented cRNA was hybridized to
the porcine genome microarray chips (Affymetrix) at 45°C for 16 h according to the Affymetrix
standard protocol. After hybridization, the arrays were washed in a GeneChip Fluidics Station
450 with a non-stringent wash buffer at 25°C followed by a stringent wash buffer at 50°C. After
washing, the arrays were stained with a streptavidin-phycoerythrin complex. After staining,
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intensities were determined with the GeneChip scanner 3000 (Affymetrix) controlled by Gene
Chip Operating System (GCOS) Affymetrix software.

Data analysis
Differentially expressed genes (DEGs). The quality of the array image was assessed as

described in the Affymetrix GeneChip expression analysis manual. A robust multi-array aver-
aging procedure (RMA) was implemented in the R statistical package [21]. Expression values
were computed from the raw CEL files by applying the RMAmodel of probe-specific correc-
tion for perfect-match probes. The corrected probe values were then normalized via quantile
normalization, and a median polish was applied to compute one expression measure from all
probe values using the RMA package. Whole expressions were log2-transformed after normal-
ized values were calculated by RMA and quantile normalization. The expression of individual
genes on D12 to D114 was compared using the linear models for microarray data (LIMMA)
analysis [22]. The Benjamini–Hochberg correction for false discovery rate (FDR) [23] was used
for all probe-level normalized data. We defined genes as differentially expressed only if they
met the criteria of FDR adjusted P-value< 0.05 in the unpaired Welch t-test. In addition, the
DEGs were classified as either up- or down-regulated genes depending on fold change (+ or -,
respectively) by calculating log2(gene expression level of later stage/gene expression level of
earlier stage).

Clustering analysis. Soft clustering data were obtained using the Mfuzz package imple-
mented in R [24, 25]. The raw ratios for the time profiles of DEG were log10 transformed and
then normalized such that, for each profile, the mean was zero and the standard deviation was
one. The transformed profiles were then clustered using the Mfuzz package. We used the fuzzy
c-means (FCM) clustering algorithm, which is a part of the package. FCM clustering is a soft
partitioning clustering method that requires two main parameters (c = number of clusters,m =
fuzzification parameter) and uses Euclidean distance as the distance metric. FCM assigns to
each profile a membership value in the range (0, 1) for each c cluster. The algorithm iteratively
assigns the profile to the cluster with the nearest cluster center while minimizing an objective
function. Parameterm plays an important role in deriving robust clusters that are not greatly
influenced by noise and random artifacts in data. For our analysis, the optimal values of c and
m were derived by the iterative refinement procedure as previously described [26]. The final
clustering was done with parameters c = 8 andm = 1.25.

Functional annotation clustering analysis using the DAVID tool. For investigating
gene-set level patterns, we employed the DAVID functional annotation tool [27]. Annotated
porcine gene information for DEG probe identifications was obtained from NetAffx (http://
www.affymetrix.com/analysis/index.affx). Because of the limited number of annotated genes
for the porcine genome in NetAffx resulting from the limited availability of the full-length por-
cine cDNA sequence, we used human gene symbols annotated for the Affymetrix porcine
genome microarray probe identifications for the genes whose annotations were not available in
NetAffx, as described in Tsai et al. [20]. Functional annotation clustering analysis using porcine
and human gene symbols in the DAVID program was conducted at the highest stringency to
identify the biological function of DEGs in the uterine endometrium during pregnancy. Anno-
tation clusters having a low enrichment score (< 1.3) were filtered out because most of the
included biological terms were not significant (P-value< 0.05).

Weighted gene co-expression network analysis (WGCNA) and module construction.
Module detection and characterization were performed using customized R software functions.
The absolute value of the Pearson correlation between expression profiles of all pairs of genes
was determined. Then, the Pearson correlation measure was transformed into a connection
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strength measure by using a power function Edgeij ¼ jr2ijjb [28]. The connectivity measure for

each gene is the sum of the connection strengths (correlation β) between the gene and all the
other genes in the network. Gene expression networks, like virtually all types of biological net-
works, exhibit an approximate scale-free topology. The coefficient of determination between
log p(k) and log(k) was used to determine how well a resulting network fit the scale-free topol-
ogy for a range of values. The scale-free topology criterion [28] was used to determine the
power. To group genes with coherent expression profiles into modules, we used average linkage
hierarchical clustering, which uses the topological overlap measure as dissimilarity. The topo-
logical overlap of two nodes reflects their similarity in terms of the commonality of the nodes
they connect to each other [29, 30]. A height cutoff value of 0.94 was chosen and obtained 5
gene co-expression modules in this study.

Quantitative real-time RT-PCR
To technically validate the detected results from microarray analysis such as clustering, net-
work, and DEG finding analysis in the uterine endometrium, real-time RT-PCR was performed
using the Applied Biosystems GeneAmp 7300 Sequence Detection System (Applied Biosys-
tems, Foster City, CA) using the SYBR Green method. Complementary DNA was synthesized
from 4 μg total RNA isolated from different uterine endometrial tissues, and newly synthesized
cDNAs (total volume of 21 μl) were diluted 1:4 with nuclease-free water and then used for
PCR. The Power SYBR Green PCRMaster Mix (Applied Biosystems) was used for PCR reac-
tions. The final reaction volume of 20 μl included 2 μl of cDNA, 10 μl of 2X Master mix, 2 μl of
each primer (100 nM), and 4 μl of dH2O. PCR cycle parameters were 50°C for 2 min and 95°C
for 15 min followed by 40 cycles of 95°C for 30 s, 60°C for 30 s and 72°C for 30 s. Sequences of
primer pairs for PCR reactions and product sizes are listed in Table 1. The results were
reported as the relative expression to the level on D12 of pregnancy after normalization of the
transcript amount to the two endogenous control genes, porcine ribosomal protein L7 (RPL7)
and ubiquitin B (UBB), by the 2-ΔΔCT method [31]. We performed the Pearson correlation test
in order to technically validate the WCGNA results.

Results

Identification of DEGs in different stages of pregnancy in the uterine
endometrium
We analyzed gene expression profiles from microarray data consisting of 18 endometrial sam-
ples (three per each of the 6 selected days of pregnancy) to detect DEGs during pregnancy. For
accurate estimation of DEGs, we performed probe and scale normalization using RMA and
quantile normalization, respectively. Then, DEGs were detected by comparing genes expressed
in the endometrium on D12 of pregnancy with those on D15, D30, D60, D90 and D114 of
pregnancy using the LIMMA R package. As a result, we identified DEGs (FDR adjusted
P< 0.05) as shown in Table 2. Interestingly, we observed that the number of DEGs during the
late stage of pregnancy tended to increase when genes expressed on D12 of pregnancy were
compared with genes expressed on D15, D30, D60, D90, and D114 of pregnancy: 256, 449,
1,620, 1,467 and 2,146 genes were significantly up-regulated, and 248, 636, 1,892, 1,947, and
1,884 genes were significantly down-regulated, respectively. Furthermore, we visualized the
expression pattern of DEGs during pregnancy, as shown in Fig 1A and 1B, and rearranged all
of the up- or down-regulated DEGs by day of pregnancy and their identity (Table 2). Interest-
ingly, many DEGs did not overlap with different stage groups, which suggests that detected
DEGs are very stage-specific. In DEG analysis, we observed a total of 6,991 genes without
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overlapped genes in different stage groups. More detailed information regarding these DEGs is
listed in S1 and S2 Tables.

Clustering analysis to determine the global expression pattern of genes
during pregnancy
Next, to distinguish the detected DEGs defined above in the endometrium throughout all
stages of pregnancy, we conducted clustering analysis using FCM clustering implemented in
the mFuzz R package. From the analysis, the optimal number of clusters with a similar expres-
sion pattern during pregnancy was calculated to be 8 (Fig 2). Each cluster included 523, 1,059,
831, 820, 1202, 737, 926 and 893 DEGs, respectively. More detailed clustering results with
DEGs are shown in S3 Table. In cluster 1, expression of genes increased over the gestation

Table 1. Primer sequences used for real-time RT-PCR.

Gene GenBank Accession Number Primer Sequences Product Sizes (bp) Annealing Temperature

SLPI NM_213870 F:5'- ACT GGC TGT CTG TCT TGC AGT GAT T-3' 104 60°C

R: 5'-TGC TAT CAC GAA CCC AGT TAA GGT G-3'

CCL28 NM_001024695 F:5'-GAT GTG CCC CTT TAC TGT TCC TCT T-3' 137 60°C

R:5'-CAG AAG AAT CTG TGT CAG CCC TCA T-3'

CST6 AY610298 F:5'-CTA CTA CTT CCG CGA CAC CA-3' 205 60°C

R:5'-GGG AAC CAC AAG GAT CTC AA-3'

MPZL2 CF787898 F:5'-AAC AGA TGG CCT GAT TGA TGT TCC-3' 110 60°C

R:5'-ACC CAT GAA TAT GTA ACC AAG ACA CAA-3'

NFIB AY609566 F:5'-TTC GGA GAG GGA TAA AAG TCT CCT G-3' 115 60°C

R:5'-GTG TCA ATC TTC AGA GGT CGC TGT C-3'

RANBP17 EW220253 F:5'-CTG TCT CGG TTC TTG ACA GAA AGG T-3' 120 60°C

R:5'-TGA GCT GAG GGC AAG TCT GAT AAA C-3'

SAL1 NM_213814 F:5'-GCT GAC TCT AGC CTC TTC CCA CAA G-3' 110 60°C

R:5'-CGT CTG AGG CCA AAA GAA TGG AAT A-3'

SPP1 EF633681 F:5'-CTC ATT GCT CCC ATC ATA GGT CTT G-3' 111 60°C

R:5'-CAA GAG AAG GAC AGT CAG GAG ACG A-3'

SUCLA2 AF061996 F:5'-CAA TGT AGT TGA GAT TTG CCT TCG C-3' 149 60°C

R:5'-TTC AGA TGG AGC TGT GCT GTG TAT G-3'

UABP2 NM_213845 F:5'-GAC CTT CCA AAA GTC CTT GTC CTT G-3' 141 60°C

R:5'-GAC ATA TTC ACT ACC AAG GCC GTC A-3'

UBB EF688559 F:5'- AACAGTTCAGTAGTTATGAGCCAGA-3' 65 60°C

R:5'- AGATGTTCTCAAACGCTTCG-3'

RPL7 NM_001113217 F:5'-AAG CCA AGC ACT ATC ACA AG-3' 172 60°C

R:5'-TGC AAC ACC TTT CTG ACC TT-3'

doi:10.1371/journal.pone.0143436.t001

Table 2. Number of differentially expressed genes at different stage of gestation compared to the
genes expressed on day (D) 12 of pregnancy (P) in the uterine endometrium in pigs.

Comparison Genes Up-regulated Genes Down-regulated

D15P / D12P 256 248

D30P / D12P 449 636

D60P / D12P 1,620 1,892

D90P / D12P 1,467 1,947

D114P / D12P 2,146 1,884

doi:10.1371/journal.pone.0143436.t002
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stage and then declined at term. Genes in this cluster were expressed at high levels on D60 to
D90 of pregnancy. The representative DEGs included in cluster 1 were ACSL1, ACSL4,
CYP19A1, ICAM1, IGFBP1, IGFBP5, IL10, LIF, SLPI, SPP1 and UFBP. On the other hand, clus-
ter 2 tended to be expressed in a gradually decreasing manner throughout gestation, and
included ATP1A1, CD14, CDKN1B, FGFR2, GSTA2, NCOA1, NCOA2, and STC1. In addition,
expression of genes in cluster 5 tended to decrease from D60 to D90 of pregnancy. Genes in
this cluster included ATP1B1, CTGF, ESR1, ITGB8, OAS1, OGT, and PGR. Expression of genes
in cluster 7 tended to increase gradually from D12 to D90 of pregnancy and then increase
again dramatically at term. ATP4B, CTSL2, ESD, FBP,MMP3, NLN, PLAT, and TIMP1 were
included in this cluster. Expression of genes in cluster 8 was high on D12 of pregnancy, and
remained low throughout the rest of the pregnancy. Genes included in this cluster were
ALCAM, CCL28, LPAR3, EGF, FGF7,HIF1A, IGF1, IL10RB, OCLN, SAL1 and SULT1E1.

Functional annotation clustering analysis of the DEGs in each cluster to
determine biological function during pregnancy
Having determined the global gene expression pattern of DEGs in the uterine endometrium
during pregnancy and having identified groups of genes showing a similar expression pattern,
we next sought to determine the function of genes in each cluster. To answer this question, we
used DAVID functional annotation clustering analysis with annotated gene symbols. We used
the highest stringency cut-off criteria for reducing false positives, and obtained enriched func-
tional annotation groups composed of significant gene ontology (GO) terms or biological fea-
tures in 8 clusters (Table 3 and S4 Table).

In cluster 1 where gene expression increased over gestation and then declined at term, anno-
tation groups, blood vessel development/morphogenesis, ion/cellular chemical homeostasis,
and regulation-related terms were observed. In cluster 2 where gene expression decreased over
gestation from early to term pregnancy, annotation groups included negative regulation of cel-
lular biosynthetic/cellular metabolic processes and cellular protein catabolic /proteolysis pro-
cesses. In cluster 5 where gene expression decreased on D60 to D90 of pregnancy, annotation
groups included RNA processing/splicing, regulation of gene expression/macromolecule bio-
synthetic processes and cellular glucan/polysaccharide/energy reserve metabolic processes. In
cluster 8 where gene expression was highest on D12 of pregnancy and remained low thereafter,
annotation groups included blood vessel development/differentiation and neuronal projection
development/cell morphogenesis.

Weighted gene co-expression network analysis (WGCNA) to determine
groups of closely interrelated genes
Next, further efforts were made to determine the interrelationship among genes expressed in
the uterine endometrium during pregnancy. We applied WGCNA and identified groups (mod-
ules) of closely interrelated genes that had similar patterns of connection strengths to other
genes, or high topological overlap [32]. Module detection and characterization were performed
using customized R software functions, and gene co-expression modules were identified by

Fig 1. Differentially expressed genes (DEGs) at different stages of gestation compared to genes
expressed on day (D) 12 of pregnancy in the uterine endometrium in pigs. (A) Up-regulated genes
specifically observed on D15, D30, D60, D90, D114, or stages over more than two different days compared to
genes expressed on D12 of pregnancy were re-arranged according to their expression patterns in red. (B)
Down-regulated genes specifically observed on D15, D30, D60, D90, D114, or stages over more than two
different days compared to genes expressed on D12 of pregnancy were re-arranged according to their
expression patterns in green.

doi:10.1371/journal.pone.0143436.g001
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Fig 2. Clustering analysis of differentially expressed genes in the uterine endometrium during
pregnancy in pigs. Clustering analysis was performed using the Mfuzz package and dendrograms of each
cluster are depicted. The fuzzy c-means (FCM) clustering algorithm, which is a part of the package, uses a
soft partitioning clustering method that requires two main parameters (c = number of clusters,m =
fuzzification parameter). In this analysis, the optimal values of c andm were derived by the iterative
refinement procedure. Through this optimization, two parameters were calculated as c = 8 andm = 1.25. As a
result, eight clusters were obtained. Yellow or green lines correspond to genes with a low membership value;
red and purple lines correspond to genes with a high membership value. Most genes included in this figure
showed a high membership value.

doi:10.1371/journal.pone.0143436.g002
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Table 3. List of enriched functional annotation groups in 8 clusters by functional annotation clustering analysis.

Cluster Description for Functional Annotation Groups Enrichment
Score*

No of
Genes

1 1. Blood vessel development/morphogenesis 6.211 24

2. Ion/cellular chemical homeostasis 4.421 27

3. Positive regulation of protein modification/positive regulation of phosphate (phosphorous) metabolic
process

4.26 14

4. Positive regulation of (cellular) proteinmetabolic process 3.464 18

5. Regulation of apoptosis/programmed cell death 3.354 25

6. Regulation of axonogenesis/neuron differentiation 2.015 8

7. Negative regulation of axonogenesis/neurogenesis 1.515 5

8. Negative regulation of apoptosis/programmed cell death 1.486 17

9. Gonad development/ovulation cycle process 1.37 7

10. Mesenchymal cell differentiation/development 1.347 5

2 1. Negative regulation of cellular biosynthetic process/cellular metabolic process 4.926 61

2. Negative regulation of transcription/RNA metabolic process 4.269 45

3. Neuron projection development/cell morphogenesis 2.903 30

4. Regulation of biosynthetic process/transcription 1.92 161

5. Blood vessel development/morphogenesis 1.532 21

6. Cellular protein catabolic process/proteolysis 1.53 54

7. Positive regulation of cellular metabolic process/biosynthetic process/transcription 1.456 59

8. Mesenchymal cell differentiation/development 1.446 7

3 1. Complement activation/B cell mediated immunity 1.6 6

2. Positive regulation of protein modification/phosphate (phosphorous) metabolic process 1.464 13

3. Negative regulation of apoptosis/programmed cell death 1.39 21

4 1. Nucleobase, nucleoside, nucleotide and nucleic acid biosynthetic process/nucleoside phosphate
metabolic process

3.17 21

2. Proton transport/ATP synthesis coupled proton Transport/ion transmembrane transport 3.156 10

3. Positive regulation of ion transport/regulation of metal ion transport 2.54 10

4. Cellular response to starvation/nutrient levels 1.873 6

5. Negative regulation of apoptosis/programmed cell death 1.627 22

5 1. RNA processing/RNAsplicing 22.144 76

2. Regulation of gene expression/ macromolecule biosynthetic process 5.364 221

3. Nucleic acid transport/mRNA transport 2.751 15

4. Negative regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolic process/
macromolecule metabolic expression/transcription process/gene

2.132 58

5. Cellular glucan metabolic process/polysaccharide metabolic process/energy reserve metabolic process 2.084 8

6 1. M phase/mitosis 3.506 28

2. Nucleic acid transport/mRNA transport 3.397 13

3. tRNA aminoacylation for protein translation/cellular amine metabolic process 1.887 12

4. Modification-dependent macromolecule catabolic process/protein catabolic process 1.656 35

7 1. Protein amino acid glycosylation/glycoprotein biosynthetic process 2.882 16

2. Modification-dependent macromolecule catabolic process/protein catabolic process 1.478 37

8 1. Blood vessel development/differentiation 2.862 21

2. Neuron projection development/cell morphogenesis 2.222 23

3. Positive regulation of cell migration/cell motion 1.723 11

*; Functional annotation groups resulted from functional annotation clustering analysis using BP terms were ordered by their mean enrichment score. And,

it was considered as significant functional groups that were over 1.3 of enrichment score. Gene symbols used in functional annotation clustering analysis

were human orthologues corresponding to probe identifications of Porcine Genome Array.

doi:10.1371/journal.pone.0143436.t003
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average linkage hierarchical clustering with a topological overlap matrix (TOM). As a result, 5
modules in different colors corresponding to branches of the dendrogram as visualized in the
TOM plot were obtained by cutting the tree of the dendrogram at the height of 0.94 (Fig 3A).
For each module, a heatmap was produced with rows corresponding to genes and columns cor-
responding to samples ordered by pregnancy stage (Fig 3B). Modules in yellow, turquoise,
blue, green, and brown colors included 61, 816, 506, 39, and 246 genes, respectively. A list of
genes in each module is provided in S5 Table. Interestingly, heatmaps for 5 modules showed a
common pattern of gene expression during pregnancy; genes up-regulated on D12 and D15 of
pregnancy were down-regulated after D30 of pregnancy, and genes down-regulated on D12
and D15 of pregnancy were up-regulated after D30 of pregnancy.

We evaluated the intramodular connectivity of genes to each other to identify hub genes
that could be markers for specific physiological functions in the uterus. In this network analysis
study, hub genes were defined as highly connected genes (> 10 connected nodes). Twenty-five
genes that had a connectivity of absolute scaled K value greater than 0.9 in each module were
selected as hub genes (Table 4). In the yellow module, SOX13 andMRPL2 showed the highest
connectivity to other genes positively and negatively, respectively. HNRNPA2B1 and REXO2
showed the highest connectivity to other genes positively and negatively, respectively, in the
turquoise module. In the blue module, ALPPL2, RANBP17 and NF1B had the highest connec-
tivity to other genes positively, and SPP1 and CST6 had the highest connectivity to other genes
negatively. In the green module, GINS1, CDC2 and KPNA2 were highly connected to genes
positively, and NOLA2 had the highest connectivity to other genes negatively.MYD88 showed
the highest connectivity to other genes positively, and ATP1A1 showed the highest connectivity
to other genes negatively in the brown module.

Real-time RT-PCR analysis to validate detected hub genes and
correlated genes
To demonstrate the correlation of hub genes determined in WGCNA and confirm clustering
analysis of DEGs, we conducted real-time RT-PCR for selected genes. We chose RANBP17 and
SPP1 in the blue module in WGCNA because the blue module included a large number of
genes, and RANBP17 and SPP1 showed the highest absolute connectivity to other genes in
WGCNA. In addition, some genes correlated with hub genes were additionally selected for
real-time RT-PCR. Pearson correlation was calculated between hub genes RANBP17 and SPP1
and the other genes, as shown in S6 and S7 Tables. Genes positively correlated with RANBP17
included SAL1, CCL28, GALT and NF1B3, and negatively correlated genes included SPP1,
SLPI,MPZL2, UFBP and CST6 (S6 Table). Genes positively correlated with SPP1 included
SLPI,MPZL2, UFBP, CST6 and SUCLA2, and negatively correlated genes included RANBP17,
SAL1 and CCL28 (S7 Table).

As shown in Fig 4, a heatmap and correlation-based network plot revealed the relationships
among the hub genes RANBP17 and SPP1 and their correlated genes SAL1, NF1B, SLPI,
MPZL2, UFBP, CST6, CCL28, and SUCLA2. The general expression pattern of these genes in
real-time RT-PCR matched the expression pattern of genes in each cluster where those genes
were grouped, confirming the accuracy of the microarray analysis. In Fig 4A, expression of
most validated genes dramatically changed after D15 of pregnancy except SAL1 and CCL28,
the expression of which changed after D12 of pregnancy. We also performed network analysis
in real-time RT-PCR in order to identify their relationship. The correlation-based network plot
showed these relationships and the Pearson correlation test was used to determine significance.
As shown in Fig 4B, significant correlation (FDR adjusted P-value< 0.05) and their direction
(positive or negative) are visualized as a network plot. As a result, all genes were significantly

Gene Expression Profiling of the Porcine Uterus

PLOS ONE | DOI:10.1371/journal.pone.0143436 November 18, 2015 11 / 20



Gene Expression Profiling of the Porcine Uterus

PLOS ONE | DOI:10.1371/journal.pone.0143436 November 18, 2015 12 / 20



correlated each other. As expected, RANBP17 and SPP1 were observed as hub genes in real-
time RT-PCR. NFIB, SAL1, and CCL28 were highly positively correlated with RNABP17 and
SPP1, UABP2, SLP1,MPZL2, and CTS6 were highly negatively correlated with RNABP17.
These results confirmed the hub genes detected in WGCNA.

Discussion
The uterine endometrium plays an essential role in the establishment and maintenance of preg-
nancy and undergoes morphological and functional changes during pregnancy in mammals.
To support pregnancy, expression of uterine endometrial genes alters dynamically depending

Fig 3. Network analysis of gene expression in the porcine uterine endometrium during pregnancy to
identify distinct modules of weighted coexpressed genes. (A) Dendrograms produced by average
linkage hierarchical clustering of 24,123 genes based on topology overlap. The red line indicates the height at
which the tree was cut (0.94, red line) to define the module. Different modules were assigned colors as
indicated in the horizontal bar beneath the dendrogram. (B) Heatmap images of all genes involved in 5
network modules. Columns represent probe identifications and putative annotations, and rows represent day
of pregnancy. Red indicates high levels of expression and green indicates low levels of expression.

doi:10.1371/journal.pone.0143436.g003

Table 4. List of hub genes that have high connectivity in eachmodule fromweighted gene co-expression network analysis.

Module Probe
Identification

Scaled
positive K

Scaled
negative K

Gene
Symbol

Gene Title

Yellow Ssc.12263.1.A1_at 1 0.4804 SOX13 SRY (sex determining region Y)-box 13

Ssc.5394.1.S1_at 0.9904 0.4023 CEP290 Centrosomal protein 290kDa

Ssc.2361.1.A1_at 0.9504 0.499 PPP1R3D Protein phosphatase 1, regulatory subunit 3D

Ssc.21783.2.
S1_a_at

0.3689 1 MRPL2 Mitochondrial ribosomal protein L2

Turquoise Ssc.27885.1.S2_at 1 0.1923 HNRNPA2B1 Heterogeneous nuclear ribonucleoprotein A2/B1

Ssc.30052.1.A1_at 0.9191 0.192 ZNF613 Zinc finger protein 613

Ssc.9133.1.A1_at 0.2016 1 REXO2 REX2, RNA exonuclease 2 homolog (S. Cerevisiae)

Ssc.18377.3.
S1_a_at

0.1898 0.9515 P2RX4 Purinergic receptor P2X, ligand-gated ion channel, 4

Ssc.18377.1.S1_at 0.1915 0.9225 P2RX4 Purinergic receptor P2X, ligand-gated ion channel, 4

Blue Ssc.9533.1.A1_at 1 0.2562 ALPPL2 Alkaline phosphatase,placental-like 2

Ssc.4154.1.A1_at 0.9672 0.268 RANBP17 Ran Binding Protein 17

Ssc.28951.1.S1_at 0.9434 0.3428 NFIB Nuclear factor I/B

Ssc.12664.2.S1_at 0.9424 0.1939 SLCO3A1 Solute carrier organic anion transporter family, member 3A1

Ssc.30327.1.A1_at 0.9054 0.2323 TEX9 Testis expressed 9

Ssc.101.1.S1_at 0.1737 1 SPP1 Secreted phosphoprotein 1

Ssc.9061.1.A1_at 0.2551 0.9307 CST6 Cystatin E/M

Green Ssc.5401.1.S1_at 1 0.5092 GINS1 GINS complex subunit 1 (Psf1 homolog)

Ssc.873.1.S1_at 0.9458 0.4352 CDC2 Cell division cycle 2, G1 to S and G2 to M

Ssc.11668.1.A1_at 0.9002 0.5182 KPNA2 Karyopherin alpha 2 (rag cohort 1, importin alpha 1)

Ssc.20730.1.S1_at 0.3122 1 NOLA2 NHP2 ribonucleoprotein homolog (Yeast)

Ssc.2505.2.S1_at 0.3294 0.9861 AKAP11 A kinase (PRKA) anchor protein 11

Brown Ssc.23503.1.S1_at 1 0.4688 MYD88 Myeloid differentiation primary response gene (88)

Ssc.11046.2.S1_at 0.9736 0.4039 SEC22L1 SEC22 vesicle trafficking protein homolog B (S. cerevisiae)
(gene/pseudogene)

Ssc.5789.2.S1_at 0.967 0.4244 SEC22L1 SEC22 vesicle trafficking protein homolog B (S. cerevisiae)
(gene/pseudogene)

Ssc.800.1.S1_at 0.3346 1 ATP1A1 ATPase, Na+/K+ transporting, alpha 1 polypeptide

doi:10.1371/journal.pone.0143436.t004
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on the stage of gestation and is affected by hormones and cytokines of ovarian, conceptus, cho-
rionic and other origins. Although many studies have investigated the expression and function
of endometrial genes in pigs, the genes expressed in the uterine endometrium and the cellular
and molecular function of those gene products during pregnancy are not completely under-
stood. In this study, we analyzed the global expression patterns of genes in the endometrium
from the early to the late stage of pregnancy using a microarray technique in pigs. As a result,
we determined the following: 1) genes are expressed differentially during the different stages of
pregnancy; 2) groups of genes show similar expression patterns during pregnancy. We also
evaluated the functional annotation of grouped genes and the correlation of genes expressed in
the endometrium during pregnancy and found that hub genes closely correlated with other
genes. To our knowledge, this is the first report investigating the global expression patterns of
uterine endometrial genes throughout gestation in pigs.

Expression of endometrial genes is regulated by many factors and changes dynamically dur-
ing pregnancy. In this study we identified DEGs by comparing expression levels of endometrial
genes on D15, D30, D60, D90 and D114 of pregnancy with those on D12 of pregnancy, which
is when maternal recognition of pregnancy occurs and embryo implantation begins in pigs [1].
Using clustering analysis we grouped those DEGs into 8 clusters based on the overall expres-
sion pattern throughout pregnancy, and the genes in each cluster and their functional annota-
tion groups represented unique physiological functions during specific periods of pregnancy.
Expression of DEGs in cluster 1 increased throughout gestation and declined at term. Genes
following this pattern included ACSL1, ACSL4, CYP19A1, ICAM1, IGFBP1, IGFBP5, IL10, LIF,
SLPI, SPP1 and UFBP. Some genes such as SLPI, SPP1 and UFBP have been previously investi-
gated [33–35], and our results coincide with the expression pattern of those genes in previous

Fig 4. Real-time RT-PCR analysis to technically validate hub genes and correlated genes. (A) Heatmap with hierarchical clustering using 2-ΔΔCT values
of 10 genes in real-time RT-PCR. (B) Correlation-based network plot. The edges represent significant correlation (FDR adjusted P-values < 0.05 in Pearson
correlation test), and green and red colors represent positive and negative correlation, respectively.

doi:10.1371/journal.pone.0143436.g004
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studies. Because genes in this cluster were highly expressed during mid-to-late pregnancy
when placental growth and fetal development reach the maximum levels [4, 5], it is likely that
genes in this cluster are involved in support of fetal/placental development and endometrial
remodeling. Indeed, functional annotation clustering analysis showed that the gene function of
this group includes blood vessel development/morphogenesis, ion/cellular chemical homeosta-
sis, positive regulation of protein modification, and mesenchymal cell differentiation. Genes in
cluster 5 showed a pattern of decreased expression on D60 to D90 during pregnancy and
included ATP1B1, CTGF, ESR1, ITGB8, OAS1, OGT, and PGR. Functional annotation groups
for the genes in this cluster include RNA processing/splicing, regulation of gene expression/
macromolecule biosynthetic process and cellular glucan/polysaccharide/energy reserve meta-
bolic process. Genes in cluster 7 showed a pattern of gradually increasing expression from D12
to D90 of pregnancy and had the highest levels at term. These genes include ATP4B, CTSL2,
ESD, FBP,MMP3, NLN, PLAT, and TIMP1. Functional annotation groups in this cluster
include protein amino acid glycosylation/glycoprotein biosynthetic processes and modifica-
tion-dependent macromolecule catabolic/protein catabolic processes, which suggests that
remarkable endometrial remodeling occurs in the preparation for parturition at term. Genes in
cluster 8 showed highest expression on D12 of pregnancy and decreased thereafter during
pregnancy, and include ALCAM, CCL28, EGF, FGF7,HIF1A, IGF1, IL10RB, LPAR3, OCLN,
SAL1 and SULT1E1. Functional annotation groups include blood vessel development/differen-
tiation and neuronal projection development/cell morphogenesis. The highest levels of expres-
sion on D12 of pregnancy for the genes such as FGF7 [36], LPAR3 [37], SAL1 [38], and
SULT1E1 [39, 40] have already been reported, confirming the accuracy of microarray analysis
in this study.

In WGCNA to determine groups of closely interrelated genes expressed in the uterine endo-
metrium during pregnancy, we identified 5 groups (modules) of closely interrelated genes that
had similar patterns of connection strengths to other genes, or high topological overlap. Since
hub genes are known to play a critical role in the genetic interaction network, we assumed that
these genes function in expression and regulation of other genes in the same module in the
uterine endometrium during pregnancy and that they might be markers for predicting specific
uterine gene function. Twenty-four hub genes were identified based on connectivity of absolute
scaled K values of more than 0.9 in each module. Among them, SPP1, CST6, and RANBP17
were detected as hub genes in the blue module. Indeed, many studies have shown the critical
roles of these genes in the uterine endometrium.

The importance of SPP1 in endometrial function during pregnancy is well understood in
many species, including humans, rabbits, pigs, and ruminants [41]. SPP1, also called osteopon-
tin and early T-cell activator factor 1, is an acidic glycosylated phosphoprotein found in all
body fluids and in a variety of tissues. SPP1 acts on various biological processes such as cell
migration, inflammation, activation of B and T cells, and bone formation [41]. In pigs, SPP1 is
expressed in uterine endometrial luminal epithelial cells from early stage of pregnancy and is
also expressed in glandular epithelial cells from mid- to late-stage of pregnancy [34]. SPP1 can
undergo dramatic post-translational modifications such as phosphorylation, glycosylation, and
cleavage, forming different sizes of variants including native 75-kDa, 45- and 25-kDa forms
[41]. SPP1, an extracellular matrix (ECM) protein, binds multiple integrins through Arg-Gly-
Asp-mediated or alternative integrin recognition sequences to effect cell-cell and cell-ECM
adhesion [42]. In pigs, SPP1 binds specific integrins and promotes trophectoderm cell migra-
tion and attachment to luminal epithelial cells [43]. These suggest that SPP1 plays a critical
role in cell-cell and cell-ECM adhesion at the maternal-conceptus interface, especially in pigs,
which form a true non-invasive epitheliochorial placentation. Furthermore, several studies
have shown that the SPP1 gene is associated with litter size and prenatal survival. The porcine
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SPP1 gene is included in quantitative trait loci (QTL) associated with reproductive perfor-
mance such as ovulation rate, litter size, and prenatal survival on chromosome 8 [44]. A poly-
morphism has been detected in an intron region of the SPP1 gene [45, 46], and is associated
with birth body weight, growth rate, and carcass traits in the Landrace X Jeju (Korea) black pig
F2 population [46]. In addition, it has been shown that expression of SPP1 is higher in the uter-
ine endometrium of the Meishan pig, a highly prolific pig breed, than in the hyperprolific
Large White breed, suggesting the association of SPP1 with placental efficiency during preg-
nancy [47]. Therefore, the finding of SPP1 as a hub gene in the uterine endometrium during
pregnancy in this study and the role of SPP1 in the uterine endometrium during pregnancy
and association of the SPP1 gene with porcine litter size and prenatal survival indicates that
SPP1 is a critical factor for regulating uterine-conceptus interactions and maintaining a suc-
cessful pregnancy.

In this study, CST6 was also identified as a hub gene in the uterine endometrium during
pregnancy. CST6 (cystatin 6 or cystatin E/M) is an inhibitor of cathepsins (CTSs), including
CTSB, CTSL, and legumain (LGMN) [48], which are lysosomal cysteine proteases acting on
degradation of extracellular matrix molecules and activation of intracellular pre-proteins [49].
Expression of CTSs and CSTs in the uterine endometrium has been shown in many species
including rodents, humans, ruminants and pigs [50–52], and it has been suggested that CTSs
and CSTs play important roles in endometrial remodeling in the uterine endometrium during
the reproductive cycle and pregnancy [52]. In pigs, CTSB, CTSL1, and LGMN are expressed by
endometrial luminal epithelial and chorionic epithelial cells at the maternal-conceptus inter-
face during pregnancy and endometrial expression of CTSB and CTSL1 is induced by proges-
terone [51, 53], suggesting that their action is required to remodel uterine endometrial and
placental tissues and facilitate transplacental transport of nutrients. CST6 is expressed in the
uterine endometrium during the estrous cycle and in pregnancy, and also in the chorionic epi-
thelia of the placental membrane with increasing levels during late pregnancy [53], suggesting
that cell type-specific expression and function of CST6 is critical in regulation of CTS action
for appropriate maternal-fetal interactions.

The result of this study showed that RANBP17 is a hub gene in the endometrium during
pregnancy in pigs. RANBP17 is a member of the importin-β superfamily of nuclear transporter
receptors that are involved in the nucleocytoplasmic shuttling of many cargo proteins and
interact directly with RanGTP to modulate the compartment-specific binding of their substrate
[54]. Importin-βs play essential roles in diverse cellular processes such as gene expression, sig-
nal transduction, oncogenesis, cell division, and nuclear envelope assembly [55]. Expression of
RANBP17 has been detected in many human and mouse tissues, including brain, heart, lung,
pancreas, placenta, and testis, with the highest levels of expression in testis [54], and levels of
RANBP17mRNAs increases with ischemic and dilated cardiomyopathy [56]. Although the
specific function of RANBP17 has not been well understood, it has been shown that RANBP17
interacts with a basic helix-loop-helix transcription factor, E12, and increases transcriptional
activity of E12, suggesting that E12 may be a cargo protein for RANBP17 [57]. Even though
expression and function of RANBP17 in the female reproductive tract have not been deter-
mined, our result suggests that RANBP17 may play a critical role in the shuttling and regula-
tion of protein cargoes such as transcription factors in the uterine endometrium during
pregnancy.

Using real-time RT-PCR analysis to determine endometrial expression of hub genes,
RANBP17 and SPP1 and their correlated genes and to demonstrate the correlation of hub
genes determined in WGCNA, we found that the genes positively or negatively correlated with
hub genes showed the same or opposite patterns of expression to each other in the uterine
endometrium during pregnancy. These results confirmed the correlation among the hub genes.
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Furthermore, general expression patterns of the hub genes and their correlated genes matched
the patterns determined by clustering analysis of DEGs.

In conclusion, our study revealed the complex network characteristics involved in uterine
endometrial gene expression during pregnancy stages. Our findings suggest that the diverse
patterns of stage-specific gene expression and network connections observed during pregnancy
play critical roles in endometrial remodeling and in placental and fetal development in pigs.
Further study of the hub genes identified in this study would provide insight into the interrela-
tionship of genes expressed in the uterine endometrium and their endometrial function during
pregnancy in pigs.

Supporting Information
S1 Table. List of up-regulated genes compared with D12P.
(XLSX)

S2 Table. List of down-regulated genes compared with D12P.
(XLSX)

S3 Table. List of genes in each cluster.
(XLSX)

S4 Table. Functional annotation clustering analysis of 8 clusters.
(XLSX)

S5 Table. Annotation of each network module.
(XLSX)

S6 Table. Genes correlated with RANBP17.
(DOCX)

S7 Table. Genes correlated with SPP1.
(DOCX)

Acknowledgments
This work was supported by the Next Generation BioGreen 21 Program (#PJ01119103;
#PJ01110301), Rural Development Administration, and by the National Research Foundation
Grant funded by the Korean Government (#NRF-2012R1A2A2A01047079), Republic of
Korea.

Author Contributions
Conceived and designed the experiments: H. Kim H. Ka. Performed the experiments: MK HS
YC IY MS. Analyzed the data: MKMS H. Kim H. Ka. Contributed reagents/materials/analysis
tools: CKL H. Kim. Wrote the paper: MK H. Kim H. Ka.

References
1. Bazer FW, Johnson GA. Pig blastocyst-uterine interactions. Differentiation; research in biological diver-

sity. 2014; 87(1–2):52–65. doi: 10.1016/j.diff.2013.11.005 PMID: 24388881.

2. Bazer FW,Wu G, Spencer TE, JohnsonGA, Burghardt RC, Bayless K. Novel pathways for implantation
and establishment and maintenance of pregnancy in mammals. Molecular human reproduction. 2010;
16(3):135–52. doi: 10.1093/molehr/gap095 PMID: 19880575; PubMed Central PMCID: PMC2816171.

3. Marrable AW. The embryonic pig: a chronological account. London,: Pitman Medical; 1971. xiv, 130
p. p.

Gene Expression Profiling of the Porcine Uterus

PLOS ONE | DOI:10.1371/journal.pone.0143436 November 18, 2015 17 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0143436.s001
http://www.ncbi.nlm.nih.gov/pubmed/24388881
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0143436.s003
http://www.ncbi.nlm.nih.gov/pubmed/19880575
http://www.ncbi.nlm.nih.gov/pubmed/7417651
http://www.ncbi.nlm.nih.gov/pubmed/853021
http://www.ncbi.nlm.nih.gov/pubmed/479037
http://dx.doi.org/10.1016/j.diff.2013.11.005
http://www.ncbi.nlm.nih.gov/pubmed/24388881
http://dx.doi.org/10.1093/molehr/gap095
http://www.ncbi.nlm.nih.gov/pubmed/19880575


4. Goldstein MH, Bazer FW, Barron DH. Characterization of changes in volume, osmolarity and electro-
lyte composition of porcine fetal fluids during gestation. Biology of reproduction. 1980; 22(5):1168–80.
PMID: 7417651.

5. Knight JW, Bazer FW, Thatcher WW, Franke DE, Wallace HD. Conceptus development in intact and
unilaterally hysterectomized-ovariectomized gilts: interrelations among hormonal status, placental
development, fetal fluids and fetal growth. Journal of animal science. 1977; 44(4):620–37. PMID:
853021.

6. First NL, Bosc MJ. Proposed mechanisms controlling parturition and the induction of parturition in
swine. Journal of animal science. 1979; 48(6):1407–21. PMID: 479037.

7. Challis JRG, Matthews SG, GibbW, Lye SJ (1994) Endocrine and paracrine regulation of birth at term
and preterm. Endocr Rev. 21:514–550.

8. Spencer TE, Bazer FW. Uterine and placental factors regulating conceptus growth in domestic animals.
Journal of animal science. 2004; 82 E-Suppl:E4–13. PMID: 15471813.

9. Roberts RM, Bazer FW. The functions of uterine secretions. Journal of reproduction and fertility. 1988;
82(2):875–92. PMID: 3283351.

10. Burghardt RC, Johnson GA, Jaeger LA, Ka H, Garlow JE, Spencer TE, et al. Integrins and extracellular
matrix proteins at the maternal-fetal interface in domestic animals. Cells, tissues, organs. 2002; 172
(3):202–17. doi: 66969. PMID: 12476049.

11. Davis DL, Blair RM. Studies of uterine secretions and products of primary cultures of endometrial cells
in pigs. Journal of reproduction and fertility Supplement. 1993; 48:143–55. PMID: 8145202.

12. Vallet JL, Christenson RK, Klemcke HG. A radioimmunoassay for porcine intrauterine folate binding
protein. Journal of animal science. 1999; 77(5):1236–40. PMID: 10340592.

13. Richoux V, Darribere T, Boucaut JC, Flechon JE, Thiery JP. Distribution of fibronectins and laminin in
the early pig embryo. The Anatomical record. 1989; 223(1):72–81. doi: 10.1002/ar.1092230111 PMID:
2916756.

14. Rashev P, Georgieva R, Rees D. Expression of alpha5beta1 integrin and fibronectin during early preg-
nancy in pigs. Folia biologica. 2005; 51(5):121–5. PMID: 16285204.

15. Kao LC, Tulac S, Lobo S, Imani B, Yang JP, Germeyer A, et al. Global gene profiling in human endome-
trium during the window of implantation. Endocrinology. 2002; 143(6):2119–38. doi: 10.1210/endo.143.
6.8885 PMID: 12021176.

16. Pan H, Zhu L, Deng Y, Pollard JW. Microarray analysis of uterine epithelial gene expression during the
implantation window in the mouse. Endocrinology. 2006; 147(10):4904–16. doi: 10.1210/en.2006-0140
PMID: 16794013.

17. Hashizume K. Analysis of uteroplacental-specific molecules and their functions during implantation and
placentation in the bovine. The Journal of reproduction and development. 2007; 53(1):1–11. PMID:
17332695.

18. Ross JW, Ashworth MD, White FJ, Johnson GA, Ayoubi PJ, DeSilva U, et al. Premature estrogen expo-
sure alters endometrial gene expression to disrupt pregnancy in the pig. Endocrinology. 2007; 148
(10):4761–73. doi: 10.1210/en.2007-0599 PMID: 17640989.

19. Green JA, Kim JG, Whitworth KM, Agca C, Prather RS. The use of microarrays to define functionally-
related genes that are differentially expressed in the cycling pig uterus. Society of Reproduction and
Fertility supplement. 2006; 62:163–76. PMID: 16866316.

20. Tsai S, Cassady JP, Freking BA, Nonneman DJ, Rohrer GA, Piedrahita JA. Annotation of the Affymetrix
porcine genome microarray. Animal genetics. 2006; 37(4):423–4. doi: 10.1111/j.1365-2052.2006.
01460.x PMID: 16879364.

21. Smyth GK, Speed T. Normalization of cDNAmicroarray data. Methods. 2003; 31(4):265–73. PMID:
14597310.

22. Smyth GK. Linear models and empirical bayes methods for assessing differential expression in micro-
array experiments. Statistical applications in genetics and molecular biology. 2004; 3:Article3. doi: 10.
2202/1544-6115.1027 PMID: 16646809.

23. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and powerful approach to
multiple testing. Journal of the Royal Statistical Society Series B (Methodological). 1995:289–300.

24. Futschik ME, Carlisle B. Noise-robust soft clustering of gene expression time-course data. Journal of
bioinformatics and computational biology. 2005; 3(04):965–88.

25. Kumar L, Futschik ME. Mfuzz: a software package for soft clustering of microarray data. Bioinformation.
2007; 2(1):5. PMID: 18084642

26. Futschik ME, Carlisle B. Noise-robust soft clustering of gene expression time-course data. Journal of
bioinformatics and computational biology. 2005; 3(4):965–88. PMID: 16078370.

Gene Expression Profiling of the Porcine Uterus

PLOS ONE | DOI:10.1371/journal.pone.0143436 November 18, 2015 18 / 20

http://www.ncbi.nlm.nih.gov/pubmed/7417651
http://www.ncbi.nlm.nih.gov/pubmed/853021
http://www.ncbi.nlm.nih.gov/pubmed/479037
http://www.ncbi.nlm.nih.gov/pubmed/15471813
http://www.ncbi.nlm.nih.gov/pubmed/3283351
http://www.ncbi.nlm.nih.gov/pubmed/12476049
http://www.ncbi.nlm.nih.gov/pubmed/8145202
http://www.ncbi.nlm.nih.gov/pubmed/10340592
http://dx.doi.org/10.1002/ar.1092230111
http://www.ncbi.nlm.nih.gov/pubmed/2916756
http://www.ncbi.nlm.nih.gov/pubmed/16285204
http://dx.doi.org/10.1210/endo.143.6.8885
http://dx.doi.org/10.1210/endo.143.6.8885
http://www.ncbi.nlm.nih.gov/pubmed/12021176
http://dx.doi.org/10.1210/en.2006-0140
http://www.ncbi.nlm.nih.gov/pubmed/16794013
http://www.ncbi.nlm.nih.gov/pubmed/17332695
http://dx.doi.org/10.1210/en.2007-0599
http://www.ncbi.nlm.nih.gov/pubmed/17640989
http://www.ncbi.nlm.nih.gov/pubmed/16866316
http://dx.doi.org/10.1111/j.1365-2052.2006.01460.x
http://dx.doi.org/10.1111/j.1365-2052.2006.01460.x
http://www.ncbi.nlm.nih.gov/pubmed/16879364
http://www.ncbi.nlm.nih.gov/pubmed/14597310
http://dx.doi.org/10.2202/1544-6115.1027
http://dx.doi.org/10.2202/1544-6115.1027
http://www.ncbi.nlm.nih.gov/pubmed/16646809
http://www.ncbi.nlm.nih.gov/pubmed/18084642
http://www.ncbi.nlm.nih.gov/pubmed/16078370


27. Dennis G Jr, Sherman BT, Hosack DA, Yang J, GaoW, Lane HC, et al. DAVID: Database for Annota-
tion, Visualization, and Integrated Discovery. Genome biology. 2003; 4(5):P3. PMID: 12734009.

28. Zhang B, Horvath S. A general framework for weighted gene co-expression network analysis. Statisti-
cal applications in genetics and molecular biology. 2005; 4:Article17. doi: 10.2202/1544-6115.1128
PMID: 16646834.

29. Ravasz E, Somera AL, Mongru DA, Oltvai ZN, Barabasi AL. Hierarchical organization of modularity in
metabolic networks. Science. 2002; 297(5586):1551–5. doi: 10.1126/science.1073374 PMID:
12202830.

30. Yip AM, Horvath S. Gene network interconnectedness and the generalized topological overlap mea-
sure. BMC bioinformatics. 2007; 8:22. doi: 10.1186/1471-2105-8-22 PMID: 17250769; PubMed Central
PMCID: PMC1797055.

31. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)) Method. Methods. 2001; 25(4):402–8. doi: 10.1006/meth.2001.1262
PMID: 11846609.

32. OldhamMC, Horvath S, Geschwind DH. Conservation and evolution of gene coexpression networks in
human and chimpanzee brains. Proceedings of the National Academy of Sciences of the United States
of America. 2006; 103(47):17973–8. doi: 10.1073/pnas.0605938103 PMID: 17101986; PubMed Cen-
tral PMCID: PMC1693857.

33. Badinga L, Michel FJ, Simmen RC. Uterine-associated serine protease inhibitors stimulate deoxyribo-
nucleic acid synthesis in porcine endometrial glandular epithelial cells of pregnancy. Biology of repro-
duction. 1999; 61(2):380–7. PMID: 10411515.

34. Garlow JE, Ka H, Johnson GA, Burghardt RC, Jaeger LA, Bazer FW. Analysis of osteopontin at the
maternal-placental interface in pigs. Biology of reproduction. 2002; 66(3):718–25. PMID: 11870079.

35. Malathy PV, Imakawa K, Simmen RC, Roberts RM. Molecular cloning of the uteroferrin-associated pro-
tein, a major progesterone-induced serpin secreted by the porcine uterus, and the expression of its
mRNA during pregnancy. Molecular endocrinology. 1990; 4(3):428–40. doi: 10.1210/mend-4-3-428
PMID: 2342477.

36. Ka H, Spencer TE, Johnson GA, Bazer FW. Keratinocyte growth factor: expression by endometrial epi-
thelia of the porcine uterus. Biology of reproduction. 2000; 62(6):1772–8. PMID: 10819782.

37. Seo H, Kim M, Choi Y, Lee CK, Ka H. Analysis of lysophosphatidic acid (LPA) receptor and LPA-
induced endometrial prostaglandin-endoperoxide synthase 2 expression in the porcine uterus. Endocri-
nology. 2008; 149(12):6166–75. doi: 10.1210/en.2008-0354 PMID: 18703629.

38. Seo H, Kim M, Choi Y, Ka H. Salivary lipocalin is uniquely expressed in the uterine endometrial glands
at the time of conceptus implantation and induced by interleukin 1beta in pigs. Biology of reproduction.
2011; 84(2):279–87. doi: 10.1095/biolreprod.110.086934 PMID: 20881314.

39. Dwyer RJ, Robertson HA. Oestrogen sulphatase and sulphotransferase activities in the endometrium
of the sow and ewe during pregnancy. Journal of reproduction and fertility. 1980; 60(1):187–91. PMID:
6933232.

40. Kim JG, Vallet JL, Rohrer GA, Christenson RK. Characterization of porcine uterine estrogen sulfotrans-
ferase. Domestic animal endocrinology. 2002; 23(4):493–506. PMID: 12457956.

41. Johnson GA, Burghardt RC, Bazer FW, Spencer TE. Osteopontin: roles in implantation and placenta-
tion. Biology of reproduction. 2003; 69(5):1458–71. doi: 10.1095/biolreprod.103.020651 PMID:
12890718.

42. Bazer FW, Song G, Kim J, Erikson DW, Johnson GA, Burghardt RC, et al. Mechanistic mammalian tar-
get of rapamycin (MTOR) cell signaling: effects of select nutrients and secreted phosphoprotein 1 on
development of mammalian conceptuses. Molecular and cellular endocrinology. 2012; 354(1–2):22–
33. doi: 10.1016/j.mce.2011.08.026 PMID: 21907263.

43. Erikson DW, Burghardt RC, Bayless KJ, Johnson GA. Secreted phosphoprotein 1 (SPP1, osteopontin)
binds to integrin alpha v beta 6 on porcine trophectoderm cells and integrin alpha v beta 3 on uterine
luminal epithelial cells, and promotes trophectoderm cell adhesion and migration. Biology of reproduc-
tion. 2009; 81(5):814–25. doi: 10.1095/biolreprod.109.078600 PMID: 19571258.

44. King AH, Jiang Z, Gibson JP, Haley CS, Archibald AL. Mapping quantitative trait loci affecting female
reproductive traits on porcine chromosome 8. Biology of reproduction. 2003; 68(6):2172–9. doi: 10.
1095/biolreprod.102.012955 PMID: 12606397.

45. Knoll A, Stratil A, Cepica S, Dvorak J. Length polymorphism in an intron of the porcine osteopontin
(SPP1) gene is caused by the presence or absence of a SINE (PRE-1) element. Animal genetics.
1999; 30(6):466. PMID: 10612243.

Gene Expression Profiling of the Porcine Uterus

PLOS ONE | DOI:10.1371/journal.pone.0143436 November 18, 2015 19 / 20

http://www.ncbi.nlm.nih.gov/pubmed/12734009
http://dx.doi.org/10.2202/1544-6115.1128
http://www.ncbi.nlm.nih.gov/pubmed/16646834
http://dx.doi.org/10.1126/science.1073374
http://www.ncbi.nlm.nih.gov/pubmed/12202830
http://dx.doi.org/10.1186/1471-2105-8-22
http://www.ncbi.nlm.nih.gov/pubmed/17250769
http://dx.doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://dx.doi.org/10.1073/pnas.0605938103
http://www.ncbi.nlm.nih.gov/pubmed/17101986
http://www.ncbi.nlm.nih.gov/pubmed/10411515
http://www.ncbi.nlm.nih.gov/pubmed/11870079
http://dx.doi.org/10.1210/mend-4-3-428
http://www.ncbi.nlm.nih.gov/pubmed/2342477
http://www.ncbi.nlm.nih.gov/pubmed/10819782
http://dx.doi.org/10.1210/en.2008-0354
http://www.ncbi.nlm.nih.gov/pubmed/18703629
http://dx.doi.org/10.1095/biolreprod.110.086934
http://www.ncbi.nlm.nih.gov/pubmed/20881314
http://www.ncbi.nlm.nih.gov/pubmed/6933232
http://www.ncbi.nlm.nih.gov/pubmed/12457956
http://dx.doi.org/10.1095/biolreprod.103.020651
http://www.ncbi.nlm.nih.gov/pubmed/12890718
http://dx.doi.org/10.1016/j.mce.2011.08.026
http://www.ncbi.nlm.nih.gov/pubmed/21907263
http://dx.doi.org/10.1095/biolreprod.109.078600
http://www.ncbi.nlm.nih.gov/pubmed/19571258
http://dx.doi.org/10.1095/biolreprod.102.012955
http://dx.doi.org/10.1095/biolreprod.102.012955
http://www.ncbi.nlm.nih.gov/pubmed/12606397
http://www.ncbi.nlm.nih.gov/pubmed/10612243


46. Han SH, Shin KY, Lee SS, Ko MS, Oh HS, Cho IC. Porcine SPP1 gene polymorphism association with
phenotypic traits in the Landrace x Jeju (Korea) Black pig F2 population. Molecular biology reports.
2012; 39(7):7705–9. doi: 10.1007/s11033-012-1606-z PMID: 22391653.

47. Hernandez SC, Hogg CO, Billon Y, Sanchez MP, Bidanel JP, Haley CS, et al. Secreted phosphoprotein
1 expression in endometrium and placental tissues of hyperprolific large white and meishan gilts. Biol-
ogy of reproduction. 2013; 88(5):120. doi: 10.1095/biolreprod.112.104679 PMID: 23575146.

48. Zeeuwen PL, Cheng T, Schalkwijk J. The biology of cystatin M/E and its cognate target proteases. The
Journal of investigative dermatology. 2009; 129(6):1327–38. doi: 10.1038/jid.2009.40 PMID:
19262604.

49. Claus V, Jahraus A, Tjelle T, Berg T, Kirschke H, Faulstich H, et al. Lysosomal enzyme trafficking
between phagosomes, endosomes, and lysosomes in J774 macrophages. Enrichment of cathepsin H
in early endosomes. The Journal of biological chemistry. 1998; 273(16):9842–51. PMID: 9545324.

50. Spencer TE, Johnson GA, Bazer FW, Burghardt RC. Fetal-maternal interactions during the establish-
ment of pregnancy in ruminants. Society of Reproduction and Fertility supplement. 2007; 64:379–96.
PMID: 17491160.

51. Song G, Bailey DW, Dunlap KA, Burghardt RC, Spencer TE, Bazer FW, et al. Cathepsin B, cathepsin
L, and cystatin C in the porcine uterus and placenta: potential roles in endometrial/placental remodeling
and in fluid-phase transport of proteins secreted by uterine epithelia across placental areolae. Biology
of reproduction. 2010; 82(5):854–64. doi: 10.1095/biolreprod.109.080929 PMID: 20107207.

52. Salamonsen LA. Role of proteases in implantation. Reviews of reproduction. 1999; 4(1):11–22. PMID:
10051098.

53. Shim J, Seo H, Choi Y, Yoo I, Lee CK, Hyun SH, et al. Analysis of legumain and cystatin 6 expression
at the maternal-fetal interface in pigs. Molecular reproduction and development. 2013; 80(7):570–80.
doi: 10.1002/mrd.22192 PMID: 23686917.

54. Koch P, Bohlmann I, Schäfer M, Hansen-Hagge TE, Kiyoi H, Wilda M, et al. Identification of a novel
putative Ran-binding protein and its close homologue. Biochem Biophys Res Commun. 2000; 278
(1):241–9. PMID: 11071879.

55. Mosammaparast N, Pemberton LF. Karyopherins: from nuclear-transport mediators to nuclear-function
regulators. Trends Cell Biol. 2004; 14(10):547–56. PMID: 15450977.

56. Molina-Navarro MM, Roselló-Lletí E, Tarazón E, Ortega A, Sánchez-Izquierdo D, Lago F, et al. Heart
failure entails significant changes in human nucleocytoplasmic transport gene expression. Int J Cardiol.
2013; 168(3):2837–43. doi: 10.1016/j.ijcard.2013.03.192 PMID: 23651824.

57. Lee JH, Zhou S, Smas CM. Identification of RANBP16 and RANBP17 as novel interaction partners for
the bHLH transcription factor E12. J Cell Biochem. 2010; 111(1):195–206. doi: 10.1002/jcb.22689
PMID: 20503194.

Gene Expression Profiling of the Porcine Uterus

PLOS ONE | DOI:10.1371/journal.pone.0143436 November 18, 2015 20 / 20

http://dx.doi.org/10.1007/s11033-012-1606-z
http://www.ncbi.nlm.nih.gov/pubmed/22391653
http://dx.doi.org/10.1095/biolreprod.112.104679
http://www.ncbi.nlm.nih.gov/pubmed/23575146
http://dx.doi.org/10.1038/jid.2009.40
http://www.ncbi.nlm.nih.gov/pubmed/19262604
http://www.ncbi.nlm.nih.gov/pubmed/9545324
http://www.ncbi.nlm.nih.gov/pubmed/17491160
http://dx.doi.org/10.1095/biolreprod.109.080929
http://www.ncbi.nlm.nih.gov/pubmed/20107207
http://www.ncbi.nlm.nih.gov/pubmed/10051098
http://dx.doi.org/10.1002/mrd.22192
http://www.ncbi.nlm.nih.gov/pubmed/23686917
http://www.ncbi.nlm.nih.gov/pubmed/11071879
http://www.ncbi.nlm.nih.gov/pubmed/15450977
http://dx.doi.org/10.1016/j.ijcard.2013.03.192
http://www.ncbi.nlm.nih.gov/pubmed/23651824
http://dx.doi.org/10.1002/jcb.22689
http://www.ncbi.nlm.nih.gov/pubmed/20503194

