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A B S T R A C T

Introduction: In mink, as many as 65% of embryos die during gestation. The causes and the mechanisms of embryonic mortality remain unclear. The purpose of our
study was to examine global gene expression changes during embryo invasion in mink, and thereby to identify potential signaling pathways involved in implantation
failure and early pregnancy loss.
Methods: Illumina's next-generation sequencing technology (RNA-Seq) was used to analyze the differentially expressed genes (DEGs) in implantation (IMs) and inter-
implantation sites (inter-IMs) of uterine tissue.
Results: We identified a total of 606 DEGs, including 420 up- and 186 down-regulated genes in IMs compared to inter-IMs. Gene annotation analysis indicated
multiple biological pathways to be significantly enriched for DEGs, including immune response, ECM complex, cytokine activity, chemokine activity and protein
binding. The KEGG pathway including cytokine-cytokine receptor interaction, Jak-STAT, TNF and the chemokine signaling pathway were the most enriched. A gene
network was constructed, and hub nodes such as CSF3, ICAM1, FOS, IL1B, IL8, CD14 and MYC were found through network analysis.
Discussion: This report provides a valuable resource for understanding the mechanisms of embryo implantation in mink.

1. Introduction

Implantation in mustelid carnivores has several unique character-
istics. Trophoblastic cells do not extrude through the zona pellucida of
expanded blastocysts just prior to attachment of the embryo [1]. Mink
also exhibit a high degree of trophoblast invasion of the uterine epi-
thelium at the site of embryo attachment, but although the maternal
blood vessels are surrounded by trophoblast cells, the integrity of the
vessels is maintained [2], The resultant placenta is endotheliochorial
and decidual, and is described as a discontinuous zonary type [3].
Embryo growth and survival are dependent upon establishment of the
placenta, which in turn guarantees a nutrient supply, gas exchange and
waste removal. Defective trophoblastic invasion is associated with ab-
normalities of placental development and resulting fetal growth defects
have been reported in primary [4], mouse [5], bovine [6] and sheep
[7].

Prenatal mortality is a critical barrier to successful mink reproduc-
tion. Approximately 60% of embryos are lost during pregnancy, and
about 20% of these are lost during the pre-implantation period [8]. The
reasons and mechanisms for embryonic mortality in mink are not well
understood. The sparse research on mink reproduction mainly focuses

on embryo diapause and its regulation. The molecular pathways in-
volved in this process include prolactin-induced ODC1 expression in the
uterus via pSTAT1 and mTOR, thereby regulating uterine polyamine
levels [9], important genes include COX2, LIF [10], VEGF [11] and Msx
[12].

Trophoblast cell differentiation, invasion and placental formation in
mink has received little attention. Desmarais [13] reported that nuclear
receptors of the peroxisome proliferator-activated receptor (PPAR) fa-
mily are implicated in implantation and early placental formation in
mink. Lopes [14] reported that prostaglandin E (PGE) regulates uterine
and placental vascular development through activation of VEGF tran-
scriptional activity. So far, genuine candidate genes and molecular
mechanisms involved in embryo invasion in mink remain largely un-
known. In recent years, high-throughput transcriptomic approaches
have been developed, making it possible to study genome-wide gene
expression and complex signaling networks. By using these approaches,
several studies have reported altered uterine gene expression profiles
associated with embryo implantation in humans [15], mice [16], sheep
[17], cows [18] and pigs [19].

In this study, we present the first application of RNA-Seq in mink by
sequencing RNA from the uterus in IMs and inter-IMs. The data from
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this study provide information about genes involved in early embryonic
invasion in the mink uterus. Our study contributes toward a deeper
understanding of the molecular events associated with implantation
failure and early pregnancy loss in mink.

2. Materials and methods

2.1. Animals and sample collection

All procedures involving animal care were approved by the ex-
perimental animal use and care committee of the Institute of Special
Animal and Plant Sciences, Chinese Academy of Agricultural Sciences
(ISAPSWAPS2016000302). All females were mated with two fertile
males, at one week intervals, according to the usual commercial
farming procedures. A successful mating was confirmed by the presence
of motile spermatozoa in vaginal smears. In mink, termination of em-
bryonic diapause is induced by increasing secretion of prolactin from
the pituitary gland [20–22], which stimulates luteal function thereby
increasing progesterone secretion associated with blastocyst reactiva-
tion and implantation. A previous study showed that diapause can be
artificially terminated by treatment with prolactin [21], Our study used
a standard protocol consisting of injecting 1mg/kg/d of ovine prolactin
(Sigma) daily beginning 7–9 days following the last mating and con-
tinuing for 12 days. We collected uterine samples on day 13 after the
initiation of Prolactin injection, at the time when implantation occurs,
as previously described [21,22]. IMs were identified by injection of
0.1 ml of 1% Chicago blue (Sigma) in 0.85% sodium chloride. The IMs
and inter-IMs from mink uterus were collected and stored in liquid
nitrogen for RNA-Seq.

2.2. RNA-seq analysis

Total RNA was extracted from uterus samples using TRIzol® reagent
(Invitrogen, n=3 for each IMs and inter-IMs group). RNA integrity was
assessed by the Agilent Bioanalyzer 2100 system. The following RNA
quality control parameters were used: A260/A280 ratio ≥1.8, A260/
A230 ratio ≥2.0 and RIN (RNA integrity number) value≥7.0.1.5 μg
RNA from each sample was used as input material for the RNA samples
preparations. Sequencing libraries were generated using the NEBNext®

Ultra™ RNA Library Prep Kit for Illumina (NEB, USA) and index codes
were added to attribute sequences to each sample. Clustering of the
index-coded samples was performed on a cBot Cluster Generation
System using the TruSeq PE Cluster Kit v3-cBot-HS (Illumina). After
cluster generation, the libraries were sequenced on an Illumina Hiseq
platform and paired-end reads were acquired. Raw reads were firstly
preprocessed and filtered to clean reads through in-house perl scripts.
Transcriptome assembly was based on the left.fq and right.fq using
Trinity [23] with min_kmer_cov set to 2 by default and all other para-
meters set to default. Gene function was annotated from the National
Center for Biotechnology Information (NCBI). Differential expression
analysis of two groups was performed by using the DESeq R package.
The P-values and false discovery rate were adjusted and controlled by
using the Benjamini and Hochberg approach. The DEGs were screened
based on DESeq analysis [24], taking |log2(fold change)|> 1 and
p < 0.05 as the cut-off.

2.3. Quantitative real-time PCR validation of mRNA

RNA samples were isolated from an independent set of biological
replicates from those used in the RNAseq (n=3 for each IMs and inter-
IMs group). Total RNA was extracted from IMs and inter-IMs of uterine
samples with Trizol® Reagent (Invitrogen). RNA samples were treated
with DNaseⅠ (invitrogen) to eliminate potential genomic DNA con-
tamination. RNA integrity was assessed by the Agilent Bioanalyzer
2100 system. The quality and quantity of the RNA were verified by
optical density reading using a NanoDrop 200c spectrophotometer

(Thermo Scientific). Only RNA samples meeting the following re-
quirements were used in this study, the ratios of A260/280 was be-
tween 1.8 and 2.2, A260/A230 ratio no less than 2, the ratio of 28S/18S
ribosomal RNA should be between 1.5 and 2.0, electrophoresis bands
on agarose gel were clear, and RIN (RNA integrity number)
value≥ 7.0. One μg of total RNA was used for cDNA synthesis in a 20 μl
transcript system, including 4 μl TransScript® All-in-One SuperMix, 1 μl
gDNA Remover, and variable RNase-Free Water. Real-time PCR was
determined using a CFX96 Real-time System (Bio-Rad) with 20 μl PCR
reaction mixture that included 10 μl 2× SG Fast qPCR Master Mix (BBI
Life Sciences), 0.4 μl of 10 μM forward primer, 0.4 μl of 10 μM reverse
primer, 2 μl DNF buffer, 0.5 μl of cDNA and 6.7 μl PCR-grade water. The
reaction conditions were 95 °C for 3min, then 40 cycles of 95 °C for 3s,
60 °C for 30s, and 72 °C for 20s. GAPDH was used as a reference gene
for normalization, which was previously used in studies on the mink
endometrium [11–14]. RT negative control reactions contained RNase-
Free Water instead of total RNA. Non-template control reactions con-
tained nuclease-free water instead of templates, and plates were dis-
carded if more than one of the negative control triplicates was con-
taminated. Individual samples of a triplicate were discarded if they had
irregular melting curves or if the coefficient of variation was greater
than 0.02. The qRT-PCR was perfomed in three biological and three
technical replicates. Relative expression levels of the selected genes
were calculated using the CFX Manager software. Statistical analyses of
qRT-PCR data were performed using Student's paired t-test, and dif-
ferences with p < 0.05 were considered to be significant. Primers for
each selected gene were designed using primer-BLAST software (www.
ncbi.nlm.nih.gov/tools/primer-blast/.) and are listed in Supplementary
materials 6 (Table S2).

2.4. Gene ontology (GO) pathway and network analysis

GO enrichment analysis of DEGs was implemented using the GOseq
R packages based on Wallenius non-central hyper-geometric distribu-
tion [25], which can adjust for gene length bias in DEGs. The sig-
nificance cutoff for adjusted p-values (Benjamini-Hochberg multiple
test correction method) was set at 0.05. KOBAS software was used to
test the statistical enrichment of DEGs in the KEGG pathway. The se-
quences of DEGs were blast (blastx) to the genome of a related species
(http://string-db.org/) to obtain the predicted PPI (protein protein in-
teraction) of these DEGs. Then the PPI of these DEGs were visualized in
Cytoscape. In the PPI network, nodes stand for proteins, and edges
represent interactions between 2 proteins.

3. Results

3.1. Identification of transcriptomic differences

RNA-Seq libraries were prepared for IMs (n=3) and inter-IMs
(n= 3) of mink uterus. Data analysis revealed that sequencing of the
libraries yielded more than 55.7 and 57.4 million reads for the IMs and
inter-IMs groups, respectively. After removing invalid reads, we ac-
quired more than 53.6 and 55.0 million clean reads from each group. A
total of 160,816 unigenes were obtained from clean reads using the
optimized parameters.

We identified a total of 606 DEGs. Among them, 420 genes were up-
regulated and 186 genes were down-regulated at IMs in comparison to
inter-IMs. Of these, 582 annotated genes (376 genes fold > 2, and 97
genes fold > 1.5) were differentially expressed between IMs and inter-
IMs, 402 annotated genes (223 genes fold > 2, and 84 genes fold >
1.5) were upregulated, and 180 annotated genes (153 genes fold > 2,
and 13 genes fold > 1.5) were down-regulated at IMs in comparison to
inter-IMs (Table 1). Annotated DEGs are shown in Supplementary
materials l (Table S1). The top 20 most DEGs (highest P value) are
presented in Table 2.
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3.2. GO enrichment analysis

Enriched GO terms are classified according to biological process
(BP), molecular functions (MF) and cellular components (CC). In the BP
category, 400 terms were significantly enriched, including immune
response, chemotaxis, signal transduction, cell adhesion, cell migration,
and regulation of inflammatory response. The enriched CC categories
were: extracellular matrix, basement membrane, cell projection, and
plasma membrane receptor complex. With respect MF, protein binding,
cytokine activity, chemokine activity and metallopeptidase activity
were significantly enriched (Table 3). Among these top GO terms, cell
adhesion from BP, extracellular matrix from CC and protein binding
from MF were all involved in cell adhesion (Supplementary materials 2,
Figure S1), indicating their important roles during embryo invasion in
mink. Genes such as CSF3, IL (IL1B, IL6, IL8, IL3RA), CCL (CCL13,
CCL15, CCL8), CXCL (CXCL14, CXCL1, CXCL8), LAMA3 and LIF were
more highly expressed in IMs compared to inter-IMs.

3.3. KEGG pathways analysis of DEGs

KEGG pathway enrichment analysis was done for DEGs and
P < 0.05 was used as a cutoff. A total of 214 enriched pathways were
found between the IMs and inter-IMs groups. The classifications in-
dicated that cytokine-cytokine receptor interaction (Supplementary
materials 3, Figure S2), Jak-STAT signaling pathway (Supplementary
materials 4, Figure S3), TNF signaling pathway (Supplementary mate-
rials 5, Figure S4) and chemokine signaling pathway were highly en-
riched in IMs comprared to inter-IMs. The top 10 KEGG pathways are
shown in Table 4.

3.4. qRT-PCR validation of RNA-Seq

To validate the RNA-Seq results, we selected the top DEGs and the
genes in the top GO/KEGG pathway, which may play an important role
during embryo invasion in mink. The expression trends of these genes
determined by qRT-PCR showed good agreement with the RNA-seq
results (Fig. 1), all of them reaching the significance level of P < 0.05.

3.5. PPI network construction

We used STRING to obtain PPI relationships. The nodes of degree
≥5 were selected, and finally we obtained a gene network consisting of
120 nodes and 324 edges (Supplementary materials 6, Figure S5). The
genes CSF3 (colony stimulating factor 3), ICAM1 (intercellular adhe-
sion molecule 1), FOS (proto-oncogene protein c-fos), IL1B (interleukin
1, beta), IL8 (interleukin 8), CD14 (monocyte differentiation antigen
CD14) and MYC (myc proto-oncogene protein) with high connectivity
degree were selected as the hub nodes and thus might play important
roles in embryo invasion in mink (Fig. 2).

4. Discussion

In this study, we report application of RNA-Seq to identify me-
chanisms and pathways while the embryo is invading into the en-
dometrium in mink. 606 DEGs were identified at the IMs compared to

the inter-IMs (P < 0.05). Among these DEGs, we validated 18 genes
using qRT-PCR. The expression trend of these genes determined by qRT-
PCR showed a good agreement with RNA-seq results, suggesting a high
quality of our results. To further understand gene functions and their
regulatory mechanisms, GO enrichment and KEGG pathway analysis
were performed. The main network showed several genes associated
with immune response, cell adhesion and locomotion, cytokines and
chemokines activity, ECM complex and protein binding.

4.1. Genes related to immune response

The functional category of immune response was highly over-re-
presented in IMs compared to inter-IMs of the uterus (Table 2). This is
in agreement with many previous reports that have found the presence
of immune cells at the IMs and establishment of a favorable environ-
ment, including the production of cytokines and the expression of ad-
hesion molecules, regulating the invasion of fetal cytotrophoblast cells
[26]. Studies with murine models lacking natural killer (NK) cells
suggests important roles for immune response in spiral arteriole re-
modeling and decidualization [27]. Aborted placentas expressed fewer
immune-related genes than successful placentas [28]. Several tran-
scriptome analyses in other animals have shown that immune response
is among the top ranked enriched terms in IMs compared to inter-IMs
[16,19], highlighting the importance of immune response during em-
bryo implantation.

In the present study, we observed 18 DEGs associated with immune
response. Upregulated genes including the interleukin family (IL6,
IL1B), chemokine (C-C motif) ligand (CCL15, CCL13, CCL8), chemokine
(C-X-C motif) ligand (CXCL14, CXCL1, CXCL8), CD molecular (CD1),
Septin 9 (SEPT9), HOP homeobox (HOPX), Colony stimulating factor 3
(CSF3), Leukemia inhibitory factor (LIF) and Apelin (APLN). Negatively
regulated immune system genes included WDR78, NFKBID, IL3RA and
TTC3. LIF is known as a candidate gene regulating litter size in pigs
[29]. A study in rhesus monkeys indicated that uterine administration
of anti-LIF mAb leads to reduced pregnancy rates [30], while mutations
in the LIF gene in humans cause reduced fertility [31], LIF may function
by controlling the proportions and numbers of immune cells in the
endometrium at the time of implantation. Knocking out the LIF gene
reduced the number of endometrial macrophages, and increased the
number of NK cells and ecosinophils [32].

Chemokines are a group of small cytokines that are expressed on
both sides of the foeto-maternal interface, they can increase leukocyte
adhesion to the endothelium through the up-regulation of adhesion
molecules and hence promote leukocyte extravasation. In our study,
chemokines were up-regulated in IMs compared to inter-IMs in agree-
ment with studies using murine models [16]. Prior studies in human
have shown that CXCL8, CXCL1 and IL6 induce trophoblast migration
and invasion into deciduas [33,34], so downregulation of these cyto-
kines in the placenta may be responsible for fetal loss and fetal growth
retardation. In contrast to other studies in mice and marsupials, we did
not see a change in gene expression for immunoglobulins or the CD
molecule [35–37], even though these genes are expressed in other tis-
sues in mink.

Table 1
Number of DEGs between IMs and inter-IMs.

comparison Annotated DEGs (All DEGs) with fold change of 2 or
greater.

Annotated DEGs (All DEGs) with fold change greater than 1.5 and
less than 2

All annotated DEGs (All DEGs)

IMs > Inter-IMs 223 (245) 84(84) 402 (420)
Inter-IMs > IMs 153 (159) 13 (13) 180 (186)
All 376 (404) 97 (97) 582 (606)

Statistical significance was reached at P < 0.05 for all genes.
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4.2. ECM complex

The degree to which trophoblasts cells invade maternal tissue
during placentation depends on how well they can degrade and re-
model the extracellular matrix. In our current study, the function ca-
tegory of ECM complex enriched 13 DEGs between IMs and inter-IMs,
with 10 genes upregulated and 3 genes downregulated in IMs compared
to inter-IMs. Upregulated genes included ADAMTS4, MMP7, ADAMTS8,
S100A12, COL15A1, ADAM8, MMP8, ADAMTS9, MMP13, CASK, and
downregulated genes included PLCH, MIB2 and C1QTNF7. A disin-
tegrin and metalloproteinases (ADAMs) with thrombospondin motifs
(ADAMTSs), which are traditionally thought to control ECM proteo-
lysis, were found to be highest in the pregnant uterus around the time of
implantation and spatially highest at the site of implantation [38]. In
human placentas, ADAMTS4 and 5 were most highly expressed in the
first trimester when placental invasion is most pronounced [39].
ADAMTS9 increases in the mouse uterus during implantation and
mainly localized to the vascular endothelial cells of the endometrium
[40]. Although the ADAMTS subtype was found to be over-expressed
during embryo implantation, the possible mechanisms and pathways
during trophoblast cell invasion and function need further investiga-
tion.

Matrix metallopoteinases (MMPs) play critical roles in controlling
invasion by trophoblast cells. MMP-7 and -8 were found in human early
pregnancy decidual stromal cells and extravillous cytotrophoblasts, and
MMP7 expression was decreased in women with recurrent implantation
failure compared with those exhibiting normal fertility [41]. A study in
rats showed that MMP7 was increased in IMs compared to inter-IMs
[42]. However, MMP8 and MMP13 have not been detected in the pre-
or peri-implantation mouse uterus [43,44]. MMP13 was only found in
human extravillous cytotrophoblasts. Little information was gathered
about the function and mechanism of MMP subtypes on embryo inva-
sion and implantation, so more work needs to be done to verify if they
are necessary during embryo implantation.

4.3. Cytokine-cytokine receptor interaction

In our study, the significantly differentially expressed cytokines
between IMs and inter-IMs included the CXC subfamily (IL8RB, IL8,
CXCL14), CC subfamily (CCL13, CCR1, CCL8), hematopoietins (IL6,
IL11, OSMR, LIF, CSF3, CSF3R), IL-3RB (IL3RA), PDGF family (HGF),
TNF family (TNFRSF21, TNFRSF12A), TGF-β family (IL1B), and IL-17
family (IL17RA). CXCL14 was reported to be involved in chemo-at-
traction, angiogenesis and cancer [45]. Targeted deletion of the
CXCL14 gene in the pregnant mouse uterus impaired the population of
uNK cells [46], which are considered to regulate trophoblast invasion
by production of IL8 and interferon-inducible protein-10 chemokines
[47]. Kuang [48] also revealed that CXCL14 was significantly upregu-
lated at IMs compared to inter-IMs on pregnancy day 5 in mice. The
levels of IL8, IL6 and IL17 were shown to be higher in normal fertile
human endometrial cells than in uteri from patients with repeated
implantation failure uteri [49]. CSF3 (colony-stimulating factor3),
which is secreted from both immune and placental trophoblast cells,
acts through specific membrane receptors, via JAK-STAT signaling
pathways in an endocrine, paracrine or autocrine manner [50]. Studies
have shown that CSF3 is important in promoting proliferation of tro-
phoblast cells [51]. Administration of the cytokine, granulocyte-mac-
rophage colony-stimulating factor (GM-CSF), prevents immune-medi-
ated abortions in mice and improves pregnancy rates in women with a
history of recurrent abortions [51,52], however, the specific pathway
and mechanism of this effect is not clear.

4.4. Hormone related genes

We also investigated the involvement of hormone-regulated genes
and pathways in DEGs between IMs and inter-IMs. Enriched pathwaysTa
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included the prolactin signaling pathway, GnRH signaling pathway,
ovarian steroidogenesis, and insulin signaling pathway. The effects of
prolactin are mediated by a membrane bound receptor (PRLR), through
which prolactin stimulates Jak/STAT and ERK/MAPK pathways to in-
fluence glandular epithelia function/secretions. Prolactin has been re-
ported to induce termination of obligate diapause in mink [53]. Pro-
lactin receptor is expressed in the endometrium, and its abundance is
influenced by ovarian steroids [54]. PRLR mRNA and protein are low
during diapauses and early reactivation of embryos but increased
around the time of implantation [9], Prolactin could upregulate its own
receptors in the mink uterus [54]. Several studies have shown that in
mink uterine epithelial cells treated with prolactin, uterine polyamine
levels were altered, and their in vitro coculture increased embryo sur-
vival and attachment [9]. Five DEGs were significantly enriched in
prolactin signaling pathway, including ESR2, TH, SOCS5, FOS and
MEK1. The estrogen of ovarian origin that supports implantation in the
mouse uterus acts through the estrogen receptor-β(ESR2), and null
mutations for genes encoding Esr2 have confirmed the critical con-
tribution of steroid signaling for endometrial receptivity and im-
plantation [55]. In rat model, the ability of the corpus luteum to re-
spond to estrogen requires prolactin [56]. Recently Gubbay et al.,
demonstrated, Prolactin also induces the ERK/MAPK pathway within
the secretory phase of the human endometrium [57], In the ERK/MAPK
cascade, MEK1 and MEK2 are dual-specificity kinases responsible for
the activation of the ERK1 and ERK2 kinases. Inactivation of Mek1
causes placental malformations resulting from defective proliferation
and differentiation of the trophoblast cells and leading to a severe delay
in the development and the vascularization of the mouse placenta,
which explains the embryonic death [58]. However, these mechanisms
have not yet been reported in mink.

4.5. Gene associated with vascular development

Previous studies have shown that vascular development in attach-
ment sites is essential for successful embryonic implantation, formation
of the placenta and fetal development [59]. In the functional analysis,
we observed that genes detected at a greater abundance in IMs than

Table 3
Top ten GO terms and enriched genes in IMs vs. Inter-IMs at P < 0.01.

Category Terms P value Genes

Biological process Immune response 2.30E-10 CCL15↑, IL6↑, SEPT9↑, CCL13↑, WDR78↓, HOPX↑, CXCL14↑, CSF3↑, CXCL1↑, NFKBID↓, CCL8↑,LIF↑, CD1↑,
IL3RA↓, IL1B↑, APLN↑, CXCL8↑, TTC3↓

Locomotion 4.06E-05 CCL8↑, CXCL1↑, NAV2↓, EMILIN2↑, CCL13↑, WDR78↓, CEBPD↑, CCL15↑, GAS8↓, MIIP↓, P2RY6↑, CCDC57↓,
TPM4↑, IL8↑, LAMA3↑, IL1B↑, MAP2K1↑

Response to external
stimulus

0.000226 SHE↓, IL3RA↓, IL1B↑, IL8↑, TPM4↑, CCDC57↓, ARL15↓, BORA↑, CXCL1↑, CASK↑, CCL15↑, PITPNM2↑, WDR78↓,
CEBPD↑, CCL13↑, CXCL14↑, NAV2↓, SLC41A2↓, CCL8↑

Cell adhesion 0.00092 IL1B↑, CASK↑, EMILIN2↑, IL8 ↑, LAMA3↑
Molecular function Cytokine activity 1.83E-15 CXCL1↑, CSF3↑, LIF↑, IL8↑, IL1B↑, CCL8↑, CCL13↑, WDR78↓, CCL15↑, IL6↑

Chemokine activity 6.91E-11 CCL15↑, WDR78↓, CCL13↑, IL8↑, CXCL14↑, CCL8↑,
Receptor binding 3.15E-08 TPD52L1↑, CXCL14↑, CSF3↑, TBX3↑, IL6↑, CASK↑, CCL15↑, CCL13↑, PTHLH↑, EMILIN2↑, WNT7↑, FAAP100↓,

TLN↑, NFKBID↑, MAP2K1↑, IL1B↑, APLN↑, LIF↑, LAMA3↑, TESPA1↑, PRSS22↓, TPM4↑, NFKBID↑, CCL8↑, STC2↑,
P2RX3↑, WDR78↓, CCDC57↓, FGG↑, NPPB↑, IL8↑

Cellular component Interleukin-6 receptor
complex

7.54E-05 IL6↑, CSF3↑

Extracellular matrix 7.92E-05 ADAMTS4↑, MMP7↑, ADAMTS8↑, S100A12↑, PLCH↓, COL15A1↑, ADAM8↑, MIB2↓, MMP8↑, C1QTNF7↓,
ADAMTS9↑, MMP13↑, CASK↑

Cytoskeleton 0.029072 CAGE1↓, LAMA3↑, TPM4↑, MAP7D2↓, GULP1↓, APOL6↓, CCDC57↓, ANGPT2↑, CASK↑, TNIP3↑, MAPT↓,
ENTPD5↓, EMILIN2↑, TLN↑, EIF4G1↑, TPD52L1↑, RALGAPA2↓, NAV2↓, FCER2↑, TUBA↑, MAP7D3↑, MYO5C↓

Table 4
Most enriched pathways in IMs vs. Inter- IMs.

KEGG pathway P value Count Genes

Malaria 5.76E-07 10 CSF3↑, IL6↑, IL8↑, SELE↑, ITGAL↑, ICAM1↑, HGF↑, IL1B↑, SELP↑, THBS1↑
Cytokine-cytokine receptor interaction 3.06E-06 18 CSF3↑, IL6↑, IL3RA↓, IL8↑, LIF↑, CSF3R↑, CCL13↑, CCL8↑, IL11↑, TNFRSF21↑, IL17R↑, HGF↑, IL1B↑, OSMR↑,

CXCL14↑, TNFRSF12A↑, IL8RB↑, CCR1↑
Pyrimidine metabolism 2.41E-05 13 RPC7↑,ENTPD3↑, UPP1↑, NME1↑, CTPS1↑, trxB↑, ENTPD5↓, CD73↑
Jak-STAT signaling pathway 8.28E-05 13 CSF3↑, IL6↑, PIK3R5↑, LIF↑, CSF3R↑, IL27RA↑, IL11↑, SOCS5↑, OSMR↑, CDKN1A↑, MYC↑, LIF↑, PIM1↑
TNF signaling pathway 0.000322 8 IL6↑, PIK3R5↑, LIF↑, SELE↑, ICAM1↑, FOS↑, MAP2K1↑, BCL3↑
Chemokine signaling pathway 0.000695 10 ADCY4↑, PIK3R5↑, ADCY1↑, FGR↑, CCL8↑, GNGT2↑, CXCL14↑, MAP2K1↑, IL8↑, CCR1↑
Hematopoietic cell lineage 0.000123 13 CSF3↑, IL6↑, CD1↑, FCER2↑, CSF3R↑, IL11↑, IL1B↑, ITGA5↑, IL3RA↓, ITGAM↑, CD1D↑
Pertussis 0.002974 8 IL6↑, IL8↑, FOS↑, IL1B↑, ITGA5↑, C5↑,ITGAM↑, CASP1↑
Drug metabolism - other enzymes 0.00228 1 Udp↑,
Mineral absorption 0.011527 3 SLC39A4↓, SLC11A↑

Fig. 1. Real-time Q-PCR validation of RNA-Seq data. Data is shown as
(mean ± SD) fold-changes between IMs and inter-IMs. Statistical significance
was reached at P < 0.05 for all tests. Blue bars represent qRT-PCR, while red
bars represent RNA-Seq.
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inter-IMs related to vascular development, e.g., mitogen-activated
protein kinase kinase 1 (MAP2K1), interleukin 1 (IL1B), apelin (APLN),
angiopoietin 2 (ANGPT2) and metallopeptidase inhibitor family
(TIMP1). MAP2K1 encodes dual specificity kinases responsible for ERK/
MAP kinase activation, and in mice, loss of MAP2K1 function causes
embryonic lethality due to placental defects. It has been reported that in
sheep the VEGF- and FGF2-stimulated fetoplacental artery endothelial
cell proliferation is mediated via the MAP2K1 and phosphoinositide 2-
kinase (PI3K)/AKT1 signaling pathways [60].

4.6. Regulatory network analysis

In the present study, we identified 7 hub genes, which are likely
more important than other genes due to their key positions in the
network. These genes are CSF3, ICAM1, FOS, IL1B, IL8, CD14 and MYC.
Among these genes, CSF3, IL8 and IL1B are involved in immune re-
sponse according to the GO function classification. Proto-oncogene FOS
is a transcription factor that encodes nuclear proteins known to be in-
volved in cell proliferation and differentiation, and it may have a cri-
tical function in cellular interactions that regulate embryonic devel-
opment [61]. In studies on mice, c-myc protein levels at IMs was much
higher than at inter-IMs [62]. c-myc expression was lower in pre-
eclampsia than those in normal pregnancy further supports its im-
portant role during embryo implantation [63]. c-myc is up-regulated by
prolactin through the PI3K/AKT pathway [64]. In the KEGG database,
myc is downstream of the PI3K/AKT pathway and regulates cell cycle
progression. Further study needs to be done to identify the role and
pathway of myc in embryo invasion and implantation. ICAM1 is in-
tercellular adhesion molecule, expressed on endothelial cells, where
they bind to β2-integrin ligands on leukocytes [65]. In a study on rats,
ICAM1 increased at the time of implantation, suggesting a cell adhesion
role in embryo-uterine interaction [66]. CD14, a glycoprotein receptor,
has a relevant role in lipopolysaccharide (LPS)-mediated cellular acti-
vation [67]. It has been reported that LPS amplified the inflammatory
response by inducing CD14 expression in endometrial glands [68].

5. Perspectives

The results of IMs and inter-IMs transcriptome profiling described
here indicate that multiple regulatory pathways are activated during
embryo invasion into the endometrium. And as a result failure of im-
plantation, several of the genes and pathways identified as being in-
volved in pathological states, including staphylococcus aureus infec-
tion, prion diseases, legionellosis, African trypanosomiasis, salmonella
infection, amebiasis and cancer, may contribute to endothelial dys-
function. In addition to genes involved in the regulation of the maternal
immune system, cell adhesion, migration and invasion, nutrient trans-
port, cell proliferation, apoptosis, proteolysis and angiogenesis, these
molecular dysregulations in the endometrium may result in abnormal
placentation. Hormones stimulate the formation of a suitable

physiologic milieu for implantation of the embryo and early placenta-
tion. Acquired diseases or perturbations of the maternal physiology
during embryo implantation, especially during the crucial early pla-
centation period, can affect endometrial function and fetal develop-
ment. More research efforts are needed to amplify and validate the
current study with details of the localization and function of important
genes and proteins, which may provide a more precise understanding of
trophectoderm proliferation, differentiation and invasion, as well as
fetus-maternal interactions and promotion of successful pregnancy in
mink.

Funding sources

This study was supported by National Natural Science Foundation of
China (31501958); Natural Science Foundation of Jilin Province
(20180101258JC). Science and Technology Innovation Program of the
Chinese Academy of Agricultural Sciences.

Conflicts of interest

The authors report no conflict of interest.

Acknowledgements

The authors thank Dr. Bruce Murphy and Dr. Jack Rose for the in-
valuable help in experiment planning and further discussions.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.placenta.2018.11.004.

References

[1] A.C. Enders, R.A. Mead, Progression of trophoblast into the endometrium during
implantation in the western spotted skunk, Anat. Rec. 244 (3) (1996) 297–315.

[2] A.E.S. Schlafke, Cellular basis of interaction between trophoblast and uterus at
implantation, Biol. Reprod. 12 (1) (1975) 41–65.

[3] E. AC, Histological observations on the chorio-allantoic placenta of the mink, Anat.
Rec. 127 (2) (1957) 231–245.

[4] N.J. Sebire, H. Fox, M. Backos, R. Rai, C. Paterson, L. Regan, Defective endovascular
trophoblast invasion in primary antiphospholipid antibody syndrome-associated
early pregnancy failure, Hum. Reprod. 17 (4) (2002) 1067–1071.

[5] Y. Uehara, O. Minowa, K. Shiota, J. Kuno, T. Noda, N, Kitamura, Placental defect
and embryonic lethality in mice lacking hepatocyte growth factor/scatter factor.
Nature, 373(6516), 702-705.

[6] P. Chavatte-Palmer, S. Camous, H. Jammes, N.L. Cleac’h, M. Guillomot, R.S.F. Lee,
Placental perturbations induce the developmental abnormalities often observed in
bovine somatic cell nuclear transfer, Placenta 33 (2012) S99–S104.

[7] C.J. Fletcher, C.T. Roberts, K.M. Hartwich, S.K. Walker, I.C. Mcmillen, Somatic cell
nuclear transfer in the sheep induces placental defects that likely precede fetal
demise, Reproduction 133 (1) (2007) 243–255.

[8] M. AC, Observation on the timing of embryo mortality in ranch mink (Mustela
vison), Proc 40th Ann Meet Canada Mink Breeders Association, 1992, pp. 35–48.

[9] J.C. Fenelon, A. Banerjee, P. Lefevre, F. Gratian, B.D. Murphy, Polyamine-mediated
effects of prolactin dictate emergence from mink obligate embryonic diapause, Biol.
Reprod. 95 (1) (2016) 6.

[10] J.H. Song, A. Houde, B.D. Murphy, Cloning of leukemia inhibitory factor (LIF) and
its expression in the uterus during embryonic diapause and implantation in the
mink (Mustela vison), Mol. Reprod. Dev. 51 (1) (1998) 13–21.

[11] D.J, F.L. Lopes, N.Y. Gevry, S. Ledoux, B.D. Murphy, Expression of vascular en-
dothelial growth factor isoforms and receptors Flt-1 and KDR during the peri-im-
plantation period in the mink, Biol. Reprod. 68 (5) (2003) 1926–1933.

[12] S.X, J. Cha, A. Bartos, J. Fenelon, P. Lefevre, T. Daikoku, G. Shaw, R. Maxson,
B.D. Murphy, M.B. Renfree, S.K. Dey, A new role for muscle segment homeobox
genes in mammalian embryonic diapause, Open biology 3 (4) (2013) 130035.

[13] L.F, J.A. Desmarais, H. Zhang, S.K. Das, B.D. Murphy, The peroxisome proliferator-
activated receptor gamma regulates trophoblast cell differentiation in mink
(Mustela vison), Biol. Reprod. 77 (5) (2007) 829–839.

[14] D.J, F.L. Lopes, S. Ledoux, N.Y. Gevry, P. Lefevre, B.D. Murphy, Transcriptional
regulation of uterine vascular endothelial growth factor during early gestation in a
carnivore model, Mustela vison, J. Biol. Chem. 281 (34) (2006) 24602–24611.

[15] Y.G, S. Hu, Y. Wang, H. Xu, X. Ji, Y. He, Q. Zhu, Z. Chen, Y. Sun, Transcriptomic
changes during the pre-receptive to receptive transition in human endometrium
detected by RNA-Seq, J. Clin. Endocrinol. Metab. 99 (12) (2014) E2744–E2753.

Fig. 2. Connectivity degrees of hub genes in the PPI network.

X. Cao et al. Placenta 75 (2019) 16–22

21

https://doi.org/10.1016/j.placenta.2018.11.004
https://doi.org/10.1016/j.placenta.2018.11.004
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref1
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref1
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref2
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref2
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref3
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref3
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref4
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref4
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref4
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref6
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref6
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref6
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref7
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref7
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref7
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref8
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref8
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref9
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref9
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref9
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref10
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref10
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref10
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref11
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref11
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref11
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref12
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref12
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref12
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref13
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref13
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref13
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref14
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref14
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref14
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref15
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref15
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref15


[16] M.E.S, J.M. Moreno-Moya, NAF, J.A.M. Conejero, S. Bocca, S. Oehninger,
J.A. Horcajadas, Transcriptome of early embryonic invasion at implantation sites in
a murine model, Reprod. Fertil. Dev. 28 (10) (2016) 1487–1498.

[17] B.G, K. Brooks, J.G. Moraes, T.E. Spencer, Analysis of the uterine epithelial and
conceptus transcriptome and luminal fluid proteome during the peri-implantation
period of pregnancy in sheep, Biol. Reprod. 95 (4) (2016) 88.

[18] F.P. N, Transcriptomic analysis of the bovine endometrium: what is required to
establish uterine receptivity to implantation in cattle ? J Reprod Develop 58 (2)
(2012) 189–195.

[19] W.H, H. Lin, Y. Wang, C. Liu, C. Wang, J. Guo, Transcriptomic analysis of the
porcine endometrium during embryo implantation, Genes 6 (4) (2015) 1330–1346.

[20] B.D. Murphy, P.W. Concannon, H.F. Travis, W. Hansel, Prolactin: the hypophyseal
factor that terminates embryonic diapause in mink, Biol. Reprod. 25 (3) (1981)
487–491.

[21] R.L. Papke, P.W. Concannon, H.F. Travis, W. Hansel, Control of luteal function and
implantation in the mink by prolactin, J. Anim. Sci. 50 (6) (1980) 1102–1107.

[22] J.C. Fenelon, G. Shaw, S.R. Frankenberg, B.D. Murphy, M.B. Renfree, Embryo arrest
and reactivation: potential candidates controlling embryonic diapause in the
tammar wallaby and mink, Biol. Reprod. 96 (4) (2017) 877–894.

[23] M.G.,M. Y. Grabherr, J.Z. Levin, D.A. Thompson, I. Amit, X. Adiconis, L. Fan,
R. Raychowdhury, Q.D. Zeng, Z.H. Chen, E. Mauceli, N. Hacohen, A. Gnirke,
N. Rhind, F.D. Palma, B.W. Birren, C. Nusbaum, K. Lindblad-Toh, N. Friedman,
A. Regev, Trinity: reconstructing a full-length transcriptome without a genome from
RNA-Seq data, Nat. Biotechnol. 29 (11) (2011) 644–652.

[24] A.S.a.H. W, Differential expression analysis for sequence count data, Genome Biol.
11 (10) (2010) R106.

[25] W.M.J, M.D. Young, G.K. Smyth, A. Oshlack, Gene ontology analysis for RNA-seq:
accounting for selection bias, Genome Biol. 11 (2) (2010) R14.

[26] M.G.a.C. I, The immune system in pregnancy: a unique complexity, Am. J. Reprod.
Immunol. 63 (6) (2010) 425–433.

[27] D.A. J, Relationship between decidual leukocyte infiltration and spontaneous
abortion in a murine model of early fetal resorption, Cell. Immunol. 159 (2) (1994).

[28] R.R, M. Makhseed, F. Azizieh, A. Omu, E. Al-Shamali, L. Ashkanani, Th1 and Th2
cytokine profiles in recurrent aborters with successful pregnancy and with sub-
sequent abortions, Hum. Reprod. 16 (10) (2001) 2219–2226.

[29] D.C, A. Spotter, H. Hamann, O. Distl, Evidence of a new leukemia inhibitory factor-
associated genetic marker for litter size in a synthetic pig line, J. Anim. Sci. 83 (10)
(2005) 2264–2270.

[30] L.P, J. Sengupta, A.R. Najwa, D. Ghosh, Monoclonal anti-leukemia inhibitory factor
antibody inhibits blastocyst implantation in the rhesus monkey, Contraception 74
(5) (2006).

[31] G.R, T. Steck, M.W. Suetterlin, M. Bolland, S. Wiest, U.G. Poehls, J. Dietl,
Leukaemia inhibitory factor (LIF) gene mutations in women with unexplained in-
fertility and recurrent failure of implantation after IVF and embryo transfer, Eur. J.
Obstet. Gynecol. Reprod. Biol. 112 (1) (2004) 69–73.

[32] S.G.a.K. SJ, Leukocyte subpopulations in the uteri of leukemia inhibitory factor
knockout mice during early pregnancy, Biol. Reprod. 72 (4) (2005) 872–878.

[33] S.A, A. Germeyer, M. Prasadajudio, R. Sherwin, A. Moffett, K. Bieback,
S. Clausmeyer, L. Masters, R.M. Popovici, A.P. Hess, T. Strowitzki, M. von Wolff,
Paracrine effects of uterine leucocytes on gene expression of human uterine stromal
fibroblasts, Mol. Hum. Reprod. 15 (1) (2009) 39–48.

[34] L.G. De Oliveira, G.E. Lash, C. Murray-Dunning, J.N. Bulmer, B.A. Innes, R.F. Searle,
N. Sass, S.C. Robson, Role of interleukin 8 in uterine natural killer cell regulation of
extravillous trophoblast cell invasion, Placenta 31 (7) (2010) 595–601.

[35] J. Reese, S.K. Das, B.C. Paria, H. Lim, H. Song, H. Matsumoto, K.L. Knudtson,
R.N. DuBois, S.K. Dey, Global gene expression analysis to identify molecular mar-
kers of uterine receptivity and embryo implantation, J. Biol. Chem. 276 (47) (2001)
44137–44145.

[36] O.W. Griffith, A.R. Chavan, S. Protopapas, J. Maziarz, R. Romero, G.P. Wagner,
Embryo implantation evolved from an ancestral inflammatory attachment reaction,
Proc. Natl. Acad. Sci. U. S. A. 114 (32) (2017) E6566–E6575.

[37] C.M. Whittington, D. O'Meally, M.K. Laird, K. Belov, M.B. Thompson, B.M. McAllan,
Transcriptomic changes in the pre-implantation uterus highlight histotrophic nu-
trition of the developing marsupial embryo, Sci. Rep. 8 (1) (2018) 2412.

[38] K.H, J. Kim, S.J. Lee, Y.M. Choi, S.J. Lee, J.Y. Lee, Abundance of ADAM-8, -9, -10,
-12, -15 and -17 and ADAMTS-1 in mouse uterus during the oestrous cycle, Reprod.
Fertil. Dev. 17 (5) (2005) 543–555.

[39] L.H, S.Y. Lee, M. Gil, C.J. Kim, Y.H. Lee, K.R. Kim, C.S. Park, Differential expression
patterns of a disintegrin and metalloproteinase with thrombospondin motifs
(ADAMTS) -1, -4, -5, and -14 in human placenta and gestational trophoblastic
diseases, Arch. Pathol. Lab Med. 138 (5) (2014) 643–650.

[40] N.C.a.A.S, S. Nandadasa, ADAMTS9-Mediated extracellular matrix dynamics reg-
ulates umbilical cord vascular smooth muscle differentiation and rotation, Cell Rep.
11 (10) (2015) 1519–1528.

[41] F.Z.-H, A. Tapia, L.M. G, J. Balmaceda, R. Pommer, L. Trejo, I.M. Pacheco,
A.M. Salvatierra, S. Henriquez, M. Quezada, M. Vargas, M. Rios, D.J. Munroe,
H.B. Croxatto, L. Velasqez, Differences in the endometrial transcript profile during
the receptive period between women who were refractory to implantation and
those who achieved pregnancy, Hum. Reprod. 23 (2) (2008) 340–351.

[42] Z.J.a.S.L. Rechtman MP, Effect of inhibition of matrix metalloproteinases on en-
dometrial decidualization and implantation in mated rats, JRF (J. Reprod. Fertil.)

117 (1) (1999) 169–177.
[43] N.M, L. Chen, R.J. Belton Jr., R.A. Nowak, Expression of extracellular matrix me-

talloproteinase inducer and matrix metalloproteinases during mouse embryonic
development, Reproduction 133 (2) (2007) 405–414.

[44] Y.S, S.K. Das, J. Wang, D.R. Edwards, H. Nagase, S.K. Dey, Expression of matrix
metalloproteinases and tissue inhibitors of metalloproteinases in the mouse uterus
during the peri-implantation period, Dev. Genet. 21 (1) (1997) 44–54.

[45] M.G.T.D. Shellenberger MW, A. Jayakumar, R.M. Strieter, M.D. Burdick,
C.G. Ioannides, C.L. Efferson, A.K. El-Naggar, D. Roberts, G.L. Clayman,
M.J. Frederick, BRAK/CXCL14 is a potent inhibitor of angiogenesis and a chemo-
tactic factor for immature dendritic cells, Cancer Res. 64 (22) (2004) 8262–8270.

[46] C.H, Q. Cao, Z. Deng, J. Yue, Q. Chen, Y. Cao, L. Ning, X. Lei, E. Duan, Genetic
deletion of Cxcl14 in mice alters uterine NK cells, Biochem. Biophys. Res. Commun.
435 (4) (2013) 664–670.

[47] K. A, Uterine leukocytes and decidualization, Hum. Reprod. Update 6 (1) (2000)
28–36.

[48] C.Q, H. Kuang, X. Fan, Y. Zhang, L. Zhang, H. Peng, Y. Cao, E. Duan, CXCL14
inhibits trophoblast outgrowth via a paracrine/autocrine manner during early
pregnancy in mice, J. Cell. Physiol. 221 (2) (2009) 448–457.

[49] Z.A, S. Rajaei, M. Jeddi-Tehrani, M. Tavakoli, A. Mohammadzadeh, A. Dabbagh,
M. Mirahmadian, Cytokine profile in the endometrium of normal fertile and women
with repeated implantation failure, Iranian journal of immunology 8 (4) (2011)
201–208.

[50] L.C, M. Yeganegi, A. Martins, S.O. Kim, G. Reid, J.R. Challis, A.D. Bocking,
Lactobacillus rhamnosus GR-1 stimulates colony-stimulating factor 3 (granulocyte)
(CSF3) output in placental trophoblast cells in a fetal sex-dependent manner, Biol.
Reprod. 84 (1) (2011) 18–25.

[51] R. SA, GM-CSF regulation of embryo development and pregnancy, Cytokine Growth
Factor Rev. 18 (3–4) (2007) 287–298.

[52] C.G, D.A. Clark, R. Mogil, T.G. Wegmann, Prevention of spontaneous abortion in
DBA/2-mated CBA/J mice by GM-CSF involves CD8+ T cell-dependent suppression
of natural effector cell cytotoxicity against trophoblast target cells, Cell. Immunol.
154 (1) (1994) 143–152.

[53] C.P, R.L. Papke, H.F. Travis, W. Hansel, Control of luteal function and implantation
in the mink by prolactin, J. Anim. Sci. 50 (6) (1980) 1102–1107.

[54] J. Rose, O. Slayden, F. Stormshak, Melatonin-induced downregulation of uterine
prolactin receptors in mink (Mustela vison), Gen. Comp. Endocrinol. 103 (1) (1996)
101–106.

[55] O. Wada-Hiraike, H. Hiraike, H. Okinaga, O. Imamov, R. P. A. Barros, A. Morani, Y.
Omoto, M. Warner, J. Gustafsson. Role of estrogen receptor beta in uterine stroma
and epithelium: insights from estrogen receptorβ-/- mice. Proc. Natl. Acad. Sci. U. S.
A 103, 18350–18355 2.

[56] J. Frasor, G. Gibori, Prolactin regulation of estrogen receptor expression, Trends
Endocrinol. Metabol. 14 (3) (2003) 118–123.

[57] O. Gubbay, H.O.D. Critchley, J.M. Bowen, A. King, H.N. Jabbour, Prolactin induces
ERK phosphorylation in epithelial and CD 56 t natural killer cells of the human
endometrium, J. Clin. Endocrinol. Metab. 87 (2002) 2329–2335.

[58] J. Charron, V. Bissonauth, V. Nadeau, Implication of MEK1 and MEK2 in the es-
tablishment of the blood-placenta barrier during placentogenesis in mouse, Reprod.
Biomed. Online 25 (1) (2012) 58–67.

[59] R. L, Role of vascular endothelial growth factor in endometrial vascular events
before implantation in rats, Reproduction 122 (1) (2001) 85–90.

[60] W.K, W.Y, J. Zheng, SY, D.B. Chen, R.R. Magness, Activation of multiple signaling
pathways is critical for fibroblast growth factor 2-and vascular endothelial growth
factor-stimulated ovine fetoplacental endothelial cell proliferation, Biol. Reprod. 78
(1) (2008) 143–150.

[61] K.A, F. Tetens, G. Tscheudschilsuren, A. Navarrete Santos, B. Fischer, Expression of
proto-oncogenes in bovine preimplantation blastocysts, Anat. Embryol. 201 (5)
(2000) 349–355.

[62] N.H. F.X.H, W. Lei, DWB, Z.R. Zhang, B. Jia, X.L. Yang, T.S. Wang, J.L. Liu, R.W. Su,
X.H. Liang, Q.R. Qi, Z.M. Yang, Progesterone and DNA damage encourage uterine
cell proliferation and decidualization through up-regulating ribonucleotide re-
ductase 2 expression during early pregnancy in mice, J. Biol. Chem. 287 (19) (2012)
15174–15192.

[63] C.M, J. Uzan, O. Piconne, R. Asmar, J.M. Ayoubi, Pre-eclampsia: pathophysiology,
diagnosis, and management, Vasc. Health Risk Manag. 7 (2011) 467–474.

[64] G.L. G.-M.J.M, M.A.C.A. Domínguez-Cáceres, P.G. Porque, J. Leon, J. Martín-Pérez,
Prolactin induces c-Myc expression and cell survival through activation of Src/Akt
pathway in lymphoid cells, Oncogene 23 (44) (2004) 7378–7390.

[65] Y.L.A.S.D. LFW, Endothelial ICAM-1 functions in adhesion and signaling during
leukocyte recruitment, Adhesion Molecules: Function and Inhibition (2007)
99–116.

[66] M. K.Y, L. Lecce, MRJ, C. R, ICAM1 and fibrinogen-γ are increased in uterine epi-
thelial cells at the time of implantation in rats, Mol. Reprod. Dev. 78 (5) (2011)
318–327.

[67] H. JC, Endotoxin and mammalian host responses during experimental disease, J.
Comp. Pathol. 135 (4) (2006) 157–175.

[68] P.D, D.G. Ogando, M. Cella, A.M. Franchi, The fundamental role of increased pro-
duction of nitric oxide in lipopolysaccharide-induced embryonic resorption in mice,
Reproduction 125 (1) (2003) 95–110.

X. Cao et al. Placenta 75 (2019) 16–22

22

http://refhub.elsevier.com/S0143-4004(18)30087-0/sref16
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref16
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref16
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref17
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref17
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref17
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref18
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref18
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref18
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref19
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref19
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref20
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref20
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref20
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref21
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref21
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref22
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref22
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref22
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref23
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref23
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref23
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref23
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref23
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref24
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref24
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref25
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref25
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref26
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref26
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref27
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref27
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref28
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref28
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref28
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref29
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref29
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref29
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref30
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref30
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref30
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref31
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref31
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref31
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref31
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref32
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref32
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref33
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref33
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref33
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref33
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref34
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref34
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref34
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref35
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref35
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref35
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref35
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref36
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref36
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref36
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref37
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref37
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref37
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref38
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref38
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref38
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref39
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref39
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref39
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref39
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref40
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref40
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref40
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref41
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref41
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref41
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref41
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref41
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref42
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref42
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref42
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref43
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref43
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref43
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref44
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref44
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref44
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref45
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref45
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref45
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref45
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref46
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref46
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref46
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref47
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref47
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref48
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref48
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref48
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref49
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref49
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref49
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref49
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref50
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref50
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref50
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref50
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref51
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref51
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref52
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref52
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref52
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref52
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref53
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref53
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref54
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref54
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref54
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref56
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref56
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref57
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref57
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref57
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref58
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref58
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref58
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref59
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref59
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref60
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref60
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref60
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref60
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref61
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref61
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref61
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref62
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref62
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref62
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref62
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref62
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref63
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref63
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref64
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref64
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref64
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref65
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref65
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref65
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref66
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref66
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref66
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref67
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref67
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref68
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref68
http://refhub.elsevier.com/S0143-4004(18)30087-0/sref68

	Comparative transcriptome analysis of embryo invasion in the mink uterus
	Introduction
	Materials and methods
	Animals and sample collection
	RNA-seq analysis
	Quantitative real-time PCR validation of mRNA
	Gene ontology (GO) pathway and network analysis

	Results
	Identification of transcriptomic differences
	GO enrichment analysis
	KEGG pathways analysis of DEGs
	qRT-PCR validation of RNA-Seq
	PPI network construction

	Discussion
	Genes related to immune response
	ECM complex
	Cytokine-cytokine receptor interaction
	Hormone related genes
	Gene associated with vascular development
	Regulatory network analysis

	Perspectives
	Funding sources
	Conflicts of interest
	Acknowledgements
	Supplementary data
	References




