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Abstract. An increasing number of reports indicate that in vitro fertilization (IVF) is highly associated with long-term
side effects on embryonic and postnatal development, and can sometimes result in embryonic implant failure. While
high-throughput gene expression analysis has been used to explore the mechanisms underlying IVF-induced side effects
on embryonic development, little is known about the effects of IVF on conceptus—endometrial interactions during the peri-
implantation period. Using sheep as a model, we performed a comparative transcriptome analysis between in vivo (IVO; in
vivo fertilized followed by further development in the uterus) and in vitro produced (IVP; IVF with further culture in the
incubator) conceptuses, and the caruncular and intercaruncular areas of the ovine endometrium. We identified several genes
that were differentially expressed between the IVO and IVP groups on day 17, when adhesion between the trophoblast and
the uterine luminal epithelium begins in sheep. By performing Gene Ontology enrichment analysis and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway analysis, we found that, in the conceptus, differentially expressed genes (DEGs)
were associated mainly with functions relating to cell binding and the cell cycle. In the endometrial caruncular area, DEGs
were involved in cell adhesion/migration and apoptosis, and in the intercaruncular area, they were significantly enriched in
pathways of signal transduction and transport. Thus, these DEGs are potential candidates for further exploring the mechanism
underlying IVF/IVP-induced embryonic implant failure that occurs due to a loss of interaction between the conceptus and
endometrium during the peri-implantation period.
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pidemiological studies indicate that in vitro—produced (IVP)
embryos can predispose offspring to a series of health problems,
including preterm birth, perinatal mortality [1], low birth weight [1,
2], and congenital malformations [3], as well as long-term risk of
disease [4]. Another problem with in vitro fertilization (IVF)-assisted
reproduction techniques is embryo implantation failure. Although
embryonic and endometrial factors can contribute to embryonic
implant failure, it is more likely caused by endometrial factors in
females with good-quality embryos.
The endometrium serves as an early sensor of embryos, and the
pattern of endometrial gene expression when the embryo becomes
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attached to the mother’s uterus could account for the final outcome
of a pregnancy [5]. Unfortunately, IVP has been reported to induce
disorders in the endometrium [6—8]. Therefore, understanding [VP-
induced changes in both the conceptus and the endometrium during
the peri-implantation period is critical for preventing embryonic
implant failure and other IVP-induced side effects.

While global gene expression patterns (transcriptomes) of IVP
embryos have been analyzed in many species, including mice
[9,10], cows [11-14], pigs [15,16], and sheep [17-21], using various
high-throughput methods (microarrays and RNA sequencing [22, 23]),
the factors affecting embryonic implantation remain elusive. Moreover,
deep sequencing has not yet been applied to analyze the effects of
IVP on gene expression in the conceptus and endometrium during
the peri-implantation period. Therefore, in this study, we explored
IVP-induced changes in the conceptus and endometrium using a
digital gene expression (DGE) method to acquire transcriptome data
for sheep. In addition, as previous research has shown that there are
differences in the structure and biological functions associated with the
caruncular (C) and intercaruncular (IC) areas of the endometrium [24],
we separately analyzed two distinct endometrial zones. We chose to
analyze gene expression on day 17, which is the critical implantation
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window for pregnancy, as this is when intimate adhesion between
the trophoblast and the uterine luminal epithelium begins in sheep.

The aim of this comparative analysis of transcriptome profiles of
the IVO and IVP groups was to provide a reference transcriptome for
understanding the molecular origins and underlying mechanism (s)
that lead to aberrations in the conceptus—endometrial interactions
and subsequently, to IVP induced disorders. Therefore, in the present
study, we investigated the differences in gene expression profiles
between control in vivo produced (IVO, i.e., in vivo fertilized followed
by further development in the uterus) and in vitro produced (IVP,
i.e., IVF followed by further culture in the incubator) conceptuses
and the endometria in sheep.

Materials and Methods

Animals and treatments

The procedures for handling animals were in accordance with
the Guide for Care and Use of Agricultural Animals in Agricultural
Research and Teaching, and were approved by the Animal Use
Committee, China Agricultural University. Chinese Small Tail Han
ewes with normal ovarian cycles were selected after general clinical
examinations. Ewes were fed under unified conditions and managed
under optimized environment and nutrition.

Experimental design

A well-established experimental design was adopted to test the effect
of IVP on the transcriptomes of sheep conceptus and endometrium
during the peri-implantation period (Fig. 1). The ewes were divided
randomly into either an IVP group or an IVO (control) group. After
either in vivo fertilization and development (IVO group) or in vitro
maturation, fertilization, and culture (IVP group), blastocysts were
collected and transferred to the recipients. Estrous synchronization,
superovulation, and embryo transfers were performed in both the
IVO and IVP groups to eliminate any effects these techniques may
have on the quality of embryos (as described in previous studies
using ovine [25, 26], bovine [27] and mouse [28, 29] embryos).
Frozen semen from the same sire was thawed and subsequently
used for production of all in vivo and in vitro embryos. At day
17, the recipients in each group (IVO, n = 37; IVP, n = 20) were
sacrificed, and both the conceptuses and the endometria (C and IC
areas) with normal morphology were collected from the uterus of the
recipients. A considerable number of recipients showed pregnancy
loss as determined by observation during sample collection (IVO,
n = 9; IVP, n = 18). We excluded these samples from the present
study (Table 1).

Due to the small amount of RNA in one conceptus or endometrium,
we pooled our samples to obtain sufficient amounts of RNA for
detection and to average out any biological variation. In addition,
considering the limited source of IVP samples, we used a single
pool strategy with a large sample size to ensure that the pool was a
representative population of IVP samples. This pooling strategy has
been extensively used in previous studies [14, 30-32]. For the IVO
DGE analysis, a total of 111 IVO samples were pooled as follows:
pool one included 37 conceptuses; pool two included 37 samples
of the C area; and pool three included 37 samples of the IC area.
For the IVP DGE analysis, a total of 60 samples were pooled as

follows: pool one included 20 conceptuses; pool two included 20
samples of the C area; and pool three included 20 samples of the
IC area (Supplementary Fig. 1: online only).

Recipient preparation

Mature, multiparous ewes aged > 18 months were used as recipients.
Estrous cycle synchronization of the recipient ewes was achieved
by using progesterone-impregnated (0.3 g) vaginal implants with
controlled intravaginal drug release (CIDR-B™, Pfizer Animal
Health, Auckland, New Zealand) for 13 days. Each of the recipients
(n=57:1VO =37 and IVP =20) was administered an intramuscular
injection of 15 mg prostaglandin F,_yh, (PGF; Lutalyse, Pfizer, New
York, NY, USA) two days before the progesterone vaginal implant
was removed.

Donor preparation

In the IVO group, donors (n = 30) were administered follicle
stimulating hormone (FSH; Folltropin-V, Vetrepharm Canada,
Belleville, ON, Canada) intramuscularly at doses of 40 mg, 30 mg,
30 mg, and 24 mg every 12 h to achieve multiple ovulations. The first
shot was administered 48 h before progesterone withdrawal in the
recipient group. Artificial inseminations were performed within 12 h
after the progesterone vaginal implant was removed in the recipients.
The time point of withdrawing progesterone was set as Day 0.

Oocyte collection

Ovaries obtained from slaughtered ewes were washed three times
with non-sterile Dulbecco’s phosphate-buffered saline (PBS). They
were stored at 34-37°C in PBS containing an antibiotic-antimycotic
solution (GIBCO, Grand Island, NY) during delivery to the lab.
Due to the small follicle size of sheep ovaries, cumulus oocyte
complexes were recovered by slicing the surface of the ovary in
TCM-199 medium with 0.5 g/l fraction V bovine serum albumin
(BSA). Oocytes with at least two complete layers of compact cumulus
cells and homogenous cytoplasm were used in further experiments.

In vitro maturation of oocytes

Cumulus—oocyte complexes were washed and cultured for 24 h
at 38.5°C in a humidified air atmosphere with 5% CO, in 500 pl of
maturation medium covered with mineral oil. Maturation medium
consisted of TCM-199 supplemented with 5 pg/ml LH, 5 pg/ml FSH, 1
pg/ml 17 B-estradiol (B-E,), 10 ng/ml epidermal growth factor (EGF),
0.2 mM sodium pyruvate, 2 mM L-glutamine, 100 pM cystamine,
10% (v/v) fetal bovine serum (FBS), and 2% (v/v) human serum
type AB. After in vitro maturation, oocytes were fertilized in vitro.

IVF and culture

Highly motile spermatozoa from thawed semen were selected
and used at a concentration of 1 x 10° spermatozoa per ml. Matured
oocytes were partially denuded by gentle pipetting and transferred
into fertilization medium consisting of synthetic oviductal fluid (SOF)
[33]. Fertilization was performed in 50 pl droplets of SOF medium
supplemented with 20% estrous sheep serum, with a maximum of 15
oocytes per drop, and incubated for 20 h at 38.5°C in a humidified
atmosphere containing 5% CO, and 5% O,. Then, the IVF zygotes
were completely denuded by gently pipetting and cultured for 7 days
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Summary of experimental design. All ewes were divided randomly into two groups. After either in vivo fertilization and

development (IVO control group) or in vitro fertilization and culture (IVP group), at day 6.5, blastocysts were collected
and transferred to recipients. At day 17, the recipients in each segment (IVO, n = 37; IVP, n = 20) were sacrificed, and both
the conceptuses and the caruncular (C) and intercaruncular (IC) areas of the endometrium with normal morphology were
collected from the uterus of recipients (therein defined as the IVO and IVP groups).

Table 1. Comparison of pregnancy rate between the IVP and IVO groups

Treatment  Total number of  Number of pregnant Pregnancy rate
ewes ewes (%)
Vo 46 37 80.42
VP 38 20 52.6°

Different letters indicate significant difference.

in 20 pl culture drops of SOF medium supplemented with 10% (v/v)
FBS under the same atmospheric conditions as mentioned above. The
cleavage rate was evaluated after 24 h of fertilization and blastocyst
development was observed on day 7 of in vitro culture (IVC).

Embryo collection and transfer

In the IVO group, blastocysts were flushed on day 6.5 after in-
semination. The criteria for harvesting blastocysts for embryo transfer
were based on embryo developmental progress and morphology. In
the IVP group, blastocysts were obtained using the abovementioned
IVF and culture procedures. Blastocysts collected using two different
methods were transferred to synchronized recipient ewes in their
corresponding group. Well-developed late-cavitating blastocysts
of similar morphology were selected for embryo transfer in each
group. Two high-quality blastocysts at day 6.5 were transferred
per uterus. The same skilled technician was used for all transfers
to minimize any differences in the surgical procedure that could
affect the final results.

Conceptus and endometrial tissue recovery

The recipients of the IVO and IVP groups were sacrificed at day
17 of pregnancy, and the conceptuses and endometria (including
the C and IC areas) were collected. As the conceptus is typically

attached to the endometrium of pregnant ewes by day 17 [34], only
clear conceptuses were dissected using a scalpel and the connective
tissue was separated from the endometrium and discarded [5, 35-37].
Sampling of the endometrial C and IC areas (Supplementary Fig. 2:
online only) was performed as described previously (i.e., sampling
of epithelial cells and not stromal cells) [5, 38]. All tissues were
sampled by the same technician, diced, and stored at —80°C until
further analysis.

RNA extraction and library sequencing

Total RNA was isolated from all tissue samples using the Qiagen
RNeasy Mini Kit including DNase I digestion, following the manu-
facturer’s instructions. For each sample, 2 pg of total RNA was used
for preparation of the expression-tag libraries. Library preparation
and sequencing were carried out according to the Illumina-Solexa
protocol “Preparing Samples for Digital Gene Expression-Tag
Profiling with NlallI,” with the exception that 18 rather than 15 cycles
of amplification were used during tag amplification. This protocol
is sufficient for sequencing the 21 base pairs (bp) immediately
upstream of the poly-A sequence for each mRNA transcript in a
sample of total RNA. Each library was sequenced in a separate
flow cell of an Illumina Solexa GAII instrument. Total tag counts
and tag distributions of each sample are showed in Supplementary
Fig. 3 (online only).

Read mapping to the reference genome and sequencing quality
assessment

The Ovis aries genome (http://www.livestockgenomics.csiro.
au/sheep/oar2.0.php) and 20236 reference genes (http://www.live-
stockgenomics.csiro.au/sheep/sheep.v4.gff filter.chr.annot.gff3.gz)
were downloaded. High-quality reads were obtained by discarding
low-quality raw reads (including sequencing adapters) and rejecting
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reads with > 5% unknown nucleotides or with a low quality sequence
(i.e., more than half of the base qualities < 5). The high-quality reads
were mapped to the O. aries genome, and gene sequences were
annotated using the Short Oligonucleotide Analysis 2 (SOAP2)
software (http://soap.genomics.org.cn/). No more than five base
mismatches (m < 5) were included in the alignment. Unmapped or
multi-position matched reads were excluded from further analyses.
The proportions of high-quality reads that mapped to the genome and
to genes provided an overall assessment of the sequencing quality.

Differentially expressed gene analysis

Differentially expressed genes (DEGs) and their corresponding
P values were determined using methods described by Audic and
Claverie [39]. The false discovery rate (FDR) was used to assess the
P value in multiple tests. Fold changes (log, ratio) were estimated
according to the normalized gene expression level in each sample.
We used an FDR < 0.001 and the absolute value of log, ratio > 1
as the threshold to judge significant differences in gene expression.

Functional enrichment

Student’s 7-test was used to determine the significance of the
DEG enrichment analysis, and a P value < 0.05 was considered
significant. We used DAVID version 6.7 (http://david.abcc.ncifcrf.
gov/) to perform functional annotations of biological processes
affected by IVO or IVP from the target gene list.

Results

Comparison of gene expression profiling for ovine IVP and
IVO conceptuses

Using DGE analysis, we compared the gene expression patterns
from IVO and IVP conceptuses and endometrium (C and IC areas).
Only the females with morphologically normal embryos were
considered for analyses at day 17 of pregnancy. In the conceptus,
we identified 1726 genes that showed differential expression (with
expression fold change > 2) between the IVO and IVP groups, which
were then classified according to their biological functions (Fig. 2;
Supplementary Table 1: online only). Compared to the IVO control,
744 DEGs were upregulated and 982 DEGs were downregulated in
the IVP conceptus.

Gene Ontology (GO) analysis showed that 24 biological function
categories with three or more genes were significantly enriched
(P <0.01; Fig. 3; Supplementary Table 2: online only); these were
primarily involved in binding, cell adhesion, and the cell cycle
(i.e., ‘regulation of cell cycle’ and ‘regulation of binding”). Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis
indicated that 17 canonical KEGG pathways with three or more
genes were significantly enriched (P < 0.05; Supplementary Table
3: online only); these included ‘cell cycle’ (Supplementary Fig. 4:
online only) and ‘adherens junction’ (Supplementary Fig. 5: online
only). The cell cycle pathway encompasses the series of events leading
to cell division and replication. Within this pathway, we found that
eight genes were downregulated and 10 genes were upregulated in
the IVP conceptus as compared to their IVO counterparts. Well-
known cell cycle genes, including transforming growth factor beta
(TGF-p), Smad4, and proliferating cell nuclear antigen (PCNA), were
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Fig.2. Number of upregulated and downregulated genes with different

fold changes in the conceptus, the caruncular (C) area, and the
intercaruncular (IC) area in the IVP group, compared to the IVO
group. Positive y-axis (red) represents upregulated gene and
negative y-axis (green) represents downregulated gene. Numbers
in the bars are upregulated or downregulated genes at each fold
change region.

dysregulated in the IVP conceptus cell cycle pathway (Supplementary
Fig. 4). Adherens junctions formed by classical cadherin/catenin
complexes mediate epithelial organization and function. In this
study, two adhesion-related genes were downregulated and nine
genes were upregulated in IVP conceptuses as compared to IVO
conceptuses, including upregulated Actin and zonula occludens-1
(ZO-1) (Supplementary Fig. 5).

Comparison of gene expression profiling between ovine IVP
and IVO endometrial caruncular areas

In the endometrial C area, 1596 genes displayed differential
expression of 2-fold or greater between the IVP and IVO groups
(Fig. 2); 1198 DEGs were upregulated in the IVP group, and 398
DEGs in the IVO group (Fig. 2; Supplementary Table 4: online only).

GO analysis demonstrated that 16 functional categories with
three or more genes were significantly enriched (P < 0.01; Fig. 4;
Supplementary Table 5: online only); these were primarily involved
in apoptosis, transport and cell adhesion/migration (e.g., ‘positive
regulation of apoptosis’, ‘intracellular protein transport’, ‘apoptotic
mitochondrial changes’, ‘regulation of gene expression’, and ‘regula-
tion of cell migration”). KEGG pathway analysis indicated that 12
canonical pathways with three or more genes were significantly
enriched (P < 0.05; Supplementary Table 6: online only), including
‘Huntington's disease,” ‘protein export’, ‘cytoskeletal regulation by
Rho GTPase’, and ‘oxidative phosphorylation’ signaling pathways.
Huntington’s disease is an autosomal-dominant neurodegenerative
disorder that primarily affects medium spiny striatal neurons. Within
this pathway (shown in Supplementary Fig. 6: online only), genes
relating to apoptosis were significantly dysregulated in the C area
of the IVP group: one gene was downregulated and 10 genes were
upregulated, including the apoptotic genes caspase-3 and nuclear
respiratory factor (NRF) (Supplementary Fig. 6).
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Comparison of gene expression profiling between ovine IVP
and IVO endometrial intercaruncular areas

In the endometrial IC area, 1271 genes displayed 2-fold or greater
differential expression between the IVP and IVO groups (Fig. 2).
In the IVP group, 590 DEGs were upregulated and 682 DEGs were
downregulated in the IC area compared to the IVO group (Fig. 2;
Supplementary Table 7: online only).

GO analysis showed that the functional categories that had three
or more genes and were significantly enriched were involved in

signal transduction and transport (P < 0.01; Fig. 5; Supplementary
Table 8: online only), including ‘receptor signaling protein serine/
threonine kinase activity’ and ‘exocytosis.” KEGG pathway analysis
revealed that canonical pathways with three or more genes were
significantly enriched (P < 0.05; Supplementary Table 9: online
only), including ‘RIG-I-like signaling pathway’, ‘signaling by
GPCR’, and the ‘histamine H2 receptor mediated signaling pathway’.
The ‘RIG-I-like signaling pathway’ (Supplementary Fig. 7: online
only) is responsible for detecting viral pathogens and generating
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innate immune responses. Within this pathway, four genes were
downregulated and two genes were upregulated in the IC area of the
IVP group, including the cytokine signaling pathway genes TGF-beta
activated kinase 1 (74K1) and retinoic acid inducible gene I (RIG-1).

Discussion

The aim of our study was to provide a transcriptome reference to
further understanding of the mechanisms associated with disorders
of conceptus—endometrial interactions in IVP. The loss of interaction
between the conceptus and the endometrium in IVP may be largely
attributed to aberrant gene expression and function. Aberrations in
IVF embryos have occurred during the pre-implantation stage due
to the processes of IVF and IVC. Our own published studies in
mice [40-42] demonstrated that many aspects of the aberrations,
e.g., mitochondrial functions, genetic information processing, and
cytoskeleton organization, persist through early development and exert
long-term effects on embryonic development and postnatal growth.
Therefore, we hypothesize that the gene expression patterns in IVP
embryos are aberrant during the period of pregnancy recognition,
which induces aberrant endometrial responses via maternal-fetal
interactions. In this study, our functional enrichment analysis of
DEGs (GO and KEGG analysis) showed that abnormal cell cycle
and binding in the conceptus, as well as disrupted cell adhesion/
migration and increased apoptosis in the endometrial C area, and
failed signal transduction/transport in the endometrial IC area, may
explain the loss of interaction between the conceptus and endometrium
in [VP and further [IVP induced disorders (as summarized in Fig. 6).

In the conceptus, we found that GO terms enriched in DEGs
included ‘negative regulation of cell adhesion’, ‘regulation of actin
polymerization or depolymerization’, ‘regulation of binding’, ‘cell-
substrate adherens junction’, and ‘fibrillar collagen.” We also found
that the KEGG pathway ‘adherens junction’ was enriched in DEGs.

In vitro group compared with in vivo
group

Changed gene expression

/

Abnormal cell cycle and
binding in conceptus

Disrupted transport and

Disrupted cell migration/adhesion signal transduction in

and apoptosis in caruncular (C) area intercaruncular (IC) area

Summary of comparative profiles between the IVP and IVO
groups. Observed functional clusters in the present study are
highlighted in red text.

IVF disorders

Fig. 6.

Typically, integrins can bind to molecules on the extracellular matrix
to transduce cell signals and mediate adhesion, as well as reorganize
the cytoskeleton to stabilize adhesion in ovine [38, 43, 44]. These
activities are crucial for implantation and placentation in all mam-
mals [43, 44]. In addition, adherens junctions reported in ovine,
which are formed by classical cadherin/catenin complexes, mediate
epithelial organization and function and these junctions increase
as the conceptus initiates implantation [45]. In this study, several
adhesion related genes, including Actin and ZO-1, were dysregulated
in the IVP conceptuses. Actin polymerization is the driving force
for epithelial cell—cell adhesion during ovine pregnancy [45]. The
cell-cell adherens junction is a specialized cell-cell contact region
where cadherins act as adhesion molecules and actin filaments are
densely associated with the plasma membrane [46]. Moreover, ZO-1
is an actin filament (F-actin) binding protein that localizes to tight
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junctions and connects claudin to the actin cytoskeleton in epithelial
cells [47]. The abnormal expression of these cell binding—related genes
in the conceptus might affect the conceptus—maternal interactions
during the peri-implantation period, which would be detrimental to
further development.

Another cluster of DEGs identified in the conceptus was abundant
in cell cycle terms, including ‘regulation of cell cycle.” During the
peri-implantation period, the sheep embryo develops from a blastocyst
to an elongated conceptus, and undergoes continuous cell division,
which inevitably involves the cell cycle process [48]. Proliferation
and migration, which are highly dependent on cell-cycle regulation,
are important for the development of the elongated conceptus. In the
present study, eight ‘cell cycle’ genes were downregulated and 10
genes were upregulated in the IVP conceptus. Many genes in this
pathway were dysregulated, including 7GF-f, Smad4, and PCNA.
TGF-B is a multifunctional cytokine that regulates proliferation,
differentiation, and invasiveness of multiple cell lineages [49]. Proteins
in the TGF-B family are also major modifiers of the extracellular
matrix, particularly in the case of integrins that bind to fibronectin,
laminin, and other extracellular matrix proteins [50]. Moreover,
it has previously been shown in porcine that TGFB-3 expression
increases as conceptuses grow from 2 mm to 8 mm, and remains
high throughout trophoblastic elongation into the filamentous stage
[51]. This suggests that TGFB-3 may be an important endogenous
growth factor involved in regulating trophoblastic elongation [51]. In
addition, Smad4 is a downstream effector of the TGF-f superfamily
[52], and TGF-B-regulated processes involving Smad4 signaling
have been proposed to indirectly affect placental and fetal size in
porcine [53]. Finally, PCNA is a key factor in DNA replication and
cell cycle regulation and is used as a marker for cell proliferation
[54]. Dysregulation of TGF-f, Smad4, and PCNA might lead to an
abnormal cell cycle pathway in the elongating conceptus, which could
impair its proliferation, and thereafter, compromise the interaction
between the conceptus and the maternal endometrium. A previous
study also indicated that both Orc and Mcm are essential for DNA
replication during embryonic growth, and that disruption of these
proteins causes defective embryonic cell proliferation and early
embryonic lethality [55, 56]. In the present study, downregulation
of the Mecm (Mcm?2 and 3) and Orc (Orc2 and 4) genes in the IVP
group as compared to the IVO group suggests that I[VP might induce
slow or abnormal gene replication. Conceptus elongation might be
affected by the disrupted cell cycle, which subsequently affects
cytokine secretion.

In the C area of the endometrium, which is the site for conceptus
attachment, the GO and KEGG pathway terms enriched in DEGs
included the following: ‘positive regulation of apoptosis’, ‘regulation
of cell migration’, ‘actin cytoskeleton organization’, and ‘laminin-1
complex.’ The same genes related to cell binding and adhesion in the
conceptus may also play important roles in the C area, as reported
in sheep [48]. For example, LAMA4, which is localized in the
endothelial cell basement membranes, has been shown to bind to
integrins (e.g., a3p1 and avp1) with high affinity [57]. Therefore,
aberrant adhesion gene expression in both the C area and conceptus
in the IVP group, may explain the abnormal adhesion process during
conceptus—endometrial interactions. In addition, genes relating
to apoptosis are dysregulated in the C area of the IVP group. For

instance, the apoptotic genes involved in the autosomal-dominant
neurodegenerative disorder, Huntington’s disease, were significantly
dysregulated in the IVP group. In particular, genes relating to apoptosis,
caspase-3, and NRE, were overexpressed in the C area of the IVP
group. Among the caspases identified, caspase-3 stands out because
it is commonly activated by multiple death signals and because it
cleaves a number of important cellular proteins. Caspase-3 is required
for DNA fragmentation and the morphological changes associated
with apoptosis [58]. NRF is also overexpressed in type I endometrial
cancer [59]. Accordingly, the increased expression of these apoptosis
related genes might contribute to IVP-related disorders.

In the IC area of the endometrium, the GO terms enriched in
DEGs included ‘exocytosis’ and ‘receptor signaling protein serine/
threonine kinase activity’, which involves material transport and signal
transduction. The transport and binding of growth factors, proteins,
and ions are critical for the maternal-embryo dialogue. In the endo-
metrium of ruminants, the IC zone synthesizes and secretes numerous
substances, including cytokines, growth factors, and hormones, all of
which are involved in signal transduction pathways [60]. Therefore,
signaling pathways are essential for correct functioning of the
endometrial IC area. In our study, the ‘RIG-I-like signaling pathway’
was significantly enriched in DEGs. This pathway is responsible for
detecting viral pathogens and generating innate immune responses.
In the present study, four genes were downregulated and two genes
were upregulated in the IC area of the IVP group, including genes
relating to the RIG-I-like signaling pathway (i.e., TAK! and RIG-I).
RIG-I senses intracellular virus-specific nucleic acid structures and
initiates an antiviral response that induces interferon production,
which, in turn, activates the transcription of R/G-/ to increase RIG-I
protein levels. On the other hand, TAK1 mediates various cytokine
signaling pathways and reportedly regulates embryonic angiogenesis
by modulating endothelial cell survival and migration [61]. Consistent
with previous studies in mouse and bovine [62, 63], our results also
indicated that aberrant expression of genes involved in transport
and signal transduction in the endometrium may be responsible for
aberrant conceptus—endometrial interactions.

Finally, it is important to note that the conceptus itself secrets
many signaling molecules during early embryonic development,
including interferon-tau (IFNT), in order to communicate with the
maternal endometrium. IFNT induces the expression of many genes,
including interferon induced with helicase C domain 1 (/FIHI) and
alpha-actin-2 (ACTA2). IFNT-stimulated genes are proposed to play
biological roles in the establishment of uterine receptivity to the
conceptus during implantation through induction of an antiviral
state and modulation of local immune cells in the endometrium
of ovine [64]. In the present study, /F/IHI was one of the most
dysregulated genes in the C area of the ovine endometrium. Therefore,
the upregulated /FIH] expression in the IVP group may induce a
more fierce antiviral state in the endometrial C area, which would
create an unsuitable environment for healthy conceptus development.

Until now, it has been extremely difficult to identify the exact
role of specific genes in [VP-induced aberrations in large animals.
Using sheep as a model, a well-established model for studying
fetal-maternal interactions during pregnancy recognition, our
study aimed to provide a reference for probing the mechanism for
IVP-induced aberrant maternal—fetal dialogue. In conclusion, we
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obtained the sheep transcriptome profile during the peri-implantation
period to better understand the mechanism underlying the loss of
conceptus—endometrial interactions in IVP. DEGs were identified
in both the IVP conceptus and endometrium. Functional enrichment
analysis of DEGs (GO and KEGG) showed that abnormal cell cycle
and binding in the conceptus disrupted cell adhesion and migration
and increased apoptosis in the C area and that failed signaling
transduction and transport in the IC area are potential sources of
IVP-induced disruption of the conceptus—endometrial interactions.
The results of our research provide a comprehensive and detailed
reference for further studies to advance the understanding of the
mechanism underlying IVP-induced side effects in sheep.
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