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Abstract
Background

Successful embryo implantation is an essential prerequisite for pregnancy. Previous studies have shown
that DNA methylation, histone, chromatin structure, and non-coding RNAs, microRNAs may participate in
the regulation of gene expression during embryo implantation. However, the transcriptome changes of
human endometrial stromal cells during early embryo implantation are not well characterized.

Methods

We cultured human endometrial stromal cells and simulated the process of embryo implantation in vitro.
We further analyzed the endometrial transcriptome patterns of endometrial stromal cells in the pre-
implantation and post-implantation phase. We identi�ed comprehensive transcriptomic pro�le of two
endometrium stromal cells in particular developmental stage that may re�ect the potential mechanism of
embryo implantation.

Results

A total of 592 differentially expressed genes were identi�ed after embryo implantation. Additionally, we
identi�ed key pathways (including TP53 and EGF signal pathway) that may regulate embryo-
endometrium interactions; our �ndings may serve as a foundation for targeted studies on endometrial
receptivity and embryo implantation loss.

Conclusion

Our work showed the transcriptome changes of endometrial stromal cells within 48 hours after
implantation which provides key insights into the crucial features of transcriptional regulation in the
stepwise embryo development.

Background
Successful implantation of embryo is an essential prerequisite for pregnancy. This depends on a highly
coordinated process between a viable embryo and receptive endometrium[1,2]. Recent years we have
witnessed considerable advances in the development of in vitro embryo implantation model[3–6]. Post-
implantation endometrial change in humans is a research hotspot; however, the implantation-related
molecular mechanisms are not well characterized. Elucidation of the molecular mechanisms of
implantation is a key imperative not only for the embryo development in vitro culture but also for the
treatment of infertility and recurrent spontaneous abortion.

The process of implantation involves attachment and invasion of the uterine luminal epithelium. The
blastocyst invades the uterine stroma and triggers several morphogenetic and signaling events.
Microarray analyses have been performed to detect mRNAs of differentially expressed genes during
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embryonic implantation or the window of implantation in mice, rhesus monkey, and cattle[7][8][9]. These
studies have identi�ed several genes that are regulated during endometrial priming prior to embryonal
implantation. However, there are considerable species-speci�c differences with respect to the post-
implantation morphology in mammalian endometrium[10]. Therefore, characterization of the
transcriptome changes of human endometrium during pre-implantation and post-implantation is a key
imperative. However, owing to ethical constraints pertaining to human pregnancy, the transcriptome
changes of human endometrial stromal cells (hESCs) during embryo implantation are not clear.

Successful establishment of in vitro embryo implantation model is critical. In this study, we cultured
human hESCs in vitro and simulated the process of embryo implantation. We further analyzed the
endometrial transcriptome patterns of hESCs during pre-implantation and post-implantation (48 hours).
Additionally, we identi�ed key pathways that may regulate embryo-endometrium interactions. Our
�ndings may provide a foundation for targeted studies on endometrial receptivity and embryo
implantation loss. Our work provides key insights into the crucial features of transcriptional regulation
during embryo implantation.

Materials And Methods
Culture of endometrial stromal cells

Endometrial stromal cell were obtained from endometrial biopsy performed during the luteal phase. A
small amount of endometrial tissue was placed in PBS solution of 10% fetal bovine serum, washed twice
to remove blood cells and mucus, and cut into 1-2 mm pieces using eye scissors. After centrifugation,
0.25% trypsin plus 0.53 mM EDTA solution was added for digestion at 37°C for 30 minutes; subsequently,
the tissues were passed through a 100 µm cell strainer (BD). The stromal cells pass through the cell
strainer and were collected. After centrifugation and single wash, the cells were resuspended in 10% FBS
+ DMEM/F12 medium and inoculated in a 35 mm dish. One hour later, the stromal cells had adhered to
the wall.

Embryo implantation experiment

hESCs are primary cells within the �rst �ve generations. We used 96 well plates for embryo implantation
experiment to reduce the number of stromal cells that were not in contact with the embryo. After 24-hour
culture, the stromal cell culture medium was replaced with human embryo culture medium G2-plus
(Vitrolife, Sweden), and the thawed-blastocyst was implanted on the stromal cell layer. The implantation
performance was assessed 24 hours later. The adherent embryo was picked out 48 hours later and the
stromal cells were collected for RNA sequencing.

This study was approved by the Ethics Review Board of Beijing Chao-Yang Hospital (2020- -279).

Embryo frozen and thaw
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Spent poor-quality blastocysts were collected and frozen for research study. In the experiment group, 6
spent poor-quality blastocysts were from the same person. After thawing, the embryos were cultured in
G2-plus (Vitrolife, Sweden) for 4 hours and then implanted in hESCs. The embryo freezing and thawing
operation was performed as recommended in the KITAZATO reagent manual.

RNA library construction and sequencing

Trizol was used to extract total RNA. The NEBNext® Ultra ™ II RNA Library Prep Kit for Illumina was used
to construct the transcriptome library. The speci�c construction process is described online at
www.international.neb.com.

Quality assessment and quanti�cation

We used the Qubit Fluorometer to determine the library DNA concentration, which is quali�ed if it is
greater than 1.0 ng/L. The Qseq100 DNA analyzer was used to detect the library DNA length distribution.
The criteria for quali�cation include concentration of length around 400bp, presence of single peaks,
adapter less peaks, and absence of large fragment peaks. We used the KAPA Library Quanti�cation Kit to
quantify the molar concentration of library DNA as a standard for library mixing. After the library was
mixed and denatured, it was added to the Illumina HiSeq sequencing platform for high-throughput
sequencing. For speci�c operations, refer to the instruction manual. During sequencing, both ends of the
library were sequenced separately (i.e., paired-end, PE); therefore, each sample generated two data �les:
reads1 (R1) and reads2 (R2).

Data processing and analysis

The RawData of high-throughput sequencing was �ltered to obtain high-quality data (CleanData).
Subsequently, the CleanData was compared with the designated reference genome (homo'u sapiens.
grch38, annotation is enssemblhomo'u sapiens. Grch38.94) to calculate the e�ciency of sequencing and
reference genome, and to evaluate the saturation of sequencing data and gene coverage. The quality
assessment report before and after data processing was generated by FastQC. Sequencing data quality
control and processing were as follows: 1) The BWA algorithm was used to remove the low-quality
regions at both ends of the sequence, using a mass threshold of 30. 2) Removal of joint sequence; 3)
removal of 5' sequences containing fuzzy base N; 4) removal of the sequences with length less than
60bp (usually 10bp).

Construction of gene expression pro�le

The gene expression pro�le was constructed to quantify gene expression and to calculate gene
expression in different samples. The distribution of gene expression values in each sample are shown by
box plot, density curve, and other illustrations. The known genes were identi�ed including RNA, rRNA,
tRNA, Premier RNA, lncrna, and novel genes.

Differentially expressed testing

http://www.international.neb.com/
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Deseq normalization was performed among samples with different gene expression levels. Normalized
Count was obtained from raw count and used to compare gene expression in different groups. Speci�c
methods were followed to perform Audic ClaverieTest and Multiple Testing Correction: Benjamini
Hochberg FDR; respective parameters: Maximum p value cut-off: 0.05, fold-change cut-off: 2.0.

Functional enrichment analysis

The differentially expressed genes were screened in different sample groups and subjected to cluster
analysis; volcano maps were generated for visualization. GO/KEGG functional annotation and functional
enrichment analysis of differential genes were performed to explore the functional and regulatory
relationship of differentially expressed genes. In all tests, completely known genes were appointed as the
background and P values (i.e., EASE score) indicating signi�cant overlap between various gene sets were
calculated using Benjamini-corrected modi�ed Fisher’s exact test. Only GO/KEGG-pathway terms
associated with P values < 0.05 were considered signi�cant and listed.

Results
Human endometrial stromal cells culture and co-culture of embryo

We con�rmed the attachment of human blastocysts to stromal cells; therefore, we chose the primary
hESCs within the �rst �ve generations as the bottom layer of cells, and chose the spent blastocysts from
the same patient to eliminate experimental error attributable to differences in genetic background (Figure
1A). With ethical approval, 2 samples were primary hESCs (phESCs) and 6 samples were co-cultured with
blastocytes (score: 4DD, 5DD and 6DD) (ehESCs). After co-culture of the embryo and stromal cells for 2
days, we found that all the blastocysts had attached to hESCs; 3/6 blastocysts showed cell migration
and invasion (Figure 1B).

Global transcriptome pro�ling of human endometrial cells before and after embryo implantation

After obtaining ethical approval, we performed RNA sequencing (RNA-seq) and analyzed the RNA-Seq
data from 8 samples. After analysis, the transcriptional pattern of one ehESCs sample was similar to
phESCs; therefore, we did not include it in the subsequent analysis. Principal component analysis
demonstrated that the clustering of each population was segregated from each other (Figure 2A). In total,
592 genes were identi�ed as DEGs according to similar criteria except for |log2FoldChange| > 1.5; these
included 186 up-regulated and 406 down-regulated genes (Figure 2B).

Volcano plots showing the signi�cance of the differential gene expression vs fold change are presented
in Figure 3A. Figure 3B displays the top 15 upregulated and downregulated DEGs. PTGER1 and MMP16
have been reported in endometrial carcinoma research. The noted genes were related with oncology and
decidualization (Figure 3B).

Functional analysis of mRNA in hESCs
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The results of Gene Ontology (GO) annotation analyses indicated enrichment of DEGs in the following
biological processes: (i) regulation of ribonucleoside monophosphate metabolic process; (ii) energy
derivation by oxidation of organic compounds; (iii) protein targeting. DEGs were enriched in molecular
function of NADH dehydrogenase activity and mitochondrial protein complex (Figure 4A-C).

We performed analysis on the basis of the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
database to identify the signal transduction pathways in these two comparisons; the results indicated
that the genes were mainly correlated with oxidative phosphorylation, thermogenesis, ribosome and
retrograde endocannabinoid signaling. TP53 and EGF signal pathway differed signi�cantly (Figure 4D-E).

Protein-protein interaction (PPI) network

Network-based analysis was performed to understand the functions of predictive genes in terms of a PPI
network topology. The STRING network was used for this purpose. The results showed 8 main networks
of PPIs (Figure 5A). PPI network analysis was performed to identify the top 10 hub-gene targets. NADH
ubiquinone oxidoreductase subunit related genes were found to play an important role in embryo
implantation process (Figure 5B). COX6C and COX4I1 are the terminal enzymes of the mitochondrial
respiratory chain which catalyze the electron transfer from reduced cytochrome c to oxygen.

Discussion
We performed a preliminary study of the transcriptome changes of hESCs in the early stage of human
embryo implantation (within 48 hours). We identi�ed signi�cant changes in the transcriptome of hESCs
after embryo implantation. 592 differentially expressed genes in the hESCs changed after implantation.
Among these, metabolic gene expression changes involved the NADH/NAD+ redox cycle, tricarboxylic
acid cycle, and electron transfer. TP53 signal pathway and EGF signal pathway activity were also
changed. These �ndings indicate that hESCs undergo changes in the biological process of mitochondrial
respiratory chain in order to provide a receptive environment for embryonal development post-
implantation.

Among the differentially expressed genes, changes in the NADH ubiquinone oxidoreductase subunit
related genes including NDUFA11 and NDUFB7 were the most striking. Their expression in the
endometrium decreased signi�cantly after embryo implantation within 48 hours. Mitochondrial
respiratory complex I is composed of 45 different NADH ubiquinone oxidoreductase subunits. It transfers
electrons from NADH to the respiratory chain[11].

The oxidative respiratory chain is related to the function of mitochondria. In previous studies, glucose
metabolism level was found to decrease in the early stage (Day0-Day3) of embryonic development; in
addition, there was inhibition of glycolysis and pentose phosphate pathways in mitochondria[12]. Before
embryo implantation, NADPH participates in the decidualization of endometrium through the c-AMP
pathway[13]; in addition, the mitochondrial function of stromal cells is active before implantation. Based
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on our results, we speculate that mitochondrial oxidative respiration of hESCs decreases to adapt to
embryo development post-implantation.

Our results indicated downregulation of the TP53 signaling pathway of hESCs after implantation. In
previous studies, the expression of TP53 protein was found to be increased in endometrial
adenocarcinoma[14]. Moreover, the TP53 signal pathway was shown to be involved in decidualization of
stromal cells[15]. The expression of TP53 protein in decidualized hESCs was increased in vitro. In the late
secretory phase, the expression of TP53 increased[16]. Our study con�rmed the suppression of the TP53
signal pathway activity of stromal cells after embryo implantation.

In our study, EGF signaling pathway was inhibited in hESCs after embryo implantation; however, EGF is
indispensable for uterine growth[17]. Oncological studies have demonstrated abnormally high expression
of EGFR in endometrial adenocarcinoma and upregulation of EGF signal pathway[18,19]. Heparin-binding
epidermal growth factor (HP-EGF) regulates the decidualization of endometrium[20]. HP-EGF acts as a
messenger in the endometrial-embryo interactions after embryo implantation. Inhibition of the EGF
signaling pathway in hESCs may be related to the continued development of the embryo.

After 48 hours of embryo implantation, the main biological changes in hESCs include nucleotide
synthesis and metabolism, mitochondrial protein synthesis, and ATP/NADPH energy metabolism. In a
study of decidualization, hESCs were found to resist in�ammation and oxidative damage[21]. Superoxide
dismutase 2 (SOD2) in mitochondria helps hESCs migrate and promote the progression of
endometriosis[22]. Thus, we speculate that the state of endometrial cells after implantation changes from
the initial state of "attracting" embryo implantation to the state of "service" for embryos post-implantation;
these changes provide a suitable environment for embryonic development.

Embryo implantation is a dynamic process. The more the in vitro model replicates the in vivo conditions,
the more we can explore the internal mechanism of embryo implantation. There are two kinds of embryo
implantation in vitro models, i.e., embryo contact model and embryo invasion model[2,23]. In this study,
we used the embryo invasion model and by using next generation sequencing, we determined the
transcriptome changes of hESCs pre/post-implantation.

Previous studies related to embryo implantation and endometrial receptivity were mainly focused on
endometrial decidualization. A total of 161 human expression pro�le data were obtained using the
keywords "hESCs" and "implantation" in GEO DataSets. Ethical constraints are a major hindrance to
obtain tissue samples of human endometrium decidualization in the early stage after implantation; in
vitro study of decidualization is mainly established by drug induction. The changes in endometrial
transcriptome within 48 hours after embryo implantation have been studied only in animals. However,
drug-induced models and animal experiments have their limitations and cannot really re�ect the changes
in human endometrium before and after implantation. This is the �rst study that employed the
implantation model to study the endometrial transcriptome of human embryos after implantation (within
48 hours). Our study provides the human transcriptome information after embryo implantation and
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provides insights for further research on the internal mechanism of embryo implantation to improve the
clinical implantation rate.

Our model attempted to recreate the process of embryo implantation in vivo and obtain the transcriptome
closer to hESCs in vivo. Although we performed preliminary experiments to optimize the experiment
condition, embryo implantation failure is liable to happen in vitro. In ART, there is a risk of failure of
embryo transfer. In this study, embryo implantation failure may be related to embryo quality. We used
abandoned embryos which have no clinical value; its effect on the changes of hESCs after embryo
implantation require further research.

Conclusion
Our results showed the transcriptome changes of endometrial stromal cells within 48 hours after
implantation which provides key insights into the crucial features of transcriptional regulation in the
stepwise embryo implantation. This study provides a precise molecular description and de�nition for
better preparation of endometrial for embryo implantation.
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Figures

Figure 1

The process of embryo co culture with endometrial stromal cells (hESCs) and embryo implantation. A:
The process of embryo implantation in hESCs was simulated in vitro. B: Embryo implantation in vitro was
observed under inverted microscope.
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Figure 2

Transcriptome pattern of phESCs and ehESCs. A: Principal component analysis showed samples to
cluster by cell population. B: Cluster analysis of differentially expressed genes among the severn
samples.
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Figure 3

Differential expression genes (DEGs) of pre-/post-implantation A: Volcano plot highlight signi�cant
genes. B: Top15 down and up regulated genes are listed in the table.
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Figure 4

Gene functional analysis of phESCs and ehESCs (GO and KEGG analysis). A-C Bubble plot of
representative GO enrichment results of differentially expressed genes. D The Bubble Chart showed the
top 9 of mRNAs KEGG pathway enrichment results. E: The top 4 PNATHER pathway.
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Figure 5

Protein-protein interaction analysis. A: The �gure illustrates the PPI networks of the DEGs based on the
STRING database. B-C: PPI network of 10 hubgenes extracted from (A).


