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Endometrial transcriptome
profiling of patients with
recurrent implantation failure
during hormone replacement
therapy cycles
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Lu Li1, Hua Chen1, Wei Fu1, Jiu-cheng Chen2, Bing-jie Lu2,
Han Wu2*‡ and Xiao-xi Sun1,3*‡

1Shanghai Ji Ai Genetics and In vitro Fertilization and Embryo Transfer (IVF-ET) Institute, Obstetrics
and Gynecology Hospital, Fudan University, Shanghai, China, 2Unimed Biotech (Shanghai) Co., Ltd.,
Shanghai, China, 3Key Laboratory of Female Reproductive Endocrine-Related Diseases, Obstetrics and
Gynecology Hospital, Fudan University, Shanghai, China
Background: The molecular mechanisms underlying window of implantation

(WOI) displacement in patients with recurrent implantation failure (RIF) remain

unclear. This study aims to explore the transcriptomic signatures of

endometrium with normal and displaced WOIs and to identify the causes of

endometrial receptivity (ER) abnormalities and WOI displacement in RIF patients.

Methods: In this study, 40 RIF patients were recruited and underwent

personalized embryo transfer (pET) guided by the predicted results of

endometrial receptivity diagnosis (ERD) model. Transcriptome analysis of

endometrium from patients with clinical pregnancies after pET was performed

to identify differentially expressed genes (DEGs) associated with WOI

displacement. Gene expression data from HRT and natural cycle endometrium

were compared to identify specific gene expression patterns of ER-related genes

during WOI.

Results: The ERD results indicated that 67.5% of RIF patients (27/40) were non-

receptive in the conventional WOI (P+5) of the HRT cycle. The clinical pregnancy

rate in RIF patients improved to 65% (26/40) after ERD-guided pET, indicating the

effectiveness of transcriptome-based WOI prediction. Among the 26 patients

with clinical pregnancy, the gene expression profiles of P+5 endometrium from

advanced (n=6), normal (n=10) and delayed (n=10) WOI groups were significantly

different from each other. Furthermore, 10 DEGs identified among P+5

endometr ium of 3 groups were involved in immunomodulat ion,

transmembrane transport and tissue regeneration, which could accurately

classify the endometrium with different WOIs. Additionally, a large number of

ER-related genes showed significant correlation and similar gene expression

patterns in P+3, P+5, and P+7 endometrium from HRT cycles and LH+5, LH+7,

and LH+9 endometrium from natural cycles.

Conclusion: Our study shows that ER-related genes share similar gene

expression patterns during WOI in both natural and HRT cycles, and their
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aberrant expression is associated with WOI displacements. The improvement of

pregnancy outcomes in RIF patients by adjusting ET timing according to ERD

results demonstrates the importance of transcriptome-based endometrial

receptivity assessment and the clinical efficiency of ERD model.
KEYWORDS

endometrial receptivity (ER), window of implantation (WOI) displacement, recurrent
implantation failure (RIF), hormone replacement therapy (HRT) cycle, differentially
expressed gene (DEG)
1 Introduction

Implantation failure remains an unsolved quandary in

reproductive medicine and a severe obstacle in human assisted

reproduction treatment (ART) (1). Most in vitro fertilization and

embryo transfer (IVF-ET) attempts ended in implantation failure

with ~30% successful live birth (2–4). Moreover, nearly 10% of

patients undergoing IVF-ET suffer from recurrent implantation

failure (RIF), which is defined as failing to achieve clinical

pregnancy after transfer of 4 or more high-quality embryos in

more than three fresh or frozen cycles for a woman (5). Due to

illusive etiology, RIF is still a major challenge and leads to tremendous

distress and frustration for both patients and clinicians (6).

Successful embryo transfer (ET) requires embryos with

development potential and a receptive endometrium, as well as a

synchronized molecular dialogue between them (7). Much effort has

been put into embryo quality screening, but more than 40% of

implant failures with high-quality euploid embryos suggested that

endometrium and its receptivity also play a pivotal role in embryo

implantation (8). Several studies have shown that endometrial

receptivity (ER) defects interfere with ET and are considered to

be responsible for the majority of implantation failures (1, 9–13).

This means that to achieve successful ET, in addition to embryo

information, an accurate diagnostic test of ER status is required

before IVF-ET.

Generally, the endometrium will enter a narrow window of

receptive state regulated by steroid hormone regulation during the

mid-secretory phase for allowing embryo implantation, known as the

window of implantation (WOI) (14). In conventional IVF-ET

protocols, the transfer timing of frozen-thawed blastocysts (embryos

on days 5) is recommended to be the day LH+7 (7th day after LH
MI, body mass index;

ial receptivity; ERA,

ptivity diagnosis; GO,

py; IVF-ET, in vitro

and Genomes; PCA,

bryo transfer; pWOI,

indow of implantation.
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surge) of a natural cycle or day P+5 (5th day after strating progesterone

administration) of a hormone replacement therapy (HRT) cycle (15,

16). However, the evidence suggests that WOI is not uniform across all

women due to inter-individual differences in the endometrial genetic

constitution, and it can be delayed, advanced, longer or shorter than

expected (17–19). Furthermore, a few studies suggest an association

between WOI displacement and implant failure in infertile patients

undergoing IVF-ET (11, 20). The temporal displacement of WOI has

been reported in up to 26% (22/85) and 47% (29/62) of patients with

RIF in two studies (12, 21). It has been found that in about 80% of

French RIF patients, the receptivity window was delayed in both

natural cycles and HRT cycles (22). Combined together, these data

highlight the necessity to pinpoint the ER status (receptive or non-

receptive) and theWOI of individual patients undergoing IVF-ET, and

then adjust the timing for ET according to the personalized WOI

(pWOI), particularly in patients with RIF (12, 21, 22).

Both classical methods and new strategies of ER assessment

have been widely applied in clinical practice including histological

dating, ultrasound endometrial dating, hysteroscopy inspection, or

using biomarkers such as osteopontin, integrins, LIF and HOX

genes, etc (23–26). However, it remains challenging to precisely

identify the ER status and to further pinpoint WOI, especially in

RIF patients (27). Recently, various biomarkers representing the

receptive status of the endometrium have been identified by high-

throughput assays and their expression dynamics can accurately

predict the WOI for guiding personalized embryo transfer (pET)

(11, 27). Endometrial receptivity array (ERA), a customized

microarray developed based on gene expression profiling, has

been commercially applied for WOI prediction and demonstrated

to significantly improve pregnancy outcomes in RIF patients

through more precise timing for pET than the classical

histological dating method (13, 21, 28, 29). Compared with

microarray, high-throughput sequencing-based RNA-seq is a

more comprehensive and quantitative method for ER gene

expression profiling and is completely independent of prior

knowledge (30, 31). Nevertheless, all the array-based studies need

to be re-evaluated by NGS-based methods due to independent

technical limitations (32). Especially, it is necessary to investigate

the global endometrial gene expression profiles of RIF patients

around WOI based on RNA-seq.
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Most previous ER studies profiled endometrial transcriptome

controlled ovarian stimulation (COS) and natural cycles just by

comparing differences in gene expression profiles between the pre-

receptive (early-secretory) and the receptive (mid-secretory) phase,

rather than 3 phases including the post-receptive phase (18, 33).

Moreover, only a few of these studies compared gene-expression

profiles from the same patient (34, 35). It is advisable to exclude

individuals with obvious pathology and to sample by endometrial

biopsies at different phases of the same cycle in each patient to

minimize patient-to-patient and batch-to-batch variance as well as

show true differences. In addition, most previous ER studies mainly

focused on North American and European populations.

Considering that ethnic backgrounds may also lead to significant

transcriptome differences, it is necessary for us to launch a study

targeting Chinese RIF patients. Additionally, investigating the

endometrial transcriptomic signatures of HRT cycles in RIF

patients who proved fertile by pET pregnancies is more useful for

RIF study than previous endometrial transcriptome studies.

In our previous study, we found significant differences in the

endometrial transcriptome across different phases of natural cycle

in healthy Chinese women (36). Based on the specific endometrial

transcriptome signatures and combined with machine learning

algorithms, we developed a transcriptome-based endometrial

receptivity diagnostic (ERD) model for WOI prediction, which

contains 166 biomarker genes and shows 100% prediction

accuracy in the training set. In this study, we applied this ERD

model to determine the ER status of RIF patients and to guide pET.

Furthermore, we aimed to identify individuals with WOI

displacement in RIF patients and to explore the transcriptomic

signatures of endometrium with normal and displaced WOI during

HRT cycle, which could be helpful to further understand the causes

of ER abnormalities and the underlying molecular mechanism of

WOI displacement in RIF patients.
2 Materials and methods

2.1 Ethics approval

This study was approved by the ethical committee of Shanghai

Ji Ai Genetics and IVF-ET Institute of Obstetrics and Gynecology

hospital affiliated with Fudan University (JIAI E2020-015). All

subjects participating in the project signed an informed

consent form.
2.2 Patient selection

In this study, all the participants who need IVF-ET treatment

due to male, tubal or other unexplained infertility factors had been

identified as RIF (≥3 attempts at embryo transfer with ≥4 high-

quality embryos failing to implant). None of the participants had

the following diseases: endometriosis, endometritis, hysteromyoma,

adenomyosis, endometrial hyperplasia, thin endometrium (<7mm),

intrauterine adhesion, endometrial polyps, hydrosalpinx,
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reproductive-tract malformation (e.g., septate uteri), polycystic

ovarian syndrome, thyroid dysfunction, hyperprolactinemia,

immunological or thrombotic disorders. None of them had taken

any aspirin within 3 months.

Totally, 40 RIF patients (with a mean of 4.55 ± 2.28 prior

failures) aged between 25-39 with a body mass index (BMI) of 18-27

kg/m2 were recruited for ERD testing with P+5 endometrial

samples, followed by pET based on ERD results. The high-quality

embryos used for pET are day-5 blastocysts of at least 4BB

according to Gardner’s classification (37). Clinical pregnancy was

ranked as successful ERD-guided pET, which was defined as

ultrasonographic evidence of an intrauterine sac with heartbeat at

the 6th gestational week (38). The patients who had undergone pET

without clinical pregnancy were defined as patients with “uncertain

WOI”. Finally, only 26 patients who achieved clinical pregnancy by

pET were selected for further analysis and grouped according to the

ET timing (advanced, normal or delayed WOI). Additionally,

transcriptome data from the LH+5 (n=20), LH+7 (n=19) and LH

+9 (n=25) endometrial samples of natural cycle were obtained from

healthy fertile Chinese women recruited in our previous study (36).
2.3 Endometrial sampling and sequencing

The endometrial samples were processed and collected using

the same protocol as described before (38). Estradiol valerate

(Progynova; Bayer, Leverkusen, Germany) was administered at

4~8 mg daily from 2nd day of the menstrual cycle until

endometrial thickness was ≥7 mm. On that same day, serum

progesterone level was measured. If the progesterone level was

≤1.5 ng/ml, 90 mg progesterone sustained-release vaginal gel

(Crinone; Merck-Serono, Darmstadt, Germany) would be applied

transvaginally per day. The day of first Crinone use was referred to

as P+0. Endometrial biopsies were taken on days P+3, P+5, and P+7

of the same HRT cycle in each patient by one dedicated physician

using a disposable uterine-cavity tissue suction tube (Yudu medical

apparatus and instruments Co., Ltd., Suzhou City, China). The

RNA extraction and sequencing protocols were consistent with our

previous study (36). The total RNA was extracted from 10–20 mg of

endometrial tissue with an RNAprep Pure Tissue Kit (DP341;

TIANGEN Biotech Co., Ltd., Shanghai, China) according to the

manufacturer’s instructions. RNA quality was assessed by 2100

Bioanalyzer with an RNA 6000 Pico Kit (Agilent Technologies).

Only the RNAs with an RNA Integrity Number (RIN) more than

8.0 were used for further processing. For the sequencing libraries, 1

mg of total RNA was used for poly (A) messenger RNA (mRNA)

enrichment by VAHTS mRNA Capture Beads (N401-02; Vazyme).

The poly(A) mRNA was then used to generate the sequencing

libraries using a KAPA Stranded RNA-Seq Library Preparation Kit

(KR0934; Kapa Biosystems Inc., Wilmington, MA, USA) following

the manufacturer’s instructions. Finally, the complementary DNA

(cDNA) libraries were sequenced by paired-end 150-base pair (bp)

on an Illumina Nova-Seq 6000 System (Illumina, Inc., San Diego,

CA, USA). Each sample was sequenced to generate approximately 8

Gb of raw data for data analysis.
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2.4 Data analysis

Transcriptomic data of 73 endometrial samples taken from 26

RIF patients in this study have been uploaded to Gene Expression

Omnibus (GEO) database.

The raw sequencing data was processed by fastp with the

following criteria: the average quality score of each read >15, read

length >75 and the number of “N” bases <5. We removed all reads

mapping to ribosomal RNA by SortMeRNA and mapped the

remaining reads to the human genome hg19 by STAR with default

parameters. Gene expression was calculated by the corresponding

transcripts per million (TPM) based on GENCODE v19 annotations

(39–43). The group-level differential expression analysis was

performed by using the R package edgeR (Bioconductor, https://

bioconductor.org/packages/release/bioc/html/edgeR.html). The

genes with false discovery rate (FDR)<0.05 and |fold change

(FC)|≥2.0 were selected for DEGs analysis.
2.5 Statistical analysis

Patient information was shown as mean ± standard error of the

mean. Differences between groups were compared by One-way

ANOVA test and the proportion of the reasons for IVF-ET among

the three groups were compared by chi-square test (df=4), and p-

value <0.05 was considered to be statistically significant.
2.6 Hierarchical clustering

The hierarchical clustering analysis was performed on all paired

samples by comparing DEGs (the combined gene list) with the

smooth correlation for distance measure algorithm (Gene-Spring)

to identify samples with similar gene expression patterns. Heat maps

were plotted based on the measured intensity values of DEGs with

hierarchical tree to indicate the relationships among different groups.
2.7 Gene ontology and KEGG
pathway analysis

Only genes with significant differential expression (FDR<0.05)

were retrieved for gene ontology (GO) and Kyoto Encyclopedia of

Genes and Genomes (KEGG) pathway analysis. The GO and KEGG

pathway analyses were performed with the R package clusterProfiler

(Bioconductor, https://bioconductor.org/packages/release/bioc/

html/clusterProfiler.html). The adjusted P <0.05 by Benjamini-

Hochberg correction was considered statistically significant.
2.8 Principal component analysis

Principal component analysis (PCA) was performed on the

P+3, P+5 and P+7 samples from the patients with normal WOI to

visualize the differences between samples. The PCA analysis was

done by RAGE.
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2.9 Pearson’s correlation analysis

Pearson’s correlation analysis was used to calculate the

correlation of endometrial gene expression between natural and

HRT cycles. Correlation coefficients r>0.3 and P<0.001 for both

data sets were considered significantly correlated.
2.10 Mfuzz clustering analysis

Mfuzz clustering analysis was performed to classify the genes

with similar expression patterns in natural and HRT cycles by

applying the fuzzy c-means algorithm of the Mfuzz R package

(https://www.bioconductor.org/packages/release/bioc/html/

Mfuzz.html). The average TPM value for each gene at each phase of

natural or HRT cycles was used as the input. Each gene was assigned

a unique cluster based on its membership value after

standardization (standard deviation of less than 1 would be filtered).
3 Results

3.1 Patient information

Overall, 40 RIF patients were recruited for this study and pET

was performed based on ERD results of their P+5 samples. As shown

in Figure 1, the ERD results of P+5 samples indicated a receptive

profile of 32.5% (13/40) and a non-receptive profile of 67.5% (27/40).

Of the non-receptive samples, 66.7% (18/27) were classified as pre-

receptive state and 33.3% (9/27) as post-receptive state.

Among the 40 patients, 26 patients achieved successful clinical

pregnancy and were selected for further analysis. The other 14

patients were classified as “uncertain WOI” (see Materials and

Methods). According to the ET timing, 26 patients were further

divided into the advanced WOI group (receptive on P+3 and P+4,

n=6), normalWOI group (receptive on P+5, n=10) and delayedWOI

group (receptive on P+6 and P+7, n=10), respectively. There was no

significant difference in age, BMI, number of prior implantation

failures and transferred embryos, cycle length, basal serum follicle

stimulating hormone (FSH) level, progesterone level on the day of

starting progesterone administration and endometrium thickness at

the time of biopsy among the three groups of RIF patients (Table 1).
3.2 Endometrial gene expression profiles of
HRT cycle in RIF patients

To systematically profile the endometrial transcriptome of RIF

patients with different WOIs, unsupervised hierarchical clustering

was used to cluster the endometrial samples collected from different

phases of the HRT cycle in three groups. Within each WOI group,

samples from different phases of HRT cycle showed significant

differences in gene expression patterns and can be clustered into

three well-defined branches (Figure 2). In both the advanced and

normal WOI groups, the P+5 and P+7 samples were classified into

the same sub-tree, suggesting similar gene expression profile for
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receptive and post-receptive endometrium (Figures 2A, B). While in

the delayed WOI group (Figure 2C), the P+3 and P+5 samples were

clustered into one sub-tree, implying pre-receptive status for both

phases and the WOI would be delayed. In addition, we identified

DEG intersections among the three comparisons (P+3 vs. P+5,

P+5 vs. P+7 and P+3 vs. P+7) in advanced (55 DEGs), normal

(247 DEGs) and delayed (494 DEGs) WOI groups, respectively

(|FC|≥2.0, FDR<0.05; Supplementary Table 1). However, the DEG

composition of the three WOI groups was dramatically different

with only three shared DEGs (TCN1, TUBA4A, SULT1E1),
Frontiers in Endocrinology 05
suggesting that diverse WOIs correspond to different endometrial

gene expression profiles in the HRT cycle.
3.3 Endometrial transcriptomic signatures
of RIF patients at the conventional WOI
(days P+5) of HRT cycles

To investigate the endometrial transcriptome of RIF patients

with WOI displacement, DEGs were identified by comparing the P
FIGURE 1

Summary of ERD results and distribution of recruited RIF patients. “Uncertain WOI” refers to patients who had not yet undergone embryo transfer, or
who had undergone embryo transfer without clinical pregnancy. The patients marked in green underwent successful ERD-guided pET and achieved
clinical pregnancy.
TABLE 1 Demographic characteristics of the 26 RIF patients in different groups.

Characteristic Advanced Group Normal Group Delayed Group p-value

Patients (N) 6 10 10

Age (years): Mean±SD 31.67 ± 4.80 31.40 ± 4.09 32.10 ± 3.67 0.9291

BMI a (kg/m2): Mean±SD 20.45 ± 1.35 21.30 ± 2.15 22.29 ± 2.70 0.2995

Length of the menstrual cycle (days): Mean±SD 32.50 ± 4.18 31.11 ± 3.16 29.83 ± 2.03 0.3722

Prior implantation failures (N): Mean±SD 4.50 ± 2.81 4.70 ± 2.26 4.40 ± 2.41 0.9623

Prior transferred embryos (N): Mean±SD 6.17 ± 1.46 6.10 ± 1.97 6.60 ± 1.85 0.8302

Embryos transferred (N): Mean±SD 1.33 ± 0.27 1.3 ± 0.23 1.5 ± 0.28 0.6572

Serum hormone levels:

FSH b (mIU/ml): Mean±SD 8.25 ± 1.63 7.04 ± 1.03 8.05 ± 1.98 0.2927

Pg c (ng/ml): Mean±SD 0.34 ± 0.17 0.37 ± 0.19 0.39 ± 0.17 0.8536

Endometrium thickness (mm): Mean±SD 9.17 ± 1.67 8.80 ± 1.25 8.70 ± 1.27 0.8188

Reasons for IVF-ET:

Male factor (N) 2 3 2

Tubal factor (N) 4 6 5

Unexplained factor (N) 0 1 3

Collected endometrial samples:

P+3 samples (N) 6 10 9

P+5 samples (N) 6 10 10

P+7 samples (N) 4 9 9
aBMI, Body Mass Index. The body mass index is the weight in kilograms divided by the square of the height in meters.
bFSH, Follicle stimulating hormone. Basal serum FSH level is measured on the third day of the last menstruation for each participant.
cPg, progesterone. Serum progesterone level is measured on the day of starting progesterone management.
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+5 endometrial samples from three groups. Endometrium with

different WOIs could be accurately classified into separate groups

by hierarchical clustering based on DEGs (Figures 3A, D, G).

Compared with the normal WOI group, there were 33 genes

significantly up-regulated and 24 genes down-regulated in the

advanced WOI group; 435 genes significantly up-regulated and

902 genes down-regulated in the delayed WOI group (FDR<0.05;

Supplementary Table 2). Additionally, we identified 1,464 up-

regulated and 1,116 down-regulated genes by comparing

advanced vs. delayed groups, suggesting a strong difference in

gene expression between the two groups.

GO and KEGG analysis revealed that the genes differentially

expressed between the P+5 endometrium from advanced and normal

WOI groups were mainly involved in ion binding, chemotaxis,

metabolism and apoptosis (Figures 3B, C). While, the DEGs

identified by comparing the P+5 endometrium from delayed and

normal WOI groups were mainly involved in immunomodulation,

signaling, proliferation and cell adhesion (Figures 3E, F). In addition,

GO and KEGG analysis results of advanced vs. delayed groups

showed similar results to those of delayed vs. normal groups

(Figures 3H, I). These data suggest that patients with different

WOIs have distinct gene expression patterns at days P+5 and

DEGs can discriminate patients with different WOIs.
3.4 Differentially expressed genes
associated with WOI displacement

To identify critical genes associated with WOI displacement, we

intersected DEGs among the three pairwise comparisons (advanced

vs. normal, advanced vs. delayed and delayed vs. normal)

(Figure 4A). A total of 10 DEGs were shared among all three

comparisons (FDR<0.05; Table 2). Compared to the normal WOI

group, 6 out of the 10 genes were significantly up-regulated in the

advanced WOI group on days P+5, including DPP4, CXCR1,

CXCR2, OSM, LCN2 and TNFRSF10C. While the remaining 4
Frontiers in Endocrinology 06
genes, including TM4SF4, LRRC1, SLC25A48 and CES4A, were

significantly up-regulated in the P+5 endometrium of delayed WOI

group. Surprisingly, both hierarchical clustering and PCA showed

that the expression levels of these 10 genes can classify the P+5

samples of RIF patients with different WOIs (Figures 5A, B).

Furthermore, GO analysis of the 10 DEGs showed that these

genes were mainly related to immunomodulation, transmembrane

transport and tissue regeneration (Figure 4B). Combined together,

these data suggest that these 10 genes may play important roles in

WOI displacement and may be novel additions to the list of

biomarkers for predicting WOI (See Discussion).
3.5 Correlation of endometrial gene
expression patterns between natural and
HRT cycles

To investigate the correlation of endometrial gene expression

patterns between the natural and HRT cycles, we compared gene

expression data from the corresponding periods in both cycles and

attempted to group endometrium of HRT cycles using

transcriptomic signatures found in natural cycle. Interestingly, the

PCA result showed that endometrial samples from RIF patients

with normal WOI can be phase-grouped according to the 68 DEGs

previously identified during the natural cycles (Figure 6A) (36).

Comparison of the gene expression data between both cycles

revealed that 19 of 68 DEGs (|FC|≥2.0, FDR<0.05) were also

differentially expressed among the different phases of HRT cycles

(P+3, P+5 and P+7) and showed similar gene expression patterns in

both cycles. While the remaining 49 genes were not significantly

differentially expressed among the 3 phases of HRT cycles, 40 of

these genes also showed similar expression patterns in both cycles

(Table 3). These results indicated that there are common features of

gene expression between natural and HRT cycles.

To further determine the concordance of endometrial gene

expression between natural and HRT cycles, we performed a
B CA

FIGURE 2

Hierarchical clustering of the phase-grouped DEGs and endometrial samples from RIF patients with advanced WOI (A), normal WOI (B), and delayed
WOI (C), respectively. Corresponding time points of sample collection were indicated by color-coded bars on top of the heat map: P+3 (green), P+5
(pink), and P+7 (blue). In the heat map, each row represents a single gene and each column represents a single sample. Color indicates the intensity
of the gene expression value (red=high; blue=low), as shown in the color legend on the right.
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correlation analysis of gene expression between the LH+7 samples

from natural cycles (n=19) and P+5 samples from the normal WOI

group (n=10). A significant correlation was observed between any

sample from natural and HRT cycles (Pearson’s r>0.85, P<0.0001)

(Figure 6B). Similarly, the correlation of the gene expression

between natural and HRT cycles also extended to other phases of

the cycle: pre-receptivity phase LH+5 samples (n=20) versus P+3

samples (n=10) (Pearson’s r>0.72, P<0.0001) and post-receptivity

phase LH+9 samples (n=25) versus P+7 samples (n=9) (Pearson’s

r>0.73, P<0.0001) (Figures 6C, D).
Frontiers in Endocrinology 07
To further compare gene expression dynamics with different

patterns in natural and HRT cycles, soft clustering analysis was used

to assign genes with similar expression patterns. The 9,261 genes of

the natural cycle and 12,100 genes of the HRT cycle were classified

into 12 clusters, respectively (Supplementary Table 3). These gene

clusters were further classified into four categories based on the

similarity of expression dynamics: over-expression (Figures 7A, B)

and under-expression (Figures 7C, D) at the conventional WOI

(days LH+7 or P+5), continuously up-regulated (Figures 7E, F) and

down-regulated expression (Figures 7G, H) from days LH+5 to
B C

D E F

G H I

A

FIGURE 3

Differential expression and functional enrichment analyses of the DEGs from the P+5 endometrial samples with different WOIs. Hierarchical
clustering of the DEGs and samples in comparing Advanced vs. Normal (A), Delayed vs. Normal (D), and Advanced vs. Delayed (G) groups. Top 15
GO terms and top 15 KEGG pathways of DEGs in comparing Advanced vs. Normal (B, C), Delayed vs. Normal (E, F), and Advanced vs. Delayed (H, I)
groups. In the heat map, each row represents a single gene and each column represents a single sample. Color indicates the intensity of the gene
expression value (red=high; blue=low), as shown in color legend on the right. The sizes of dots in the GO and KEGG dot-plots indicate gene counts
in the corresponding terms and pathway, while the colors of dots indicate the adjusted P-value.
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LH+9 of the natural cycle or days P+3 to P+7 of the HRT cycle.

Within each of the 4 categories, both natural and HRT cycles shared

247, 247, 1858 and 2105 genes (Figures 7I–L), respectively.

Consequently, we found that numerous genes of endometrium

follow similar temporal regulation patterns around the WOI in

both natural and HRT cycles, including 10 DEGs mentioned above
Frontiers in Endocrinology 08
and the genes identified as putative ER biomarkers in previous

transcriptome studies (Table 4) (28, 33, 44, 45).

In summary, these results strongly suggested that gene

expression dynamics around WOI in both natural and HRT

cycles are similar, and common gene expression contexts are

required for ER in both cycles.
BA

FIGURE 4

Analysis of the DEGs in P+5 endometrium with normal and displaced WOIs. (A) Venn diagram of the DEGs identified in three pairwise comparisons.
(B) GO terms enriched among the genes associated with WOI displacement. Genes are presented on the left side and the correlating GO terms are
presented on the right side of the chord.
TABLE 2 Ten genes significantly differentially expressed among the P+5 samples from advanced, normal and delayed WOI groups.

Number Gene ID
Gene
symbol

Gene name

Advanced
vs. Normal

Delayed
vs. Normal

Advanced
vs. Delayed

FC a FDR b FC FDR FC FDR

1
ENSG00000197635 DPP4 Dipeptidyl peptidase IV 2.28 0.016940245 -2.17 0.000104966 4.90

1.43257E-
23

2
ENSG00000163464 CXCR1 C-X-C motif chemokine receptor 1 12.61 0.001678979 -3.61 0.004644961 45.02

1.27941E-
11

3
ENSG00000180871 CXCR2 C-X-C motif chemokine receptor 2 6.76 0.016940245 -3.62 0.003613223 24.25

2.70453E-
12

4
ENSG00000148346 LCN2 Lipocalin 2 5.04 0.009457222 -2.69 0.001107467 13.41

1.65567E-
15

5
ENSG00000099985 OSM Oncostatin M 10.97 0.016940245 -7.00 1.08401E-07 76.34

3.60392E-
12

6
ENSG00000173535 TNFRSF10C

TNF receptor superfamily
member 10c

3.84 0.038351325 -2.00 0.007396199 7.63
5.7918E-

09

7
ENSG00000169903 TM4SF4

Transmembrane 4 L six family
member 4

-14.33 0.007953374 9.06 0.000571073 -130.68
3.07566E-

09

8
ENSG00000137269 LRRC1 Leucine rich repeat containing 1 -2.35 0.016940245 2.03 0.000395602 -4.81

4.46243E-
23

9
ENSG00000145832 SLC25A48

Solute carrier family 25
member 48

-17.62 0.036771634 4.16 0.018112394 -74.28
6.91207E-

40

10 ENSG00000172824 CES4A Carboxylesterase 4A -2.75 0.015002787 2.04 0.000493127 -5.66
2.16765E-

40
fro
aFC, Fold change.
bFDR, False discovery rate.
ntiersin.org

https://doi.org/10.3389/fendo.2023.1292723
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Zhang et al. 10.3389/fendo.2023.1292723
4 Discussion

Altered expression of endometrial receptivity-related genes has

been proposed as a potential cause of infertility and RIF (7, 12, 15).

Investigating the transcriptomic profiles of endometrium with

normal and displaced WOI in RIF patients during the HRT cycle

is necessary to understand the mechanisms of ER abnormalities,

WOI displacement and RIF pathogenesis, as well as to improve the

clinical efficacy of IVF-ET.

As previous studies have concluded, most implantation failures

in RIF patients were caused by asynchronous development of the

embryo and endometrium, i.e., the endometrium was not in

optimally receptive state when the embryo was ready for

implantation (19, 20). In current study, we found that 67.5% (27/

40) of the Chinese RIF patients presented with WOI displacement,

i.e., the endometrium was in a non-receptive state during

conventional WOI (P+5). And 66.7% (18/27) of the non-receptive

patients were pre-receptive. This is consistent with the earlier

studies of RIF that the majority (80%) of the WOI displacements

in RIF patients are delayed 1 or 2 days (pWOI delayed to days P+6

or P+7) (46). To separate RIF patients with normal or displaced

WOI, we took advantage of a transcriptome-based WOI prediction

method (ERD) and performed pET for each RIF patient based on

prediction results from P+5 endometrium samples. The 26 RIF

patients with successful pET and defined WOI were selected for

further in-depth analysis. To our knowledge, this is the first study

with precise WOI dating by combining transcriptomic signatures

and pregnancy outcomes in Chinese RIF patients. Overall, the

clinical pregnancy rate in RIF patients has improved to 65% (26/
Frontiers in Endocrinology 09
40) after ERD-guided pET with adjusted WOI timing. The majority

of RIF patients could achieve clinical pregnancy after adjusting the

WOI according to ERD results, suggesting that asynchronous

development of embryos and endometrium due to incorrect

dating of WOI may be one of the main reasons for implantation

failures. Combined together, these results in RIF patients have

demonstrated the necessity of WOI dating before IVF-ET and

suggested that WOI displacement may directly affect IVF-ET

outcome and lead to RIF (12, 20).

In the current study, we performed the first endometrial

transcriptome analysis of HRT cycle in Chinese RIF patients with

defined WOI. Our transcriptome profiling identified significant

differences in gene expression profiles between the P+5

endometrium from normal and displaced WOI groups. The

biological processes and pathways enriched in advanced vs.

normal WOI groups are similar to those of “late-receptive vs.

receptive” (late-secretory vs. mid-secretory) reported before (47,

48). This indicates that the P+5 endometrium with advanced WOI

is similar to the late-receptive phenotype with WOI tending to

close. The biological processes enriched in delayed vs. normal WOI

groups are similar to those of “pre-receptive vs. receptive” (pre-

secretory vs. mid-secretory), suggesting that the P+5 endometrium

with delayed WOI is not yet receptive and closer to the pre-

receptive phenotype (44, 47). These data suggest that

endometrium from advanced and delayed WOI groups were

indeed altered and personalized WOI can be identified by

transcriptome profiling.

As one of the main causes of RIF, WOI displacement and ER

abnormality may be caused by some critical genes aberrantly
BA

FIGURE 5

Unsupervised classification of P+5 endometrial samples base on the expression data of the 10 DEGs associated with WOI displacement. (A)
Unsupervised hierarchical clustering was performed base on the gene expression data of 10 DEGs to separate the P+5 endometrial samples into
advanced WOI (green), normal WOI (blue), or delayed (red) WOI groups. In the heat map, each row represents a single gene and each column
represents a single sample. The relative expression of each gene is color-coded as high (red) or low (blue) (color legend on the right of the heat
map). (B) Principal component analysis (PCA) was performed base on the gene expression data of 10 DEGs to separate the P+5 endometrial samples
and confirmed the unsupervised cluster analysis. Green dots denote P+5 samples with advanced WOI (n=6), red triangles denote P+5 samples with
delayed WOI (n=10) and blue squares denote P+5 samples with normal WOI (n=10).
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expressed in the endometrium during WOI (18, 49–51). In current

study, 10 genes were identified as novel candidates for

distinguishing WOI displacement in RIF patients. DPP4 encodes

Dipeptidyl peptidase IV also known as T-cell activation antigen

CD26, which participates in immune regulation, signal

transduction, glucose homeostasis and apoptosis and plays an

important role in successful pregnancy (33, 52). Both CXCR1 and

CXCR2 encode the interleukin 8 (IL8) receptors that are highly

expressed during WOI to enhance immune responses (53). The

protein encoded by LCN-2 (lipocalin 2) performs an essential role in

the immune response by limiting bacterial growth and lcn2-

deficient mice showed increased susceptibility to bacterial

infection and a significant reduction in female fertility (54, 55).

As a member of the IL-6 cytokine family, OSM participants in acute

inflammatory reaction and cell growth (56, 57). These genes related

to immunomodulation were supposed to increase their expression
Frontiers in Endocrinology 10
level in the secretory phase endometrium, but their expression levels

were down-regulated 2~7-fold in P+5 endometrium with delayed

WOI compared to normal endometrium. High LRRC1 expression

in mid-secretory endometrium may cause mutual repulsion

between the embryo and endometrium and consequently lead to

RIF (58). TM4SF4 encodes member 4 protein of the transmembrane

4 superfamily which is involved in signal transduction, cell adhesion

and regulation of ER (59). Additionally, SLC25A48, CES4A and

TNFRSF10C are involved in the crucial processes of implantation,

such as transmembrane transport, lipid metabolism and apoptosis

(60). Together, these genes are deeply involved in ER functions and

their aberrant expression in RIF patients may directly contribute to

WOI displacement. Considering the key role of the 10 DEGs in

identifying WOI displacement, these genes could be integrated into

the gene set of the WOI prediction model when optimizing the

ERD model.
B

C D

A

FIGURE 6

Consistency of endometrial gene expression patterns between natural and HRT cycles. (A) Principal component analysis of P+3, P+5, and P+7
samples from the same patients with normal WOI. Red dots denote P+3 samples (n=10), blue triangles denote P+5 samples (n=10) and green
squares denote P+7 samples (n=9). Pearson’s correlation analysis of the gene expression data between natural and HRT cycles: (B) P+5 samples
(n=10) versus LH+7 samples (n=19), (C) P+3 samples (n=10) versus LH+5 samples (n=20), (D) P+7 samples (n=9) versus LH+9 samples (n=25).
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TABLE 3 Expression Patterns of 68 phase-grouped DEGs in natural and HRT cycles.

Gene ID Gene symbol
Expression patterns

Narural cycle HRT cycle

ENSG00000066032 CTNNA2 ↓ a ↓

ENSG00000078114 NEBL ↓ ↓

ENSG00000082556 OPRK1 ↓ ↓

ENSG00000095932 C19orf77 ↓ ↓

ENSG00000099960 SLC7A4 ↓ ↓

ENSG00000116983 HPCAL4 ↓ ↓

ENSG00000130054 FAM155B ↓ ↓

ENSG00000134020 PEBP4 ↓ ↓

ENSG00000140254 DUOXA1 ↓ ↓

ENSG00000151150 ANK3 ↓ ↓

ENSG00000152931 PART1 ↓ ↓

ENSG00000164048 ZNF589 ↓ ↓

ENSG00000164120 HPGD ↓ ↓

ENSG00000205795 CYS1 ↑ b ↑

ENSG00000214999 AC129492.6 ↓ ↓

ENSG00000237499 RP11-356I2.4 ↓ ↓

ENSG00000241106 HLA-DOB ↓ ↓

ENSG00000260186 RP11-481J2.2 ↓ ↓

ENSG00000150672 DLG2 ↓ ↓

ENSG00000019169 MARCO Over-expressed c Over-expressed

ENSG00000023445 BIRC3 ↓ ↓

ENSG00000105369 CD79A ↑ ↑

ENSG00000106541 AGR2 ↑ ↑

ENSG00000110347 MMP12 Over-expressed Over-expressed

ENSG00000113763 UNC5A ↓ ↓

ENSG00000122733 KIAA1045 ↓ ↓

ENSG00000123700 KCNJ2 ↓ ↓

ENSG00000124107 SLPI ↑ ↑

ENSG00000128510 CPA4 ↑ ↑

ENSG00000132465 IGJ ↑ ↑

ENSG00000134917 ADAMTS8 ↓ ↓

ENSG00000138109 CYP2C9 ↑ ↑

ENSG00000139514 SLC7A1 ↓ ↓

ENSG00000140090 SLC24A4 ↓ ↓

ENSG00000140479 PCSK6 ↓ ↓

ENSG00000147509 RGS20 ↑ ↑

ENSG00000150594 ADRA2A ↑ ↑

ENSG00000152315 KCNK13 ↓ ↓

(Continued)
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Another important question is whether healthy fertile women

in natural cycles and RIF patients in HRT cycles share similar

endometrial gene expression patterns around WOI. Previously, the

similar transcriptomic profile has been found during the transition

of the endometrium from the pre-receptive to the receptive stage in

both COS and natural cycles (61, 62). By combining our two studies

on transcriptomic profiles of healthy and RIF women, we were able
Frontiers in Endocrinology 12
to assess the similarity of gene expression alongWOI in detail. First,

ERD developed on endometrial transcriptomic signatures from the

natural cycle was able to distinguish the endometrium from the

different phases of the HRT cycle and boosted IVF-ET outcome,

suggesting transcriptomic similarities in both cycles. Global

correlation analysis also suggested that the endometrial gene

expression profiles of HRT cycles (P+3, P+5, and P+7) were
TABLE 3 Continued

Gene ID Gene symbol
Expression patterns

Narural cycle HRT cycle

ENSG00000156738 MS4A1 ↑ ↑

ENSG00000157399 ARSE ↑ ↑

ENSG00000158089 GALNT14 ↑ ↑

ENSG00000158125 XDH ↓ ↓

ENSG00000165188 RNF183 ↓ ↓

ENSG00000168907 PLA2G4F ↓ ↓

ENSG00000171056 SOX7 ↓ ↓

ENSG00000172005 MAL ↑ ↑

ENSG00000172137 CALB2 ↓ ↓

ENSG00000176092 AIM1L ↓ ↓

ENSG00000179846 NKPD1 ↓ ↓

ENSG00000188064 WNT7B ↑ ↑

ENSG00000198074 AKR1B10 ↑ ↑

ENSG00000205622 AF064858.6 ↑ ↑

ENSG00000211671 IGLV2-8 ↑ ↑

ENSG00000211899 IGHM ↑ ↑

ENSG00000212993 POU5F1B ↓ ↓

ENSG00000225329 RP11-325F22.5 ↑ ↑

ENSG00000226337 RP11-274B18.4 ↑ ↑

ENSG00000241351 IGKV3-11 ↑ ↑

ENSG00000253978 CTB-178M22.2 ↓ ↓

ENSG00000101342 TLDC2 ↑ Under-expressed d

ENSG00000122641 INHBA Over-expressed ↑

ENSG00000149968 MMP3 Over-expressed ↑

ENSG00000172061 LRRC15 Under-expressed ↑

ENSG00000185988 PLK5 Under-expressed ↓

ENSG00000196611 MMP1 Over-expressed ↑

ENSG00000211893 IGHG2 ↑ Over-expressed

ENSG00000223392 CLDN10-AS1 ↑ Under-expressed

ENSG00000239951 IGKV3-20 ↑ Over-expressed
N.B. 19 genes significantly differentially expressed among days P+3, P+5, and P+7 of the HRT cycle are highlighted in bold.
a"↓" indicates that genes were down-regulated during days LH+5 to LH+9 of the natural cycle or days P+3 to P+7 of the HRT cycle.
b"↑" indicates that genes were up-regulated during days LH+5 to LH+9 of the natural cycle or days P+3 to P+7 of the HRT cycle.
c"Over-expressed" indicates that genes were over-expressed on days LH+7 of the natural cycle or days P+5 of the HRT cycle.
d"Under-expressed" indicates that genes were under-expressed on days LH+7 of the natural cycle or days P+5 of the HRT cycle.
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largely similar to those of natural cycles (LH+5, LH+7, and LH+9).

In addition, we found that genes with dynamic expression around

WOI, including ER biomarkers such as PAEP, SPP1, and C4BPA,

exhibited similar expression patterns in both cycles (28, 33, 44).

Together, these results suggested that the human endometrium
Frontiers in Endocrinology 13
follows a common genetic program under natural and pathological

conditions to achieve key biological functions.

Although new insights have been provided in RIF patients

undergoing HRT cycles, the present study still has some

limitations. First, these findings are currently validated only in the
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FIGURE 7

Clustering analysis of genes with similar expression patterns in natural and HRT cycles. The 9,261 genes of natural cycle and 12,100 genes of HRT
cycle were respectively grouped into 12 clusters and were further classified into four categories based on the similarity of expression patterns: over-
expression (A, B) and under-expression (C, D) during the conventional WOI (days LH+7 or P+5), continuously up-regulated (E, F) and down-
regulated expression (G, H) during days LH+5 to LH+9 of the natural cycle or days P+3 to P+5 of the HRT cycle. Venn diagrams (I–L) show the
number of genes classified in four categories of the natural and HRT cycles.
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RIF patients recruited for this study. We have planned a 200-

person-scale randomized controlled trial (RCT) to evaluate the

clinical efficacy of the ERD test (also known as Tb-ERA) in

Chinese RIF patients (38). Moreover, larger multicenter RCTs are

required in the future to confirm these signatures in patients with

different genetic backgrounds and/or different clinical

complications. Second, both asynchronous (displaced) and
Frontiers in Endocrinology 14
pathological (destructed) WOIs exist in patients with RIF (20),

but we excluded RIF patients with certain pathological

complications in this study cohort. Third, even though gene

expression profiles from both natural and HRT cycles showed

similar and phase-specific patterns, unique signatures to RIF

patients cannot be ruled out. Whether new ERD trained with

transcriptome data from RIF patients can be beneficial deserves
TABLE 4 Expression patterns of 30 ER-related genes in natural and HRT cycles.

Gene ID Gene symbol
Expression patterns

Reference
Narural cycle HRT cycle

ENSG00000122133 PAEP ↑ a ↑ (28, 33, 44, 45)

ENSG00000211445 GPX3 ↑ ↑ (28, 33, 44, 45)

ENSG00000189221 MAOA ↑ ↑ (28, 33, 44, 45)

ENSG00000118785 SPP1 ↑ ↑ (28, 33, 44, 45)

ENSG00000163993 S100P Over-expressed b Over-expressed (28, 33, 44, 45)

ENSG00000196975 ANXA4 Over-expressed ↑ (28, 33, 44, 45)

ENSG00000172201 ID4 ↑ ↑ (28, 33, 44, 45)

ENSG00000107984 DKK1 ↑ ↑ (28, 33, 44, 45)

ENSG00000123838 C4BPA ↑ Over-expressed (28, 33, 44, 45)

ENSG00000149131 SERPING1 ↑ ↑ (28, 33, 44, 45)

ENSG00000164136 IL15 ↑ ↑ (28, 33, 44, 45)

ENSG00000169429 IL8 Over-expressed Over-expressed (45)

ENSG00000128342 LIF ↑ ↑ (28, 44, 45)

ENSG00000145824 CXCL14 ↑ ↑ (28, 44, 45)

ENSG00000196352 CD55 ↑ ↑ (33, 44, 45)

ENSG00000116717 GADD45A ↑ ↑ (33, 44, 45)

ENSG00000137673 MMP7 ↑ ↑ (33, 44)

ENSG00000185499 MUC1 ↓ c ↓ (44, 45)

ENSG00000151150 ANK3 ↓ ↓ (28)

ENSG00000163406 SLC15A2 ↓ ↓ (28)

ENSG00000197635 DPP4 ↑ ↑ (28, 33)

ENSG00000163464 CXCR1 ↑ ↑

ENSG00000180871 CXCR2 ↑ ↑

ENSG00000148346 LCN2 Over-expressed ↑

ENSG00000099985 OSM Over-expressed ↑

ENSG00000173535 TNFRSF10C ↑ ↑

ENSG00000169903 TM4SF4 ↓ ↓

ENSG00000137269 LRRC1 ↓ ↓ (28)

ENSG00000145832 SLC25A48 ↓ ↓

ENSG00000172824 CES4A ↓ ↓
N.B. The 10 genes associated with WOI displacement were highlighted in bold.
a"↑" indicates that genes were up-regulated during days LH+5 to LH+9 of the natural cycle or days P+3 to P+7 of the HRT cycle.
b"Over-expressed" indicates that genes were over-expressed on days LH+7 of the natural cycle or days P+5 of the HRT cycle.
c"↓" indicates that genes were down-regulated during days LH+5 to LH+9 of the natural cycle or days P+3 to P+7 of the HRT cycle.
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further investigation. We have planned to recruit more RIF patients

for ERD testing in future studies to investigate the pathological

factors causing receptive abnormalities and to further explore the

transcriptomic profile of WOI under pathological conditions.
5 Conclusion

In summary, we suggest that the WOI displacements (ER

changes during conventional WOI) in RIF patients are associated

with abnormal expression of ER-related genes in the endometrium

during HRT cycles. The 10 genes differentially expressed between

the P+5 endometrium with normal or displaced WOIs identified in

this study play essential roles in endometrial function and embryo

implantation which can be used as biomarkers to recognize ER

abnormalities and WOI displacement. Both natural and HRT cycles

share similar transcriptome profiles duringWOI. The improvement

in the clinical pregnancy rate of RIF patients with ERD-guided pET

suggests that ERD developed on data from natural cycles possess the

potential for pWOI dating in RIF patients during HRT cycles. The

clinical application of ERD could provide more precise timing of

pET for RIF patients undergoing IVF-ET, and improve their

pregnancy outcome.
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27. Domıńguez F, Muñoz M, Hernández-Vargas P. Identifying biomarkers for

predicting successful embryo implantation: applying single to multi-OMICs to
improve reproductive outcomes. Hum Reprod Update (2020) 26(2):264–301. doi:
10.1093/humupd/dmz042

28. Diaz-Gimeno P, Horcajadas JA, Martinez-Conejero JA, Esteban FJ, Alama P,
Pellicer A, et al. A genomic diagnostic tool for human endometrial receptivity based on
the transcriptomic signature. Fertil Steril (2011) 95(1):50–60. doi: 10.1016/
j.fertnstert.2010.04.063

29. Garrido-Gomez T, Ruiz-Alonso M, Blesa D, Diaz-Gimeno P, Vilella F, Simon C.
Profiling the gene signature of endometrial receptivity: clinical results. Fertil Steril
(2013) 99(4):1078–85. doi: 10.1016/j.fertnstert.2012.12.005

30. Simon C, Gomez C, Cabanillas S, Vladimirov I, Castillon G, Giles J, et al. A 5-
year multicentre randomized controlled trial comparing personalized, frozen and fresh
blastocyst transfer in IVF. Reprod BioMed Online (2020) 41(3):402–15. doi: 10.1016/
j.rbmo.2020.06.002

31. McGettigan PA. Transcriptomics in the RNA-seq era. Curr Opin Chem Biol
(2013) 17(1):4–11. doi: 10.1016/j.cbpa.2012.12.008

32. Ben Rafael Z. Endometrial Receptivity Analysis (ERA) test: an unproven
technology. Hum Reprod Open (2021) 2021(2):hoab010. doi: 10.1093/hropen/hoab010

33. Altmäe S, Koel M, Võsa U, Adler P, Suhorutšenko M, Laisk-Podar T, et al. Meta-
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