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Abstract

Poor uterine receptivity leads to implantation defects or failure. Identification of uterine molecules 

crucial to uterine receptivity and/or embryo implantation provides the opportunity to design a 

diagnostic screening toolkit for uterine receptivity or targeted drug discovery for treating 

implantation-based infertility. In this regard, gene-profiling studies performed in humans and 

rodents have identified numerous genes involved in the transcriptional regulation of uterine 

receptivity and embryo implantation. In this article, we compared available uterine microarray 

datasets collected during the time of uterine receptivity and implantation in humans, mice and 

hamsters to uncover conserved gene sets. We also compared the transcriptome signature of women 

with unexplained infertility (UIF) and recurrent implantation failure (RIF) to gain insight into 

genes potentially dysregulated during endometrial receptivity or embryo implantation. Among 

numerous differentially expressed genes, few were revealed that might have molecular diagnostic 

screening potential for identifying the uterine receptive state during the time of implantation. 

Finally, functional annotation of gene sets uncovered altered uterine apoptosis or cell adhesion 

pathways in women with UIF and RIF, respectively. These conserved or divergent gene sets 

provide insights into the uterine receptive state for supporting blastocyst implantation.
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1. Introduction

Blastocyst implantation failure in naturally-occurring and assisted human reproduction 

occurs in up to 2/3 of all cases, and has been attributed to delayed or failed receptivity. 

Defective endometrial receptivity is also considered a major cause of unexplained infertility 

(~10% of reproductive women) and abnormal pregnancies (~25 to 40%).1–6 Past studies 

have demonstrated that certain morphological parameters and regulation of several uterine 

genes are associated with successful uterine receptivity and implantation. Predictors of the 

uterine receptive state are needed to better understand the causes of uterine-based infertility 

and help women in whom a poor uterine receptive state is considered a limiting factor for 

blastocyst implantation and pregnancy success. Identification of endometrial molecular 

signatures will provide the opportunity to design diagnostic screening tests for detecting 

uterine receptivity status, as well as therapeutic drug discovery for treating implantation-

based infertility/pregnancy defects.

Embryo implantation is a multifaceted process beginning with attachment of the blastocyst 

to the uterine wall. Importantly, embryo implantation occurs during a specific “window” of 

time when the hormonally prepared uterus becomes receptive and the embryo has reached 

its proper developmental state.7,8 In women, the uterus becomes receptive ~7 to 10 days 

after ovulation or the LH surge.9 In mice, the uterus achieves receptivity after a transient 

pre-implantation estrogen (E2) rise occurring around noon of day 4 of pregnancy.10 

Following the short window of implantation, the uterus becomes non-receptive to the 

implantation-competent blastocyst.7,11 A challenging question has always been how to 

distinguish the normal or defective uterine receptive state from the non-receptive state.

Since embryo implantation is the initial event defining mammalian pregnancy, it is possible 

that this event is regulated by conserved gene functions across species. Shared features of 

embryo implantation in humans and mice include stromal decidualization and hemochorial 

mode of placentation. Differences in implantation include: (1) hormonal preparation of the 

receptive uterus, (2) mode of embryo implantation, (3) trophoblast attachment side (polarity) 

to the luminal epithelium (LE) and (4) timing of decidualization.12 The uterus of humans, 

rhesus monkeys, pigs, rabbits, guinea pigs and hamsters require only ovarian progesterone 

(P4) to prepare the uterus for blastocyst implantation, suggesting luteal estrogen may play a 

permissive role in these species.13–21 However, the uterus of gerbils, rats and mice requires 

an active role of both P4 and estrogen (E2) to achieve its receptive state.7,10,22 Blastocyst 

implantation in humans is interstitial (invasive), where the blastocyst completely embeds 

within the uterine stroma by displacing the underlying epithelium; while mice and hamsters 

exhibit an eccentric (displacement) type of implantation, where the blastocyst lies within a 

uterine crypt and causes loss of the underlying epithelial cells.12 Despite these differences, 

the implantation process in most species involves an initial interaction between the 

trophectoderm of the blastocyst and the apical surface of the uterine LE.23 Normally, the 

apical surface of the pre-receptive LE does not allow blastocyst attachment. However, the 

uterine transition from pre-receptive to receptive state permits fundamental structural and 

functional changes in epithelial cell organization,24 allowing for successful blastocyst 

attachment.
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Early gene expression analyses and gene targeting technology in mice yielded a substantial 

amount of information on the importance of individual genes required for uterine receptivity 

and blastocyst implantation. Such genes included a number of growth factors, cytokines, 

transcription factors, as well as others.1,25–27 Given the complexity of blastocyst 

implantation in a receptive uterus, this most likely involves the actions of multiple gene 

families and gene-environment interactions. Identification of this genetic environment and 

genetic signaling networks remained a particular challenge for quite sometime, but the 

development of microarray and RNA-sequencing technologies has helped make such 

identifications possible.

To gain insight into the necessary genes for embryo implantation in humans, studies have 

compared the pre-receptive and receptive endometrium of non-conception cycles in order to 

avoid ethical constraints of collecting endometrial samples from conception cycles in which 

the embryo is present in the uterus. However, there is a single study to date that 

inadvertently collected endometrium from a conception cycle to study endometrial gene 

expressions in humans.28 Studies using mouse and hamster models have added insight into 

the molecular basis of human implantation because of the existence of some important 

shared features. Over the past two decades, a variety of platforms have been implemented 

for measuring gene expression: oligonucleotide chips, cDNA microarrays, serial analysis of 

gene expression (SAGE) and, more recently, RNAseq. Each technology, utilized by multiple 

studies, has revealed many differentially expressed genes (DEGs) between: pre-receptive 

and receptive endometrium of humans,29–34 rhesus monkeys,35–37 rabbits38 and mice39; 

post-implantation sites and non-implantation sites in hamsters40 and mice.41,42 However, the 

number of common DEGs is relatively small, as a result of either: (1) conservation of DEGs; 

(2) differences in experimental design and forms of technology used as older technology 

examine considerably smaller subsets of genes compared to current technology; and (3) 

variation in data analysis tools, such as use of various normalization or expression methods 

may yield different results.

The goal of this review is to provide a comprehensive analysis of available gene expression 

profiling data sets comparing pre-receptivity, receptivity and post-implantation endometria 

to elucidate genes needed for receptivity as well as embryo implantation. Data sets were 

restricted to microarray studies for reasons of: simplicity of comparison and lack of 

complete RNA-sequencing studies performed on mouse and hamster embryo implantation 

sites.

2. Endometrial receptivity transcriptomic profiling

2.1. Healthy, natural-cycling women

Many underlying causes of human infertility have been circumvented by in vitro fertilization 

(IVF) and embryo-transfer techniques. Despite this, implantation rates remain low, likely the 

result of transferring embryos into non-receptive endometrium. Therefore, several studies 

have compared the transcriptomics of the human endometrium in different phases of the 

menstrual cycle, including within the receptivity phase.29–34 These studies demonstrated the 

existence of differential gene expression patterns in different phases, allowing classification 

of the endometrium based on its molecular signature. Exploitation of the endometrial 
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signature at the receptivity phase has led to an endometrial receptivity array (ERA) as a 

clinically-utilized diagnostic tool to differentiate phases of the menstrual cycle, including the 

window of implantation.43 The ERA has been used to demonstrate a shift in the window of 

implantation of patients with repeated implantation failure (RIF) and to guide their 

personalized embryo transfer as a novel therapeutic strategy.44,45 Although improved by this 

approach, implantation rates of patients with RIF remain suboptimal.

The genes included in the ERA were selected from one study comparing DEG between the 

pre-receptive and receptive endometrium.46 It is possible that the strength of the ERA could 

be improved by inclusion of DEGs obtained from other studies comparing the pre-receptive 

and receptive endometrium. To this end, we have combined the DEGs obtained from five 

studies (Table 1, green box) with the ERA, resulting in a 1541 non-overlapping ‘Human 

Endometrial Receptivity’ gene signature of healthy, naturally-cycling women. Of these 1541 

DEGs, a total of 241 gene transcripts were shared by two or more microarray studies. We 

then compared the similarity of the ‘Human Endometrial Receptivity’ transcriptome 

signature to the endometrial transcriptome of patients with Unexplained Infertility or 

Recurrent Implantation failure, which is discussed below.

2.2. Patients with recurrent implantation failure (RIF)

Recurrent implantation failure (RIF) is diagnosed when high-quality embryos fail to implant 

following several IVF treatment cycles. In the absence of recognizable genital tract, 

embryonic and endocrine factors, studies have sought to identify genes whose aberrant 

expression is consistently associated with implantation failure.47 These studies hypothesize 

that the pattern of endometrial gene expression during the receptive period may differ 

between women who have had successful versus failed embryo implantation following 

repeated embryo transfers.47,48

To date, two studies performed transcriptome analysis to identify DEGs in endometrial 

samples from women with RIF compared to spontaneously fertile women and patients with 

successful IVF treatment.47,48 Endometrial samples were collected during a receptive period 

of induced endometrial cycle (used for IVF/embryo transfer) using exogenous E2 and P4. 

The authors state that the stimulation protocol performed before the endometrial sample 

collection was the same for all participating women in their studies. Thus, the differential 

transcript profile in patients with RIF suggests a long-term dysregulation of endometrial 

gene expression rendering it not suitable for embryo implantation.47 These studies had a 

total of 6 overlapping DEGs [complement component 4 binding protein, alpha (C4BPA), 

Clusterin (CLU), Immunoglobulin Heavy Constant Gamma 1 (IGHG1), Microsomal 

Glutathione S-Transferase 1 (MGST1), Progestagen Associated Endometrial Protein (PAEP) 

and Ribonucleotide Reductase Catalytic Subunit M1 (RRM1)], all downregulated in patients 

with RIF.

In total, there were 113 non-overlapping DEGs comprising the ‘RIF’ transcriptome signature 

(Table 1, lower blue box). When comparing the ‘RIF’ and ‘Human Endometrial Receptivity’ 

profiles, there were 21 shared DEGs (Fig. 1A, listed in panel C). Based on these 

transcriptomic studies in patients with RIF, it appears that some cases of RIF could be 

associated with an aberrant gene expression profile. To this end, some of the aberrant gene 
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expression profile is a result of genes associated with endometrial receptivity. Moreover, a 

subset of these genes has previously been identified as implantation-specific genes from 

transcriptomic studies performed in animal models of implantation, which will be discussed 

in more detail below.

2.3. Patients with unexplained infertility (UIF)

One likely deficiency found among female infertility of unknown origin may be an intrinsic 

defect in the expression of crucial genes for implantation.49 Thus, women with ‘unexplained 

infertility’ have been an attractive study group in the search for target molecules involved in 

endometrial receptivity and embryo implantation. Specifically, these women have no 

apparent reason for infertility, having normal ovulatory cycles and hormone profiles, as well 

as a lack of organ pathology and evidence of male factor infertility.

To the best of our knowledge, only two studies have investigated the endometrial gene 

expression profiles in women with UIF, compared to fertile controls, during endometrial 

receptivity.50,51 These studies had no overlapped DEGs, which was attributed to differences 

in samples utilized (natural cycle LH+7 versus LH+6 to +10),50 though different microarray 

platforms were utilized as well. To this end, the timing of endometrial biopsy sampling has 

been shown to be critical for variation between samples.33

Since only Altmae and colleagues reported complete data, their study was used for the 

comparisons in this review. In total, there were a total of 260 non-overlapping DEGs 

comprising the ‘UIF’ transcriptome signature (Table 1, upper blue box). When comparing 

transcriptome profiles of UIF to the ‘Human Endometrial Receptivity’ gene set, there were 

24 shared DEGs (Fig. 1A, listed in panel C). Thus, it appears that some of the aberrant gene 

expression in women with unexplained infertility can be explained in part by endometrial 

receptivity. It remains to be determined whether any DEGs in women with unexplained 

infertility overlap with genes needed for embryo implantation; however, this will be 

discussed below.

Finally, we compared the DEGs from the above RIF microarray studies to the unexplained 

infertility studies, and found only two shared genes: ASPN, which encodes the protein 

asporin, and IGH. Though noted for its high level of expression in the uterus,52 the role of 

ASPN remains to be investigated.

3. Embryo implantation transcriptomic profiling

Genetic studies using animal models have allowed examination into differentially expressed 

genes during embryo implantation; for ethical reasons, this is not possible in humans. Each 

animal model has been chosen for its similarity to the process of embryo implantation in 

humans, though, it remains important to determine whether genes needed for implantation in 

animal models translate to humans. By examining the transcriptome of multiple models, we 

can identify genes that are likely to have significant roles in implantation.
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3.1. Mouse models of natural implantation

As previously stated, researchers have utilized several different sample collection techniques 

for their analysis of the mouse implantation transcriptome. First, they may compare the 

whole segment of implantation site (IS) to the inter- or non-implantation (IIS or NIS) sites. 

By analyzing the intact IS and NIS, this preserves an undisturbed relationship between the 

uterine myometrium, stroma, and epithelium. Researchers may remove the blastocyst or 

embryo, in order to focus just on the maternal transcriptome signature during implantation. 

Profiling the expression of embryonic factors may identify those that are significant to 

implantation. Finally, although the different uterine compartments respond to ovarian 

hormones during uterine preparation for implantation, the functions of these tissues differ. 

Since the luminal epithelium is the first tissue of contact for the blastocyst, studies have 

focused on DEG between uterine LE collected from pre-IS versus post-IS, as well as from 

post-implantation IS vs NIS. Physical disruption of the uterine LE would likely result in 

different gene expression profiles than those obtained using whole implantation site.

3.2. Mouse models of activated or delayed implantation

In pregnant mice, removal of pre-implantation estrogen secretion by ovariectomy postpones 

the onset of implantation and induces blastocyst dormancy.7,53 A single injection of estrogen 

can reactivate the signaling network, resulting in implantation in a P4-primed uterus. Thus, 

one can compare mice with delayed implantation (P4-only) to mice with E2-induced 

dissolution of delayed implantation (P4 + E2) to identify implantation-specific genes.42

3.3. Hamster model of natural implantation

The hamster is an animal model where implantation is solely progesterone-dependent,12,19 

and thus used to gain understanding of the embryo and uterine events required for 

implantation. Prior to RNAseq technology, cross-species hybridization microarray 

technology was used to investigate the transcriptome signature during implantation.40 It is 

important to note that, the information obtained from these cross-species hybridization 

microarrays may not identify important and/or rare transcripts due to inadequate gene 

sequence homology. However, the genes identified by most cross-species microarray probes 

are those showing high sequence conservation.

A ‘Mouse/Hamster Embryo Implantation’ transcriptome profile was constructed by 

combining the DEGs obtained from five gene profile studies (Table 1), which included: 

whole mouse post-implantation IS vs NIS42; mouse preimplantation vs postimplantation 

LE39; LE from mouse post-implantation IS vs NIS54; and whole hamster post-implantation 

IS vs NIS.40 Each of these studies collected samples from natural pregnant mice and 

hamster, respectively. We also chose to examine DEGs from a study comparing active vs 

delayed implantation uteri.42 We used the available microarray data from these studies and 

converted either their ‘Affymetrix ID’ or ‘Genbank Accession Number’ to the ‘Official Gene 

Symbol’, for a more equal comparison to the data from the human microarray studies 

discussed above and outlined in Table 1. In total, the mouse and hamster microarray studies 

yielded 2123 non-overlapping DEGs (Table 1, purple box). Of these, 340 transcripts were 

shared between at least two studies.
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4. Comparing the endometrial transcriptomic profiles of receptivity, embryo 

implantation, RIF and UIF

The number of overlapping DEGs between the ‘Human Endometrial Receptivity’ and 

‘Mouse/Hamster Embryo Implantation’ transcriptome profiles compared to ‘UIF’ and ‘RIF’ 

is illustrated in Fig. 1A. Among the 219 DEGs comprising the endometrial transcriptome 

signature of patients with unexplained infertility, 24 (11%) and 17 (7.8%) are similar to 

those gene transcripts associated with endometrial receptivity and embryo implantation, 

respectively. Surprisingly, 28% (21) and 23% (17) DEGs are shared endometrial genes 

between women with recurrent implantation failure and those associated with endometrial 

receptivity and embryo implantation, respectively.

In order to more clearly examine the similarities between the ‘RIF’, ‘UIF’, ‘Human 

Endometrial Receptivity’ and ‘Mouse/Hamster Embryo Implantation’ transcriptomal 

signatures, we performed a Fisher's exact test with overlapping and non-overlapping DEGs. 

As shown in Fig. 1B, we found that the transcriptome profile of women with UIF and 

women with RIF shows statistically significant (P < 0.0001) association with both 

transcriptome profiles of human endometrial receptivity and mouse/hamster embryo 

implantation. Similarly, there is a statistically significant (P < 0.0001) association between 

the transcriptome signature of human endometrial receptivity and mouse/hamster 

implantation. Interestingly, the transcriptome profiles of women with UIF and RIF showed 

no association. This finding was not surprising given that only two genes (ASPN and IGH) 

were overlapped between the two transcriptomes.

The official gene symbol of overlapping DEGs between the four transcriptional signatures 

examined are listed in Fig. 1C. Transcripts that are dysregulated in the endometria of women 

with RIF or UIF, which overlap with those associated with endometrial receptivity and/or 

embryo implantation could serve as potential therapeutic targets. Researchers are working 

toward targeted therapeutics for POSTN (periostin),55 which is upregulated in the 

endometria of UIF.50

Using the DAVID bioinformatics resource, we were able to reveal the enriched functional 

annotation clusters in each of the four-transcriptome profiles (Fig. 1C). Regulation of 

apoptosis and ATP-binding are dysregulated biological functions in RIF that are associated 

with endometrial receptivity and embryo implantation. Similarly, signal peptides and cell 

adhesion was identified as dysregulated biological functions in UIF that are associated with 

endometrial receptivity and embryo implantation.

5. Conclusion

5.1. Strategic implications on human reproduction

Uterine receptivity is a brief and distinctive altered state, which allows the blastocyst to 

implant. Although endometrial receptivity is regulated by ovarian hormones in a species-

specific manner,12 it can also be influenced by local activity of the blastocyst.36 Unless we 

identify a means for detecting the uterine receptive state, improving the pregnancy rate 

following assisted-reproduction embryo transfer is less likely. Over the past decade, markers 
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for multifactorial uterine receptivity and implantation events have been attempted using 

single gene expression profile analysis. Although the diagnostic value of the expression of 

each gene alone is valuable, multigene analysis can increase predictability and potentially be 

used as a biomarker. Several global gene analyses have been attempted in human, mouse and 

hamster models in the search for genes that may be involved in inducing receptivity. 

Although each study has revealed tens or hundreds of genes associated with uterine 

receptivity and implantation, no attempt has been made to hunt for potential markers by 

comparing available datasets from collective human, mouse and hamster microarray data 

sets. Herein, we attempted to provide new information on several genes or pathways that 

may have functional significance in determining a uterine state that either successfully or 

fails to support implantation.

5.2. Observations regarding the need for additional research

In the current study, bio-informatics tools used to group genes by their functions implicated 

different biochemical pathways or processes. Interestingly, comparison of over- or under-

expressed genes between human endometrial receptive state or mouse/hamster implantation 

site and recurrent implantation failure clearly suggests gene regulators of cellular 

proliferation and apoptosis or ATP-binding is associated with RIF. Similar comparison 

between human endometrial receptive state or mouse/hamster implantation site from UIF 

revealed changes in signal peptide and cell adhesion molecules. This finding suggests that 

UIF and RIF are two events involving defects in different sets of genes, with the exception 

of two overlapping genes (ASPN and IGH).

In this review, we focused on analyzing and comparing available microarray data sets 

between receptive and non-receptive states of the human uterus as well as IS and NIS of the 

mouse and hamster in the quest for human endometrial receptivity molecular marker (s). 

Analysis of differentially expressed genes among human endometrial receptivity, human 

UIF and mouse/hamster embryo implantation sites yielded only 3 commonly co-expressed 

genes. Similar analysis of genes expressed among human endometrial receptivity, human 

UIF and mouse/hamster embryo implantation sites yielded only 3 co-expressed genes.

As pointed out in this review, advanced technology has emerged to measure gene expression 

based on next generation sequencing. RNAseq is capable of true genome-wide analysis, 

sequencing all of the mRNAs present in a sample, while 25% of low-level expressed genes 

remain undetected in microarray analysis. While microarray studies have yielded similar 

results to RNAseq, the latter technology reveals several more DEGs. Thus, it may prove 

beneficial to repeat comparative analysis of transcriptomic studies using RNAseq to refine 

the ERA, as well as differential transcriptomics in women with RIF. Moreover, validation of 

these gene predictors using a multi-step approach including genomic, proteomic and tissue 

array profiling will be necessary for future clinical applications.
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Fig. 1. 
(A) Venn diagram illustrating the overlap of DEGs between microarray studies (each circle 

is color coded to microarray data sets described in Table 1). (B) Fisher's exact test was used 

to examine overlap of DEGs between microarray data sets. The P-value was converted to –

log 10. High degrees of significant association are indicated by bright pink. (C) Shared 

DEGs are listed in the table. Shared DEGs were uploaded into the DAVID bioinformatics 

resource and clustered based on their known functions. Official gene symbols in bold 

typeface represent similar shared DEGs in RIF or UIF between human endometrial 

Herington et al. Page 12

J Reprod Health Med. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



receptivity and mouse/hamster embryo implantation (see middle of Venn Diagrams, A). 

Similarly, shared functional annotation clusters are shown in bold.
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