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Summary
The synchronized coordination between embryonic
development and endometrial maturation is critical
for a successful pregnancy. Indeed, the endometrium,
specifically the endometrial epithelium, acquires a
functional hormone-dependent status that allows the
embryo to implant during a short period during the
midluteal phase, known as the window of implanta-
tion (WOI). The opening of the WOI is regulated by
the timing of the presence of progesterone either from
exogenous or endogenous sources. The WOI remains
open for an unknown time frame that is believed to be
the same in all patients, whether experiencing natural
conception or assisted reproduction.

In the 2000s, clinicians and researchers have
sought putative markers for endometrial receptivity.
Our group identified the transcriptomic signature of
human endometrial receptivity, and launched in 2011
the first comprehensive molecular test to diagnose
endometrial receptivity. The Endometrial Receptivity
Array (ERA) is a customized expression microarray
that allows an objective and accurate diagnosis of this
critical function.TheERAhas been clinically proven in
patients with implantation failure, allowing personal-
ized embryo transfer (pET) to improve clinical results
in patients with implantation failure.

This chapter focuses on the development of diag-
nostic methods of human endometrial receptivity
based upon consistent genomic, transcriptomic, pro-
teomic and lipidomic research performed over more
than a decade, as well as future directions in the field.

Introduction
Embryo implantation in the maternal womb is a fun-
damental event in mammalian reproduction [1]. The

most investigated element in the implantation triad
is the embryo, which seeks to invade the receptive
endometrium and initiate the bidirectional commu-
nication that enables efficient embryo attachment,
trophoblast invasion and placentation. Understand-
ing human preimplantation development has impor-
tant implications for assisted reproductive technolo-
gies (ART) and enormous work has been devoted
to embryology [2], suggesting that soluble ligands
and their receptors mediate human preimplanta-
tion embryo development and implantation [3]. Yet,
some historical problems with IVF have remained
unsolved; in particular, the lack of sufficient knowl-
edge of the humanmaternal endometrium, that might
be the cause why healthy looking embryos fail to
implant.

The human endometrium is a complex and
dynamic tissue that lines the uterine cavity allowing
implantation to occur. It is divided into a functional
and a basal layer, both comprised of epithelial and
stromal cells. Epithelial cells cover the inner luminal
interface controlling initial embryo adhesion, while
glands nurture the preimplantation and postimplan-
tation embryo. Stromal cells, accompanied by resident
immune cells and endothelial cells, undergo a differ-
entiation process known as decidualization, which is
crucial to control trophoblast invasion.The functional
layer is responsible for the proliferation, secretion, and
degeneration of the tissue, while the basal stratum con-
fers its regenerative capacity [4].

The endometrium is regulated mainly by ovarian
steroid hormones, although cytokines, chemokines,
and other paracrine secreted molecules from the sur-
rounding cells, and the embryo are also important
players [5]. Progesterone and estrogen receptors are
expressed with a specific dynamic in the human
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endometrium at the epithelial and stromal compart-
ment [6].

During the proliferative phase, the functional layer
increases as estrogen levels increase progressively,
causing the proliferation of stromal cells and glands.
Release of progesterone by the corpus luteum after
ovulation causes several morphological changes in
the endometrium, which acquires a receptive pheno-
type during the midsecretory phase. If implantation
does not occur, the progesterone and estrogen levels
decrease, spiral arteries undergo vasoconstriction, and
the secretory stage finishes with the onset of menstru-
ation, restarting the cycle anew [7].

Receptivity occurs in the endometrial epithe-
lium during a temporally self-restricted hormone-
dependent period of the midluteal phase, known as
the window of implantation (WOI). During the WOI,
a blastocyst can attach to the endometrial epithelium
and advance into the decidualized stroma.AnnexinA2
is critical for endometrial adhesiveness and embryo
attachment in humans by activation of RhoA through
F-actin regulation [8]. Wilcox et al. timed the implan-
tation process between 8 to 10 days after ovulation [9].
It has always been assumed that five complete days of
progesterone presence are necessary to reach theWOI,
which then remains open for approximately 2 days
[10]; however, the individual and menstrual intercycle
variation has remained unknown until recently.

The importance of the endometrium to success-
ful pregnancy was highlighted in the 1950s when the
“gold standard” method to assess endometrial matu-
ration and dating within the cycle first appeared based
on eight histological parameters: glandular mitosis
degree, nuclear pseudostratification, basal vacuoles,
secretion, stromal edema, pseudodecidual reaction,
stromal mitosis, and leukocyte infiltration. Although
the contribution of this firstmorphological assessment
of the human endometrium has been undoubtedly rel-
evant, the accuracy and reproducibility of the histolog-
ical score to predict endometrial receptivity has been
largely questioned in retrospective [7,11–13], prospec-
tive [14,15], and randomized trials [16,17], concluding
that Noyes histological endometrial dating does not
provide useful clinical information to guide embryo
transfer; it has since been abandoned as a diagnostic
tool.

Clinical advances in the field incorporate ultra-
sonographic features of the endometrium [18], and
the search for single biomarkers that can predict
endometrial receptivity, like human endometrial

integrins [6] (alpha-1, alpha-4, and beta-3), calcitonin
[19], LIF [20], COX-2 [21],HOXA10 [22],MUC1 [23],
stathmin1-annexin A2 [24], and PGE2-PGF2-alpha
[25]. Additionally, putative approaches for managing
endometrial receptivity have been offered through
the E-tegrity test and the Endometrial Function Test,
based on the expression of the beta-3 integrin in
endometrium or the regulation of cyclin E and p27,
respectively [26,27]. Other studies point to the regula-
tion of the immune system during embryonic implan-
tation [28,29], and recent studies of the midsecretory
phase transcriptome have demonstrated the activation
of humoral and innate immunity responses [30,31].

With the transition from anatomical to molec-
ular medicine, new technologies have been devel-
oped that allow researchers to study gene expres-
sion to determine the molecular changes governing
biological processes. For more than a decade the
gene expression profile of human endometrial recep-
tivity has been widely investigated in natural cycles
[21,32], controlled ovarian stimulation (COS) cycles
[22,23,33], and refractory endometrium in patients
with intrauterine device (IUD) [34] by using microar-
rays technologies. The application of newer molec-
ular technologies coupled with advances in repro-
ductive medicine and bioinformatics are promoting a
better understanding of the implantation process as a
set of interlinked events.

The aim of this chapter is to analyze the global
panorama in each omic-field – epigenomic, tran-
scriptomic, proteomic, and lipidomic – to understand
receptivity as an integrated process.

Endometrial Transcriptomics
The endometrial transcriptome reveals the modula-
tion of genes expressed during the menstrual cycle
that govern the morphology and functionality of the
endometrium.Gene expressionmicroarrays have been
the most commonly used tool in transcriptome anal-
ysis and in daily use for clinical diagnosis. Microar-
rays simultaneouslymeasure the transcription of thou-
sands of genes to characterize phenotypes in a wide
range of settings [35]. Further, during the last decade,
studies of gene expression changes during each men-
strual phase have produced a panel of characterized
genes linked with the status of the endometrium in
natural cycles, hormone replacement cycles [25,31,36–
40], during antagonist/agonist interaction [40,41],
and in refractory endometrium using an intrauterine
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Figure 1.1 Functional processes related to endometrial stages.

device (IUD), as well as transcriptome profile compar-
isons between fertile women and those with recurrent
implantation failure (RIF) [42–44].

Transcriptome studies usually identify the expres-
sion profile of whole endometrial tissue, without sep-
arating different cell populations. This global pattern
has been investigated in different cell populations
using laser-capture microdisection techniques [45].
Indeed, differential profiles for glands and stromal
compartments have been described [46].The endome-
trial transcriptome through themenstrual cycle can be
summarized as follows:
� The transcriptome in the early-secretory phase is

related to cell metabolism and transport pathways
[47].

� The transitions between the early, midsecretory,
and late-secretory phases are produced by the
modulation of progesterone-related genes
[48].

� During the midsecretory phase, genes related to
cell adhesion and immune function are
overexpressed [34,35,47].

� The transition from mid- to late secretory phase is
regulated by extracellular matrix and cytoskeleton
reorganization, vasoconstriction, and
up-regulation of the inflammatory response.

� The late-secretory phase is triggered by a drop-out
of steroid hormones and a degradation process
linked with inflammatory response and apoptosis
[49] (Figure 1.1).

Gene expression analysis reveals the ability of
transcriptomics to differentiate each phase of the
menstrual cycle and, therefore, its putative applica-
tion to diagnose endometrial receptivity by obtaining
personalized information on gene expression. Further,
some studies in functional genomics have been used
to define transcripts that are receptivity biomarkers to
serve as non-arbitrary molecular tools that avoid the
need for morphological or dating criteria.

Clinical Application of the Endometrial
Transcriptomics
Prior transcriptomic research led to the develop-
ment of the endometrial receptivity array (ERA) in
2011. This innovative tool is a customized expression
microarray that identifies the transcriptomic signa-
ture of 238 genes during the WOI [30]. This approach
is coupled with a bioinformatics predictor capable
of diagnosing a functionally receptive endometrium.
Predictors are used to classify microarray results on a
previousmodel constructedwith training samples that
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Figure 1.2 Decision tree shows the clinical algorithm for personalized embryo transfer. (Ruiz-Alonso. Personalized ET in patients with RIF.
Fertil Steril 2013 [53]).

were carefully collected and phenotyped. The train-
ing set is critical to the predictor’s design, so the treat-
ment, protocols, and manipulation must be controlled
to avoid the incorporation of external variation.

TheERA is an endometrial transcriptomicmolecu-
lar tool used in reproductivemedicine able to diagnose
the receptivity status of the endometrium. Many cases
of recurrent implantation failure (RIF) are caused
not by pathology or irreversible alterations of the
uterus, but by a displacement of the WOI that is gen-
erally undetectable at the morphological level [50].
RIF is defined as the existence of at least three
failed IVF cycles with morphologically normal-grade
embryos transferred. The ERA enables detection of
WOI displacements, thereby accurately identifying the
receptive period of each woman. This information
shifted the old paradigm regarding a ubiquitous win-
dow of implantation for all women, establishing a
new diagnostic approach that allows individualized
or personalized embryo transfer (pET) based on the
transcriptomic information directly from the patient´s
endometrium (Figure 1.2).

The transcriptomic signature was obtained com-
paring receptive versus prereceptive endometrial

samples in three different models of endometrial
receptivity (natural cycles, controlled ovarian stimula-
tion, and refractory endometrium), after intersecting
differential expressed genes (FDR � 0.05, FC � 3)
from three independent methods that tested the
robustness of the 238 genes selected to build this
customized array representative of receptivity [30].

In the last years the use of microarrays as predic-
tors of clinical outcomes has been fueled because of
their practical implications in biomedicine [51]. The
scientific community has defined guidelines for the
development and validation of microarray-based pre-
dictivemodels (MAQC-II Consortium) that have been
approved by the FDA. Following this line, ERA test is a
microarray-based machine-learning predictive model
used to diagnose the human endometrial receptivity
status [30].

Predictors classify unknown samples using infor-
mation from a training set. The training set is a model
sample that is used to learn how to discriminate known
classes. The most important aspect in the learning of
predictors is the evaluation of the performance of the
classifier (Figure 1.3) using cross-validation.The train-
ing set is randomly divided into several parts. Each
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Figure 1.3 How predictors are working:
the figure shows the cross-validation
method to calculate the classification
parameters. R: receptive class; NR:
non-receptive class.

part must contain a fair representation of the classes
to be learned. Then, one of the parts is set aside (the
test set) and the rest of the parts (the training set) are
used to train the classifier. Then, the efficiency of the
classifier is calculated by using the corresponding test
set which has not been used for the training of the clas-
sifier in this cross-validation. This process is repeated
as many times as the number of partitions performed
and finally, an average of the efficiency of classifica-
tion is obtained. Then sensibility and specificity of the
method is calculated (Figure 1.3).

ERA training sets were constructed using samples
among the menstrual cycle from a healthy population
with known fertility. ERA was focused to recognize
an endometrial receptivity transcriptome; therefore, a
balanced training set to distinguish between receptive
and non-receptive status was trained. In more detail,
the training set was composed of 79 endometrial
samples: proliferative (PF), prereceptive (PR), and
postreceptive (PS) as the non-receptive class (n =
40) and the receptive class only with receptive sam-
ples (R) (n = 39). Cross-validation using ten-fold and
five-fold stratification was implemented, dividing the
cross-validation set into five balanced groups, leaving
one out of ten as a test set. A specificity of 88.57% and
a sensitivity of 99.76% for the receptivity profile was
obtained [30].

ERA test results were compared with Noyes his-
tological criteria using the gold standard LH peak

among menstrual phases and using the same endome-
trial samples (n = 49) [50]. ERA test classification
versus two independent pathologists was measured
using concordance Kappa index [50]. Pathologists
established by consensus the same criteria before the
study, then evaluated 20 distinct histological param-
eters for each sample. Comparison between the his-
tological dating performed by the two pathologists
and the LH peak yielded Kappa index values of 0.681
(0.446–0.791) and 0.685 (0.545–0.824), respectively,
and interobserver variability (concordance between
both pathologists) was 0.622 (0.435–0.839). The ERA
test obtained a Kappa index of 0.922 (0.815–1.000),
demonstrating that ERAmethod ismore objective and
accurate than classic histology to date the secretory
phase.

Since the aim of the test was to efficiently deter-
mine the period when the embryo can be transferred
in subsequent cycles, the consistency of the diagno-
sis was also evaluated. A set of seven samples from
fertile patients were used and, by paired-sample gene
expression analysis, the similitude of the expression
pattern between two samples from the same patient
was demonstrated even 29–40months apart.The study
demonstrated that endometrium transcriptomic pro-
files do not change substantially between cycles in
which the hormonal treatment is the same [50].

Practically speaking, the endometrial biopsy can
be obtained from any part of the uterine cavity. RNA
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Figure 1.4 Personalized window of
implantation (pWOI). Principal
component analysis (PCA) and clustering
of the genes identified in three
endometrium samples from the same
patient, taken at different times. The first
and second sample were taken after 4
and 5 full days with progesterone
impregnation (P+4 and P+5, respectively)
and show a prereceptive profile. In
contrast, the third sample taken at P+6
shows a receptive endometrial profile.

is extracted, amplified, labeled, and hybridized with a
collection of complimentary cDNA probes attached to
a solid surface in the customized microarray. Inten-
sities of these signals are scanned to measure the
expression level of the 238 genes simultaneously. The
expression profile is then processed in the ERA com-
putational predictor to be classified into receptive or
non-receptive status, which includes proliferative, pre-
receptive, or postreceptive phases, providing the accu-
rate progesterone timing needed to induce receptivity.

Displacement of the WOI and Clinical
Benefits of Personalized Embryo Transfer
The endometrium is evaluated by ERA to identify the
personalizedWOI, that is routinely located 7 days after
the LH surge in natural cycles or after 5 days of proges-
terone treatment previously primed with estradiol in
ART cycles. Although most patients are receptive dur-
ing that time, clinical data obtained in 2,455 patients
indicated that 25% were non-receptive. Most of those
had a delayed WOI (80%), although in 20% they had
an advanced WOI.

Embryo transfer in patients with a displaced WOI
suffers from asynchrony between the embryo and
endometrium, and therefore implantation and preg-
nancy rates are lowwith no ongoing pregnancies under
these circumstances [52].The diagnosis of the person-
alizedWOI (pWOI) guarantees that embryo transfer is
being performed when the endometrium is “ready to
be implanted” by the embryo (Figure 1.4).

The identification of WOI displacement provides a
new clinical concept: the personalized embryo trans-
fer (pET). In cases in which the pWOI has been iden-
tified, it is possible to match a ready-to-implant blas-
tocyst with a receptive endometrium by transferring at
the specific recommended day; this timing may differ
from standard timing.

To validate the effectiveness of pET, ERA has been
used in a multicenter study in which the implanta-
tion and pregnancy rate of RIF patients were evalu-
ated after performing embryo transfer guided by ERA-
based receptivity timing [53].The cohort for this study
comprised RIF patients with at least three failed cycles
and a control group of women experiencing no or one
prior assisted reproductive treatment. The analysis of
these samples showed that RIF patients tend to exhibit
a displacement of the WOI compared to the control
group. Indeed, 84% of patients with a non-receptive
diagnosis had a delayedWOI,whichwas validated per-
forming a second ERA following the recommendation
of the first one. Thus, it was possible to obtain a recep-
tive diagnosis on the specific day that the ERAhad pre-
dicted. In these cases, embryo transfer was performed
during each pWOI. The results obtained using pET
in these patients were a 50% pregnancy rate and 39%
implantation rate in RIF patients.

These data reveal the clinical need for detect-
ing WOI displacement to avoid losing good-quality
embryos in desynchronized endometria and to pre-
vent women from receiving recurrent treatments with-
out success. A case report and a pilot study conducted
by our laboratory on patients with implantation
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failure showed that clinical pregnancy rate increased
from 19% to 60% and ongoing pregnancy rate from 0%
to 75% inwomenwith pET guided by ERA, in compar-
ison with their previous result in which the WOI was
assumed to be under standard timing [52].

In general, we used to believe that personalized
medicine ended in the maternal uterus since the WOI
has been considered as constant in all women remain-
ing open about 48 hours. The clinical investigation of
the endometrial transcriptomic signature reveals that
the WOI is shifted in � 25% of RIF patients [53] and
in 1 out of 5 patients in the general population.

Endometrial Receptivity Proteomics
While the transcriptome reveals gene expression sig-
natures, the proteome reveals the signature of protein
products. Proteomics can thus show the narrow inter-
action between gene expression and cellular function.
Applying proteomics to the study of the endometrium
has been slow due to the complexity and low sensi-
tivity of the techniques in this field. The goal of pro-
teomics is the search of a specific profile related to the
endometrial cycle or endometrial pathologies, thereby
identifying biological markers of receptivity or dis-
ease stages. The proteomic differences between a pro-
liferative and secretory endometriumusing in-tandem
mass spectrometry (LC-MS) and quantitativemethods
(isotype-coded affinity tag, ICAT), identify the pro-
teins FRAT1 and NMD-R1, among others, as having
statistically significant changes [54].

Mass spectrometry offers a powerful technology to
analyze the proteins not only in an endometrial tissue
sample but also in endometrial fluid. In 2009, the iden-
tification of proteins produced during the menstrual
cycle (proliferative phase and midsecretory phase) in
endometrial tissue and fluidwas reported [55]. Indeed,
matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF-TOF) mass spectrometry identi-
fied the following up-regulated proteins: calreticulin,
adenylate kinase isoenzyme 5 (AK5), and transferrin
in the proliferative stage and annexin A5 (ANXA5),
alpha-1 antitrypsin (A1AT), creatine kinase (CK), and
peroxiredoxin-6 (PRDX6) during the midsecretory
phase.

Similarly, our group studied the human proteome
during the prereceptive (LH+2) and receptive (LH+7)
stages [24] using endometrial biopsies from fertile
women in the same menstrual cycle. After pro-
tein extraction, two-dimensional difference gel elec-

trophoresis (2D-DIGE) and MALDI-TOF-TOF were
performed, revealing 35 differential proteins between
the two phases. However, only two proteins were
candidates for biomarkers: annexin A2 (ANXA2),
a calcium-dependent pleiotropic protein related to
motility, and stathmin 1 (STMN1), related to micro-
tubule remodeling. These proteins have an antagonis-
tic role in the receptive endometrium versus prere-
ceptive or refractory endometrium, which emulates a
non-receptive stage, and therefore constitute putative
biomarkers of receptivity [24].

Other proteomic studies have found interesting
results [56,57]. Currently, our group is working to
obtain the receptivity proteomic signature supporting
this analysis with the ERA as a “gold standard.” This
approach enables us to obtain an overall vision of the
endometrium in a specific time that is parallel for tran-
scriptomic and proteomic methods. This experiment
was performed using endometrial biopsies diagnosed
previously by the ERA as receptive or non-receptive.
After that, DIGE revealed that 24 proteins were being
differentially expressed; one of them is a progesterone
receptor membrane component 1 (PGRMC1), which
is down-regulated during the receptive phase [58].

Decidualization
Decidualization is a progesterone-dependent mech-
anism by which the endometrial stromal compart-
ment changes morphologically and biochemically in
order to control trophoblast invasion and placenta-
tion. Decidualization occurs during the midsecretory
phase, immediately after the closure of the WOI in
the endometrial epithelium independently of blasto-
cyst presence in humans. Decidualized stromal cells
increase the production of proteins such as prolactin,
insulin-like growth factor binding protein 1 (IGFBP-
1), tissue factor (TF), laminins, and fibronectin (gly-
coproteins of the extracellular matrix) [45,59–62].

Our group described the interaction between the
proteome and the secretome of the endometrial stro-
mal cells during in vitro decidualization [63]. We
reported a total of 60 differentially expressed proteins
between decidualized stromal cells in endometrium
versus control, including catepsin B, transglutami-
nase 2, and beta-actin (ACTB). In the secretome, 13
proteins were identified, including the novel mark-
ers platelet/endothelial cell adhesion molecular 1
(PECAM1) and myeloid progenitor inhibitory fac-
tor 1 (MPIF1), and common proteins such prolactin
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(PRL). The information integrated by bioinformatics
provided the first interactome during human endome-
trial decidualization [63].

Proteomics of the Endometrial Fluid
The endometrial fluid (EF) secreted by the endome-
trial epithelium constitutes the microenvironment in
which the communication between endometrium and
embryo occurs, and represents an easy way to obtain
proteins and cells while avoiding the injury caused by
biopsy [64]. Transcervical endometrial fluid obtained
before embryo transfer does not affect the implanta-
tion rate in the same cycle [65]. Although aspiration of
endometrial liquid is a painless, less invasive method,
the material obtained is a pool of cells and molecules
that is diluted during the process, so sometimes results
are difficult to standardize or interpret. Further, the
majority of these proteins are serum proteins, which
can obscure putative biomarkers that may be present
at very low concentrations. However, an in-depth pro-
teomic catalog was described using complementary
methodologies, which allows analysis of the endome-
trial fluid proteome and can be used as a reference data
base of putative biomarkers [66].

Endometrial Lipidomics
Lipids are organic biomolecules with important roles
in energy storage, cellular architecture, and cellular
activity. Lipidomics can be described as the large-
scale analysis of lipids and their relationships with one
another as well as with the genome, transcriptome,
or proteome. The aim of this area is the identifica-
tion and characterization in the EF of the lipid molec-
ular species and their biological roles related to pro-
tein function and genomic expression and regulation
[67].

Currently, the lipidomic analysis during embryo
implantation allows the identification and character-
ization of different molecules during the receptive
phase. Lipids such as endocannabinoids, lysophos-
phatidic acid, and prostaglandins (PGs) have been
described as putative biomarkers, thus a specific lipid
profile can be used to diagnose endometrial receptiv-
ity. Endometrial PGs participate in the decidualization
and vascularization process [68], embryonic matura-
tion, and implantation capacity [46,69].

In 2013, our group identified PGE2 and PGF2�
as specific and non-invasive biomarkers of endome-
trial receptivity [25]. We reported that PGE2 and

PGF2� concentrations increased significantly in the
endometrial fluid during the WOI in normal cycling
women, during in vitro fertilization (IVF) and ovum
donation. This profile was abrogated in the refrac-
tory endometriumwith the insertion of an IUD.Then,
we demonstrated that PG synthesis required for the
production of PGE2 and PGF2�, is localized in the
endometrial epithelium and is hormonally regulated
during the WOI, while PG receptors are localized at
the trophoectoderm of the human embryo. Using an
in vitro model of embryo adhesion, we demonstrated
that inhibition of PGE2 and PGF2� or PG receptor
(EP2 and FP) blockade prevents embryo adhesion that
can be overcome by adding back these molecules or
using EP2 and FP agonists. Finally, in a pilot study, we
demonstrated that PGE2 and PGF2� concentrations in
EF aspirated 24 hours prior to embryo transfer predict
pregnancy outcome.The receiver-operating character-
istic (ROC) test performed in day-3 embryo transfer
analyzed the sensitivity and specificity of this tech-
nique and yielded 80% sensitivity and 86.7% specificity
for PGE2, and 100% sensitivity and 93.30% specificity
for PGF2�. Similar results were obtained for blastocyst
transfer in which the ROC curve showed 75% sensitiv-
ity and 77.8% specificity for PGE2, and 37.50% sensi-
tivity and 100% specificity for PGF2� [25].

In conclusion, lipidomic analysis in endometrial
fluid is a novelmethodology in endometrial receptivity
identification that can enable identification, by a less
invasive and quicker approach, of the state of receptiv-
ity of the endometrium 24 hours before embryo trans-
fer [70].

Improving our Knowledge of Endometrial
Receptivity
The technological state of the art is directing us
towards newer, high-throughput next-generation
sequencing platforms, such as RNA-sequencing
(RNA-seq), techniques that can help us to deepen our
knowledge of human endometrial receptivity. Each
transcriptomic profile is a dynamic and multifactorial
result of the specific gene modulation, which depends
on the cell type, cycle stage, environmental or external
outputs, and hormonal regulation [71].

Genome-wide association studies (GWAS) are
hypothesis-free techniques that allow discovery of
genomic regions that can play a role in endometrial
receptivity. Therefore, GWAS may also highlight new
biological pathways related to endometrial receptivity
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and help us to identify many regions associated with
common alterations or diseases such as endometriosis
and uterine fibroids [71].

Gene expression is crucial to acquire a recep-
tive phenotype during the WOI; however, most key
points in endometrial epigenetic modulation remain
hidden. The epigenome produces non-heritable and
stable phenotype variations without DNA sequence
alterations. DNA methylation and histone modifica-
tions are the main epigenetic modifications that alter
chromatin architecture and effect changes in gene
expression.DNAmethylation is a predominant regula-
tor of gene expression and is mediated by the action of
DNA methyltransferases (DNMTs). Expression levels
of DNMT1, DNMT3a, and DNMT3b, which are cycle
phase-dependent, are lower during the midsecretory
phase compared to the proliferative phase of the cycle
[71]. An in vitro culture study with endometrial stro-
mal cells treatedwith progesterone and estradiol shows
that the levels of these enzymes decrease and suggests
that DNAmethylationmay have an impact on the reg-
ulation of gene expression in endometrial receptivity.

Posttranscriptional modification of histones not
only occurs through methylation, but also through
deacetylation (both of which are associated with
gene silencing) and acetylation (associated with gene
expression or up-regulation). During the menstrual
cycle, global acetylation increases in the early prolifer-
ative and secretory phases [72]. Furthermore, in vitro
treatment of stromal cells with inhibitors of histone
deacetylation (HDACi) like TSA promotes morpho-
logical changes and modulates the genes related to
decidualization, such as prolactin and IGFBF-1 [73].

In conclusion, posttranscriptional modifications
of the histones and epigenetic modulators suggest
that epigenetic regulation induced by the environment
might control gene expression in endometrial recep-
tivity.

Conclusion and Future Directions
Endometrial receptivity has been studied since the
1950s, but never so deeply since the advent of the
-omics technologies that are constantly improving and
yielding fast-paced advances. Indeed, a drastic revolu-
tion is taking place in the medical diagnosis field with
the use of these new -omics tools, namely “personal-
ized” or “precision” medicine.

Transcriptomics have allowed an improvement
in knowledge about endometrial factors, leading to

the development of an objective diagnostic test of
endometrial function: the endometrial receptivity
array (ERA). Endometrial factors are certainly gaining
relevance in the infertility work-up, enabling a person-
alized embryo transfer that increases the rates of a suc-
cessful embryo implantation and ongoing pregnancy.

Microarray-based expression profiling does have
technical limitations because of the properties of
probes included in the commercial platforms, which
have issues of sensitivity and specificity [47,74]. How-
ever, current high-throughput technologies such as
RNA-seq enables analysis of the complete transcrip-
tome, including themiRNAs, drugmetabolism routes,
and pathways involved in cell cycle regulation. Fur-
ther, even the 25% lowest-expression genes that remain
undetected with classic microarray procedures [47]
can be identified, obtaining a whole-transcriptome
vision of the peri-implantation panorama.

Although microarray technology has matured
and standardized procedures allow its clinical appli-
cation, it will soon be replaced by current next-
generation sequencing platforms, as reported by
the Microarray Quality Control (MAQC) Consor-
tium [75]. Even though high-throughput technology
requires an extensive bioinformatic analysis of the
massive raw data output, this is a key step in massive
sequencing protocols and an important issue to con-
sider. However, progress flows quickly to consolidate
next-generation sequencing technologies for routine
clinical diagnosis.
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15. Creus M, Ordi J, Fábregues F, Casamitjana R, Ferrer B,
Coll E, et al. Alphavbeta3 integrin expression and
pinopod formation in normal and out-of-phase
endometria of fertile and infertile women.Hum
Reprod 2002;17(9):2279–86.

16. Murray MJ, Meyer WR, Zaino RJ, Lessey BA, Novotny
DB, Ireland K, et al. A critical analysis of the accuracy,
reproducibility, and clinical utility of histologic
endometrial dating in fertile women. Fertil Steril
2004;81:1333–43.

17. Coutifaris C, Myers ER, Guzick DS, Diamond MP,
Carson SA, Legro RS, et al. Histological dating of
timed endometrial biopsy tissue is not related to
fertility status. Fertil Steril 2004;82:1264–72.

18. Remohı́ J, Ardiles G, Garcia-Velasco JA, Gaitán P,
Simón C, Pellicer A. Endometrial thickness and serum
oestradiol concentrations as predictors of outcome in
oocyte donation. Hum Reprod 1997;12(10):2271–6.

19. Schena M, Shalon D, Davis RW, Brown PO.
Quantitative monitoring of gene expression patterns
with a complementary DNA microarray. Science
1995;270(5235):467–70.

20. Schena M, Shalon D, Heller R, Chai A, Brown PO,
Davis RW. Parallel human genome analysis:
microarray-based expression monitoring of 1000
genes. Proc Natl Acad Sci USA 1996;93(20):
10614–9.

21. Brazma A, Vilo J. Gene expression data analysis. FEBS
Lett 2000;480(1):17–24.

22. Carson DD, Lagow E, Thathiah A, Al-Shami R,
Farach-Carson MC, Vernon M, et al. Changes in gene
expression during the early to midluteal (receptive
phase) transition in human endometrium detected by
high-density microarray screening.Mol Hum Reprod
2002;8(9):871–9.

23. Kliman HJ, Honig S, Walls D, Luna M, McSweet JC,
Copperman AB. Optimization of endometrial
preparation results in a normal endometrial function
test (EFT) and good reproductive outcome in donor
ovum recipients. J Assist Reprod Genet
2006;23(7–8):299–303.

24. Domı́nguez F, Garrido-Gómez T, López JA, Camafeita
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