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Context: Controlled ovarian stimulation induces morphological, biochemical, and functional
genomic modifications of the human endometrium during the window of implantation.

Objective: Our objective was to compare the gene expression profile of the human endometrium in
natural vs. controlled ovarian stimulation cycles throughout the early-mid secretory transition using
microarray technology.

Method: Microarray data from 49 endometrial biopsies obtained from LH+1 to LH+9 (n = 25) in
natural cycles and from human chorionic gonadotropin (hCG) +1 to hCG+9 in controlled ovarian
stimulation cycles (n = 24) were analyzed using different methods, such as clustering, profiling of
biological processes, and selection of differentially expressed genes, as implemented in Gene
Expression Pattern Analysis Suite and Babelomics programs.

Results: Endometria from natural cycles followed different genomic patterns compared with con-
trolled ovarian stimulation cycles in the transition from the pre-receptive (days LH/hCG+1 until
LH/hCG+5) to the receptive phase (day LH+7/hCG+7). Specifically, we have demonstrated the
existence of a 2-d delay in the activation/repression of two clusters composed by 218 and 133 genes,
respectively, on day hCG+7 vs. LH+7. Many of these delayed genes belong to the class window of
implantation genes affecting basic biological processes in the receptive endometrium.

Conclusions: These results demonstrate that gene expression profiling of the endometrium is
different between natural and controlled ovarian stimulation cycles in the receptive phase. Iden-
tification of these differentially regulated genes can be used to understand the different devel-
opmental profiles of receptive endometrium during controlled ovarian stimulation and to search
for the best controlled ovarian stimulation treatment in terms of minimal endometrial impact.
(J Clin Endocrinol Metab 93: 4500-4510, 2008)

ince the first in vitro fertilization (IVF) birth in 1978 (1), assisted
S reproductive techniques (ARTs) have evolved to reach cur-
rent figures, revealing that 1-4% of the population in developed
countries has been born from using this technology (2). In the last
published reportin 2002, the number of ART cycles in this year was
440,000 for the United States (3) and Europe (4) together.
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The use of controlled ovarian stimulation is associated with
ARTs, and aims to recruit a cohort of mature oocytes that can be
fertilized resulting in high-grade embryos to be selected for trans-
fer to the maternal endometrium. Historically, focus has been
placed on the effect of ovarian stimulation protocols on the qual-
ity of oocytes/embryos obtained, assuming that the impact of

Abbreviations: ART, Assisted reproductive technique; GEPAS, Gene Expression Pattern
Analysis Suite; GO, gene ontology; GPX3, glutathione peroxidase-3; hCG, human chori-
onic gonadotropin; IGFBP, IGF binding protein; IVF, in vitro fertilization; MAP2K1, MAPK
kinase 1; PCA, principal component analysis; SLC, solute carrier family; SOTA, Self-Orga-
nising Tree Algorithm; VEGF, vascular endothelial growth factor; WOI, window of
implantation.
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supraphysiological levels of ovarian steroid hormones and para-
crine mediators on the endometrium are minimal as a collateral
effect. Despite advances in new stimulation protocols, pregnancy
rates are still relatively low and have not significantly increased in
the last decade (3, 5-7), suggesting that the endometrium in con-
trolled ovarian stimulation cycles is not an unaffected bystander.

Histological and immunohistochemical observations using
window of implantation (WOI) markers have demonstrated en-
dometrial modifications during the luteal phase in controlled
ovarian stimulation compared with natural cycles (8). In con-
trolled ovarian stimulation, the luteal phase is abnormal com-
pared with the natural cycle, and has characteristic features such
as elevated progesterone concentrations during the early luteal
phase, followed by a dramatic and premature decrease in the
unsupported mid-luteal phase (9). A morphological advance-
ment in the early luteal phase of the endometrium in controlled
ovarian stimulation cycles has been consistently reported in his-
tological examination (10-12) and scanning electron micros-
copy studies (13, 14).

Supraphysiological concentrations of estradiol and subtle
progesterone increases in the late follicular phase lead to a mod-
ulated steroid receptor profile resembling that of the early luteal
phase (15). Imnmunohistochemical studies have demonstrated a
down-regulation of endometrial estradiol receptor and proges-
terone receptor (16),and biochemical changes in the endometrial
fluid (17) in controlled ovarian stimulation compared with nat-
ural cycles. Microarray studies comparing controlled ovarian
stimulation with natural cycles in the same patient using agonist
(18) or antagonist (19) protocols indicate a profound impact on
the endometrial gene expression at implantation.

Different uncontrolled studies suggest that uterine receptivity
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FIG. 1. PCA of human endometrium throughout the development of the luteal phase in natural (LH+n)

and controlled ovarian stimulation cycles (hCG+n).
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diminishes during controlled ovarian stimulation used in ARTs
compared with natural cycles (20, 21). This deleterious effect on
uterine receptivity has been reported as a mediated response, which
is worse in high-responder patients to gonadotrophins (22-25).
Furthermore, it has been demonstrated that although low doses of
estradiol maintain the receptive state of the endometrium, high
doses cause it to become refractory in mice (26).

In the present study, we have compared the global gene expres-
sion profiling across the WOI in natural vs. controlled ovarian stim-
ulation cycles to elucidate the genomic impact of controlled ovarian
stimulation on endometrial development and to search for novel
gene targets to improve endometrial receptivity in IVF.

Patients and Methods

Study design and tissue collection

This study has been approved by the Ethics Committee of the Instituto
Valenciano de Infertilidad, Valencia, Spain, the institution in which the
endometrial biopsies were obtained and processed. Written informed con-
sent was obtained from all patients.

Endometrial samples (n = 50) were collected from healthy fertile
cycling donors (aged 23-39 yr), with a body mass index of 19-25 kg/m?,
who underwent either natural cycles (n = 25) or controlled ovarian
stimulation treatment (n = 25) consisting of a long protocol with leu-
prolide acetate and FSH/haptoglobin, human menopausal gonadotropin
and human chorionic gonadotropin (hCG), as described previously (18).
Endometrial biopsies were obtained on days LH+1 (n = 5), LH+3
(n=235),LH+5(n=35),LH+7 (n =5),and LH+9 (n = §) in natural
cycles, and at hCG+1 (n = §5), hCG+3 (n = 5), hCG+S5 (n = 3),
hCG+7(n = 5), and hCG+9 (n = 5) in controlled ovarian stimulation
cycles. In both cases no luteal phase supplementation was administered.
All of them were obtained from different women.

Innatural cycles a daily assessment of the urinary LH levels beginning
oncycled 10 was performed using a commercially
available ovulation predictor kit (Donacheck
ovulacion; Novalab Ibérica, S.A.L, Coslada, Ma-

i drid, Spain), and the day of the urinary LH surge
was considered to be LH=0. Biopsies were ob-
tained from the uterine fundus using a Pipelle
catheter (Genetics, Namont-Achel, Belgium) un-
der sterile conditions. Endometrial dating was
performed using the criteria of Noyes et al. (27) by
two different pathologists who were blinded to
the day on which the specimen was obtained. The
histological analysis was performed for endome-
trial biopsies in natural and controlled ovarian
stimulation cycles. Only endometrial samples
considered “in phase” were included in the
present study for microarray interrogation. One
of the samples corresponding to hCG+35 was ex-
cluded for microarray analysis due to its incon-
sistency with the histological dating.

Total RNA isolation and microarray
hybridization

Endometrial samples were snap frozen in
liquid nitrogen and stored at =70 C. Total RNA
was extracted using the “TRIZOL method” ac-
cording to the protocol recommended by the
manufacturer (Life Technologies, Inc., Gaith-
ersburg, MD). Approximately 1-2 mg total
RNA was ob tained per mg endometrial tissue.
RNA quality was assessed by loading 300 ng
total RNA onto an RNA Labchip and was an-
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FIG. 2. Dynamical profile of up-regulated and down-regulated functionalities across the time series d 1-9 in the LH and hCG set of samples. The gene expression of
each day was compared with the day before (day of reference) by a t test using TRex. It shows the overrepresented and underrepresented terms in the natural cycle (A
and C, respectively) and in controlled ovarian stimulation cycles (B and D, respectively). Symbols are explained to the right of the figure.

alyzed in an A2100 Bioanalyser (Agilent Technologies, Waldbronn,
Germany). Hybridization onto Affymetrix HG-U133A chip (Af-
fymetrix, Inc., Santa Clara, CA) was performed by Gene Logic an
Ocimum Biosolutions Co. (Gaithersburg, MD) as described (28).

Data analysis

Bioinformatics analysis

The microarray analysis was performed using the Gene Expression
Pattern Analysis Suite (GEPAS) version 3.1, available at http://www.
gepas.org (29). The functional annotation of the analysis results
was performed using the Babelomics suite, available at http://www.
babelomics.org (30).

Preprocessing

Output data from the microarray normalization process were pre-
processed before performing the microarray analysis. Multiple probes
mapping to the same gene were merged using the average as the summary
of the hybridization values.

Sample clustering

Samples were grouped into clusters using a self-organizing neural
network with tree topology, the Self-Organising Tree Algorithm (SOTA)
algorithm (31). We applied a euclidean distance and an unrestricted
growth condition to obtain only one sample per cluster.

Differential gene expression

We applied a # test for the difference in the mean expression between
two groups of arrays (classes). We compared expression patterns for
samples at each time point (days) between the LH and hCG classes,
obtaining P values for each gene in the experiment. We also applied a
t test between the LH+1 and LH+7, and between the hCG+1 and
hCG+7 sample sets. To account for multiple testing effects, we corrected
the P values using the false discovery rate (32).

Functional analysis of the results

To detect activations or deactivations in biological functions or
pathways, we have used the FatiScan (33), a gene set based algorithm
that detects significantly up-regulated or down-regulated blocks of
functionally related genes in lists of genes ordered by differential
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expression. FatiScan is part of the Babelomics suite (30). FatiScan can
search blocks of genes functionally related by different criteria, such
as gene ontology (GO) terms Kyoto Encyclopedia of Genes and Ge-
nomes pathways, and others.

Clustering of gene expression patterns

The SOTA method (31) was used to cluster expression profiles of
both genes or samples. The SOTA is included in the GEPAS (29).
For the visualization and evaluation of the clusters’ quality, we
used Environment of Tree Exploration, a module of the GEPAS. Func-
tional enrichment of the clusters was studied with the FatiGO+
tool (34, 35).

Microarray validation: quantitative-PCR and immuno-
histochemistry

To verify the results obtained from the cDNA microarray, real-time PCR
was performed for four selected genes: IGF binding protein (IGFBP)-3; glu-
tathione peroxidase-3 (GPX3); solute carrier family (SLC) 1 (neuronal/ep-
ithelial high-affinity glutamate transporter system Xag) member 1
(SLC1A1);and glycodelin (also known as placental protein 14). The relative
expression levels of each gene in the total RNA from the endometrium was
determined by real-time RT-PCR using specific primers for each gene:
primer sequence (5'-3') for IGFBP-3, forward 5'-GCACAGATACCCA-
GAACTTCTCC and reverse 5'-CAGGTGATTCAGTGTGTCTTCCA;
GPX3, forward 5'-CGATTTAGGTGACACTATAGCATGGGTG-
TACAGCCACGTG and reverse 5'-CGTAATACGACTCACTATAG-
GGGGGCCTTAGCCTGAATGCAGC; SLC1A1, forward 5'-GTCCTG-
ACTGGGCTTGCAA and reverse 5-CAACGGGTAACACGAATCGA;
and glycodelin, forward 5-TGGTCTGTGGTGTCCCGG and reverse
5'-AGGGAGATGTTGTTGGTCGC.

Immunohistochemistry was performed, as previously described (36), for
three selected genes at 3 different days of natural cycles: IGFBP-7, growth arrest

Natural/LH samples [clusters of genes]

IVF/hCG samples [clusters of genes]
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and DNA damage inducible gene-45, and glycodelin (PP14). Microarray data
validation (data not shown) has been presented to the reviewers.

Results

Cluster analysis

Principal component analysis (PCA) is a statistical method
that allows projecting higher-dimensional data onto a lower-
dimensional space. When PCA is applied to data, samples with
similar trends in their gene expression profiles tend to cluster
close together in the plot. Figure 1 shows clusters corresponding
to the development of the endometrium in natural vs. stimulated
cycles. Endometrial samples corresponding to LH+1 in natural
cycles and to hCG+1 in stimulated cycles showed a very similar
gene expression profile (Fig. 1, upper-right corner). Similar re-
sults were obtained for LH+3 and hCG+3 (Fig. 1, right side),
LH+5 and hCG+35, and LH+9 and hCG+9 (Fig. 1, upper-left
corner). The only group that showed statistical differences in its
gene profile corresponded to LH+7 in natural cycles vs. hCG+7
instimulated cycles (Fig. 1). The exception was one LH+7 sample
that segregated close to the hCG+7 cluster and was histologically
classified as “in phase.” Samples for LH+7 and LH+9 in natural
cycles and hCG+9 in stimulated cycles showed very similar gene
expression profiles at the receptive part.

Hierarchical clustering was also applied to the microarray gene
expression profiles of the 49 well-characterized endometrial sam-
ples. The SOTA (31) was applied to the complete gene expression
matrix to obtain a tree of the relationships among all the samples of
the experiment. Similar results to the PCA
were obtained (data not shown).
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TABLE 1. Down-regulated and up-regulated WOI genes delayed in COS cycles on d +7 compared with natural cycles

Gene name
Down-regulated genes (clusters A and D)
Abbreviation
ALPL Alkaline phosphatase, liver/bone/kidney
ANK3 Ankyrin 3, node of Ranvier (ankyrin G)
ARF4 liter ADP-ribosylation factor 4-like
C110orf8 Chromosome 11 open reading frame 8
C7orf24 Chromosome 7 open reading frame 24
CKB Creatine kinase, brain
CREG1 Cellular repressor of E1A-stimulated genes 1
CSRP2 Cysteine and glycine-rich protein 2
CYB5 Cytochrome b-5
DNCI1 Dynein, cytoplasmic, intermediate polypeptide 1
F3 Coagulation factor Il (thromboplastin, tissue factor)
GREB1 GREB1 protein
HLA-DOB Major histocompatibility complex, class Il, DO B
KCNG1 Potassium voltage-gated channel, subfamily G, member 1
KHDRBS3 KH domain containing, RNA binding, signal transduction associated 3
KIAA0274 KIAA0274
NDRG2 NDRG family member 2
NUDT9 Nudix (nucleoside diphosphate linked moiety X)-type motif 9
OFD1 Oral-facial-digital syndrome 1
PART1 Prostate androgen-regulated transcript 1
PDE4DIP Phosphodiesterase 4D interacting protein (myomegalin)
PIP5K1B Phosphatidylinositol-4-phosphate 5-kinase, type I, B
PKP2 Plakophilin 2
QPRT Quinolinate phosphoribosyltransferase (nicotinate-nucleotide pyrophosphorylase (carboxylating)
RAB4A RAB4A, member RAS oncogene family
SERPINA4 Serine (or cysteine) proteinase inhibitor, clade A (a-1 antiproteinase, antitrypsin), member 4
SLC15A2 Solute carrier family 15 (H+/peptide transporter), member 2
Up-regulated genes (clusters C and F)
Abbreviation
CXCL13 Chemokine (C-X-C motif) ligand 13 (B-cell chemoattractant)
MAP3K5 Mitogen-activated protein kinase kinase kinase 5
SLC15A1 Solute carrier family 15 (oligopeptide transporter), member 1
DDX52 DEAD (Asp-Glu-Ala-Asp) box polypeptide 52
ABCC3 ATP-binding cassette, sub-family C (CFTR/MRP), member 3
CYP3A5 Cytochrome P450, family 3, subfamily A, polypeptide 5
HAL Histidine ammonia-lyase
PROS1 Protein S (a)
C4.4A GPI-anchored metastasis-associated protein homolog
DAF Decay accelerating factor for complement (CD55, Cromer blood group system)
KIAAT199 KIAA1199
ANXA2P1 Annexin A2 pseudogene 1
MET Met proto-oncogene (hepatocyte growth factor receptor)
MAOA Monoamine oxidase A
ST00A1 S100 calcium binding protein A1
SOD2 Superoxide dismutase 2, mitochondrial
MAPK6 Mitogen-activated protein kinase 6
RNASE4 Ribonuclease, RNase A family, 4
ITGA3 Integrin, a 3 (antigen CD49C, « 3 subunit of VLA-3 receptor)
D4 Inhibitor of DNA binding 4, dominant negative helix-loop-helix protein
VEGF Vascular endothelial growth factor
ENPEP Glutamyl aminopeptidase (aminopeptidase A)
FOSL2 FOS-like antigen 2
TPM1 Tropomyosin 1 («)
FLII Flightless | homolog (Drosophila)
ALS2CR3 Amyotrophic lateral sclerosis 2 (juvenile) chromosome region, candidate 3
EPAS1 Endothelial PAS domain protein 1
PISD Phosphatidylserine decarboxylase
C4BPA Complement component 4 binding protein, «
CcP Ceruloplasmin (ferroxidase)

(Continued)
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TABLE 1. (Continued)
Gene name
Up-regulated genes (clusters C and F)
Abbreviation

SFN Stratifin

PAX8 Paired box gene 8

ELF3 E74-like factor 3 (ets domain transcription factor, epithelial-specific )

TNFAIP2 Tumor necrosis factor, a-induced protein 2

DF D component of complement (adipsin)

Clorf34 Chromosome 1 open reading frame 34

LAMB3 Laminin, B 3

SCYE1 Small inducible cytokine subfamily E, member 1 (endothelial monocyte-activating)

SLC7A11 Solute carrier family 7, (cationic amino acid transporter, y+ system) member 11

IL6ST Interleukin 6 signal transducer (gp130, oncostatin M receptor)

ACADSB Acyl-Coenzyme A dehydrogenase, short/branched chain

GUCY1B3 Guanylate cyclase 1, soluble, B 3

BF B-factor, properdin /// B-factor, properdin

GPX3 Glutathione peroxidase 3 (plasma)

MITF Microphthalmia-associated transcription factor

SLC22A4 Solute carrier family 22 (organic cation transporter), member 4

TRPC6 Transient receptor potential cation channel, subfamily C, member 6

DNAJC6 DnaJ (Hsp40) homolog, subfamily C, member 6

PPP2R5A Protein phosphatase 2, regulatory subunit B (B56), « isoform

GADDA45A Growth arrest and DNA-damage-inducible, a

PAEP Progestagen-associated endometrial protein (placental protein 14, pregnancy-associated
endometrial a-2-globulin, « uterine protein)

IGFBP3 Insulin-like growth factor binding protein 3

SLC1A1 Solute carrier family 1 (neuronal/epithelial high affinity glutamate transporter, system Xag),
member 1

HNMT Histamine N-methyltransferase /// histamine N-methyltransferase

RARRES3 Retinoic acid receptor responder (tazarotene induced) 3

RAB21 RAB21, member RAS oncogene family

Clorf38 Chromosome 1 open reading frame 38

RFP Ret finger protein

PLXNC1 Plexin C1

CcLu Clusterin (complement lysis inhibitor, SP-40,40, sulfated glycoprotein 2, testosterone-repressed
prostate message 2, apolipoprotein J)

BENE BENE protein

DUSP5 Dual specificity phosphatase 5

DNAJB9 DnalJ (Hsp40) homolog, subfamily B, member 9

LGMN Legumain

IMPA2 Inositol(myo)-1(or 4)-monophosphatase 2

AGR2 Anterior gradient 2 homolog (Xenopus laevis)

LPHN2 Latrophilin 2

PPP1R14B Protein phosphatase 1, regulatory (inhibitor) subunit 14B

RBP1 Retinol binding protein 1, cellular

DUSP6 Dual specificity phosphatase 6

IGFBP7 Insulin-like growth factor binding protein 7

FHL2 Four and a half LIM domains 2

LAMC2 Laminin, y 2

CA12 Carbonic anhydrase XII

This information will be deposited in the Endometrial Data Base (http://www.endometrialdatabase.com) after publication.

However, on d +7 the natural cycle showed a higher number of
overrepresented biological terms, such as “localization,” “response
toexternal stimulus,” “locomotion,” “response to biotic stimulus,”
and others (Fig. 2A). Interestingly, most of these GO terms are not
present in the transition from day hCG+35 to hCG+7 in controlled
ovarian stimulation cycles. Only two GO terms are conserved in the
transition from the pre-receptive to receptive state in natural and
controlled ovarian stimulation cycles; these terms are the “response
to the stress” and “cellular physiological process.”

We also found similarities in the biological terms underrepre-
sented in the pre-receptive endometrium, except on d +7 when

more differences were observed. On d +7 no common biological
term was identified in natural and controlled ovarian stimulation
cycles. Furthermore, some terms appeared to be underrepresented
in hCG+7 of controlled ovarian stimulation cycles, such as re-
sponse to external stimulus or organismal physiological process,
which are overrepresented in LH+7 of natural cycles (Fig. 2A).

Differential gene expression between natural and
controlled ovarian stimulation cycles

A t test was applied to each day’s samples, which were
grouped into two classes, LH and hCG, to find any significant
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difference in the gene expression patterns under these conditions.
No significant differences were found between the LH and hCG
gene expression profiles except in the LH+7/hCG+7 compari-
son, which showed a high number of significantly overexpressed
and underexpressed genes in LH+7 vs. hCG+7.

When genes differentially expressed (false discovery rate-ad-
justed P value < 0.01) were clustered using the SOTA, six main
cluster expression profiles were found, three belonging to natural
cycles and three to controlled ovarian stimulation cycles (Fig. 3).
In natural cycles, cluster 1 (Fig. 3A) was formed by 133 genes that
were down-regulated at LH+7 and LH+9. Cluster 2 comprised
120 genes, and was homogeneous throughout the WOI, peaking
at LH+3 and LH+5 (Fig. 3B). Cluster 3 was the largest in the
natural cycle with 218 genes and showed an up-regulation at
LH+7 that was maintained at LH+9 (Fig. 3C). In controlled
ovarian stimulation cycles, cluster 1 was composed of 117 genes
that maintained a similar profile from hCG+1 to hCG+7, and
decreased at hCG+9 (Fig. 3D). The 138 genes of cluster 2 dis-
played a clear peak athCG+5 and hCG+7, and decreased there-
after (Fig. 3E). Finally, cluster 3 was formed by 216 genes with
no changes during the WOI until day hCG+9, when their ex-
pression suddenly increased (Fig. 3F).

Interestingly, when we analyzed the list of genes of the dif-
ferent clusters, we found that 97 genes corresponding to 73 % of
the genes from cluster 1 in the natural cycle (Fig. 3A) were present
in cluster 1 of controlled ovarian stimulation cycles (Fig. 3D),
and 104 genes (87%) of the cluster 2 in the natural cycle (Fig. 3B)
were present in cluster 2 of controlled ovarian stimulation cycles
(Fig. 3E). Of the 218 genes of cluster 3 in the natural cycle (Fig.
3QC), 203 (93%) were included in cluster 3 of the controlled
ovarian stimulation cycle (Fig. 3F), and the expression peak of
203 genes underwent a 2-d delay in controlled ovarian stimula-
tion ws. natural cycles (LH+7) (Fig. 3F). Interestingly, an im-
portant number of the down-regulated and up-regulated genes of
clusters A and C of natural cycle (27 and 74 genes, respectively)
with a delayed expression are categorized as WOI genes (18) and
listed in Table 1. The overrepresented biological processes for
these 97 down-regulated (cluster A) and 203 up-regulated (clus-
ter C) delayed genes are listed in Table 2. Therefore, all three
clusters described present a 2-d delay in controlled ovarian stim-
ulation vs. natural cycles only in the transition from the pre-
receptive to the receptive phase, demonstrating for the first time
a molecular substrate for the impact of controlled ovarian stim-
ulation in the human endometrium.

Finally, we analyzed the biological connections among the 97
down-regulated and 203 up-regulated delayed genes of clusters A
and C in controlled ovarian stimulation cycles by String (http://
string.embl.de/), and we found that vascular endothelial growth
factor (VEGF) and MAPK kinase 1 (MAP2K1) were in connection
with a significant number of genes (Fig. 4).

Discussion

Reproductive endocrinologists involved in IVF have been work-
ing worldwide for more than three decades with controlled ovar-
ian stimulation protocols, largely ignoring their possible detri-
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TABLE 2. Biological processes of the 97 down and 203 up-
regulated delayed genes
P
Count (%) value
Down-regulated genes: clusters
Aand D
Biological term
Coagulation 3(3.57) 0.0681
Wound healing 3(3.57) 0.0785
Blood coagulation 3(3.57) 0.0656
Hemostasis 3(3.57) 0.0732
Regulation of body fluids 3(3.57) 0.0879
Up-regulated genes: clusters
CandF
Biological term
Localization 48 (25.67) 0.0037
Establishment of localization 47 (25.13) 0.0057
Cell proliferation 13 (6.95) 0.0124
Transport 41(21.93) 0.0263
Positive regulation of apoptosis 6(3.21) 0.0299
Positive regulation of 6(3.21) 0.0307
programmed cell death
Negative regulation of 15 (8.02) 0.0331
biological process
Angiogenesis 4(2.14) 0.0359
Blood vessel development 4(2.14) 0.0400
Vasculature development 4(2.14) 0.0400
Blood vessel morphogenesis 4(2.14) 0.0400
Cell motility 7 (3.74) 0.0410
Locomotion 7 (3.74) 0.0410
Localization of cell 7 (3.74) 0.0410
Fructose 6-phosphate 2(1.07) 0.0413
metabolism
Taxis 5(2.67) 0.0437
Chemotaxis 5(2.67) 0.0437
Response to stress 19(10.16) 0.0442
Locomotory behavior 5(2.67) 0.0492
Cellular physiological process 126 (67.38) 0.0550
Response to chemical stimulus 9 (4.81) 0.0574
Behavior 6(3.21) 0.0588
Negative regulation of cellular 13 (6.95) 0.0758
process
Cellular lipid metabolism 10 (5.35) 0.0785
Development 27 (14.44) 0.0788
Phosphate metabolism 16 (8.56) 0.0793
Phosphorus metabolism 16 (8.56) 0.0793
Negative regulation of cell 5(2.67) 0.0805
proliferation
Negative regulation of cellular 12 (6.42) 0.0806
physiological process
Carboxylic acid metabolism 10 (5.35) 0.0824
Organic acid metabolism 10 (5.35) 0.0839
Cell death 11 (5.88) 0.0900

The number of genes in each biological term and the percentage and P valued
for each one are represented.

mental effects on endometrial receptivity. Clinical data have
suggested a lower implantation rate in controlled ovarian stim-
ulation compared with natural cycles (3, 5-7). However, sup-
porting scientific data in the human endometrium with func-
tional implications have been scarce until now. This study
provides the first comparative, genome-wide analysis in natural vs.
controlled ovarian stimulation cycles across the WOI. As a result we
have gained insight into functional genomics that may account for
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FIG. 4. Biological connections among the 97 up-regulated and 203 down-regulated delayed genes.

different endometrial development in controlled ovarian stimula-  of the human endometrium follows a genetic program with a

tion vs. natural cycles. well-defined molecular transition from the pre-receptive (unable
to accept the adhesion of the human blastocysts) to the receptive

The molecular signature of controlled ovarian endometrium, which is comparable among the different subjects

stimulation cycles during the WOI differs from natural investigated.

cycles In stimulated cycles the endometrial gene expression pattern

Different studies have partially addressed the genomics of the  is very similar to natural cycles during the WOI in the pre-re-
human endometrium specifically during the WOI (37-41) or dur-  ceptive phase from hCG+1 to hCG+35 (Fig. 1). This observation
ing the complete menstrual cycle (42, 43). Nonetheless, the se-  was confirmed using hierarchical clustering. However, the gene
quential molecular development of the endometrium during the ~ expression profile of the receptive endometrium in the con-
WOTIin natural cycles has not been previously reported. The first  trolled ovarian stimulation cycle at hCG+7 showed significant
conclusion to be drawn from this work is that the development  statistical differences compared with the natural cycle at LH+7
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(Fig. 1). These differences have been partially suggested previ-
ously by our laboratory (18, 19). Nonetheless, no rigorous sta-
tistical determination had been performed until now. We have
also analyzed the functional dynamics of the WOI in both natural
vs. controlled ovarian stimulation cycles using the bioinformat-
ics tools implemented in the GEPAS (29) and Babelomics (30). In
general, it is remarkable how most of the biological processes are
overrepresented and not underrepresented in the natural tran-
sition from the pre-receptive to receptive endometrium in natural
and controlled ovarian stimulation cycles (Fig. 2). The develop-
ment of the WOT is a biological event that is primarily induced
by gene activation rather than gene inactivation or repression.
We propose the term “transcriptional awakening process” in
contrast to a term that produces down-regulation or gene re-
pression, which we propose as the “transcriptional sleeping pro-
cess.” However, some differences can be found between natural
and controlled ovarian stimulation cycles, specifically on d +7,
in which many overrepresented GO terms in natural cycles do
not parallel in controlled ovarian stimulation cycles. Further-
more, some GO terms involving a response to external stimuli
have an opposite regulation (Fig. 2, A and D). These differences
match the results obtained in sample clustering where the great-
est differences were observed precisely on d +7. Clearly, the
comparison of the dynamics of biological roles up-regulated and
down-regulated in LH vs. hCG conditions provide us good in-
sights into their different features as systems.

Analysis of gene clustering reveals a delay in the
development of the endometrium in controlled ovarian
stimulation cycles

At the gene expression level, natural cycles can be differen-
tiated into two phases in terms of gene expression patterns: pre-
receptive (LH+1 to LH+S5) and receptive (LH+7 to LH+9).
This feature does not occur in controlled ovarian stimulation
cycles where the transition from LH+5 to LH+7 is not that
evident, suggesting that the biological processes that take place
in endometrial development follow different molecular ways,
especially in reaching the receptive status in natural (LH+7) and
stimulated cycles (hCG+7).

Because we know that this day is crucial for embryonic im-
plantation, we directly compared the differences between LH+7
in the natural cycle and hCG+7 in controlled ovarian stimula-
tion cycles. When we compared the data from LH+7 vs. hCG+7,
we found that 241 genes were up-regulated, and 291 were down-
regulated with a P value less than 0.1 (69 and 73 up-regulated
and down-regulated genes, respectively; P < 0.05). This is in
agreement with two previously cited (18, 19), in which a high
number of genes was found to be differently expressed between
natural and controlled ovarian stimulation cycles (GnRH ago-
nists or antagonists) and in disagreement with a third one (44).
These differences have been discussed in a recent review (45).
When we compared gene clusters, a delay in controlled ovarian
stimulation vs. natural cycles was demonstrated. This is genu-
inely surprising because it indicates that a large number of WOI
genes present a different behavior in controlled ovarian stimu-
lation cycles at this time point. When we performed a GO anal-
ysis, we found that many proteins belonged to basic physiolog-
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ical pathways that are necessary for the normal development of
cellular functions, at that phase of the endometrial cycle, such as
cellular lipid, fructose 6-phosphate, carboxylic acid, organic
acid, phosphorus, carboxylic acid, and phosphate metabolisms.
Other biological processes in which those proteins were involved
were related to the normal development of angiogenesis, blood
vessel development, and morphogenesis, also important at the
mid-luteal phase. And, finally, other genes were involved in the
control of cell number such as negative regulation of cell prolif-
eration, cell death, positive regulation of apoptosis, and positive
regulation of programmed cell death. Cellular localization re-
vealed a large amount of membrane proteins such as solute car-
riers (SLC1A1, SLC15A1,SLC15A2, SLC22A4, and SLC7A11)
implicated in ion/molecules transport, and receptors such as
RARRES3, MET, ITGA3, ITL6ST, and TRPC6, essential for
signal transduction.

Receptiveness is a very active biological process involving a
large number of genes in a coordinated manner. These results
show that the endometrium in controlled ovarian stimulation
cycles does not reach the receptive status in the same manner or,
atleast, at the same biological time. It also means that the cellular
structure of the endometrium in controlled ovarian stimulation
cycles could not be built at implantation. Obviously, this could
be detrimental for the development of an optimal receptivity.

To understand the reasons for this dys-regulation, we ana-
lyzed the net of connections of delayed genes, demonstrating that
VEGF and other genes such as MAP2K1 are in the middle of the
regulation of a relevant number of genes (Fig. 4). VEGF is an
important signaling protein involved in both vasculogenesis and
angiogenesis, crucial processes for normal endometrium devel-
opment. Abnormal angiogenesis may contribute to several dif-
ferent endometrial-related pathologies, including endometrial
cancer, endometriosis, menorrhagia, and breakthrough bleeding
(reviewed in Ref. 46). It has been also hypothesized that proges-
terone may modulate vascular permeability changes necessary
for implantation by its actions on decidualized cells and VEGF
(47). On the other hand, MAP2K1 was also found in the central
partof the gene network. This protein acts as an integration point
for multiple biochemical signals, and it has been demonstrated to
be involved specifically in the signaling pathways of the decidu-
alization process in mice (48).

The discovery of the overrepresented and underrepresented
biological processes during the development of the WOI in nat-
ural and controlled ovarian stimulation cycles provides invalu-
able information about the events that take place in the endo-
metrial tissue in reaching receptivity. In this sense, this study
contains a very large amount of data and information involving
events that occur at the gene, molecular, and structural levels in
the human endometrium in two different situations. It allows us
to know the biological differences with the WOIs that are clin-
ically induced by hormones. On the one hand, this helps us to go
deep into the knowledge of the complex process of endometrial
receptivity, whereas, on the other hand, it represents a useful tool
to correct the molecular impact of controlled ovarian stimulation
treatments on the human endometrium. Furthermore, controlled
ovarian stimulation may lead to differences in the timing of en-
dometrial maturation compared with natural cycles (15). This
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genomic delay may be of interest to define gene targets for the
understanding of endometrial development under controlled
ovarian stimulation and search for the optimal stimulation treat-
ments that better mimic the gene expression profile of the natural
cycle.

Acknowledgments

We thank the “Ministerio de Educacién y Ciencia” of the Spanish Gov-
ernment for supporting this project with a short-term scholarship to
J.A.H. (“José Castillejo”).We also thank to Dr. Koistinen, Helsinki,
Finland, for supplying glycodelin antibody, and Jan Polman and Sietse
Mosselman, from Schering-Plough Corporation, for collaborating in
the planning and execution of this work.

Address all correspondence and requests for reprints to: C. Simén.
¢/ Guadassuar, 1 Bajo, Valencia 46015, Spain. E-mail: csimon@ivi.es.

Supported by PI 021169 and SAF2004-00204 from the Spanish
Government, and the National Institutes of Health Specialized Cooper-
ative Centers Program in Reproduction and Infertility Research HD
055764 (to L.C.G.).

Disclosure Statement: The authors have nothing to declare.

References

1. Steptoe PC, Edwards RG 1978 Birth after the reimplantation of a human
embryo. Lancet 2:366

2. Hansen M, Bower C, Mine E, de Klerk N, Kurinczuck JJ 2005 Assisted re-
productive technologies and the risk of birth defects—a systematic review.
Hum Reprod 20:328-338

3. Assisted Reproductive Technology Success Rates National Summary and
Fertility Clinic Reports 2004 U.S. Department of Health and Human Ser-
vices Centers for Disease Control and Prevention (http://www.cdc.gov/
ART/ART2004)

4. Andersen AN, Gianaroli L, Felberbaum R, de Mouzon J, Nygren KG 2002
Assisted reproductive technology in Europe. Results generated from European
registers by ESHRE The European IVF-monitoring programme (EIM)* for the
European Society of Human Reproduction and Embryology (ESHRE)1,2

5. Nygren KG, Andersen AN 2001 Assisted reproductive technology in Europe,
1997. Results generated from European registers by ESHRE. European IVF-
Monitoring Programme (EIM), for the European Society of Human Repro-
duction and Embryology (ESHRE). Hum Reprod 16:384-391

6. Andersen AN, Gianaroli L, Felberbaum R, de Mouzon J, Nygren KG 2005
Assisted reproductive technology in Europe, 2001. Results generated from
European registers by ESHRE. Hum Reprod 20:1158-1176

7. Assisted Reproductive Technology Success Rates National Summary and
Fertility Clinic Reports 2001 U.S. Department of Health and Human Ser-
vices Centers for Disease Control and Prevention (http://www.cdc.gov/
ART/ARTO1/PDF/ART2001.pdf)

8. Bourgain C, Devroey P 2003 The endometrium in stimulated cycles for IVF.
Hum Reprod 9:515-522

9. Jones JrHW 1996 What has happened? Where are we? Hum Reprod 11(Suppl 1):
7-24

10. Kolb BA, Paulson RJ 1997 The luteal phase of cycles utilizing controlled
ovarian hyperstimulation and the possible impact of this hyperstimulation on
embryo implantation. Am J Obstet Gynecol 176:1262-1267

11. Kolibianakis EM, Devroey P 2002 The luteal phase after ovarian stimulation.
Reprod Biomed Online 5(Suppl 1):26-35

12. Kolibianakis EM, Bourgain C, Platteau P, Albano C, Van Steirteghem AC,
Devroey P 2003 Abnormal endometrial development occurs during the luteal
phase of nonsupplemented donor cycles treated with recombinant follicle-
stimulating hormone and gonadotropin-releasing hormone antagonists. Fertil
Steril 80:464-466

13. Nikas G, Develioglu OH, Toner JP, Jones Jr HW 1999 Endometrial pinopodes
indicate a shift in the window of receptivity in IVF cycles. Hum Reprod 14:
787-792

14. Giudice LC 2003 Elucidating endometrial function in the post-genomic era.
Hum Reprod Update 9:223-235

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

jcem.endojournals.org 4509

Papanikolaou EG, Bourgain C, Kolibianakis E, Tournaye H, Devroey P 2005
Steroid receptor expression in late follicular phase endometrium in GnRH
antagonist IVF cycles is already altered, indicating initiation of early luteal
phase transformation in the absence of secretory changes. Hum Reprod 20:
1541-1547

Develioglu OH, Hsiu JG, Nikas G, Toner JP, Ochninger S, Jones Jr HW 1999
Endometrial estrogen and progesterone receptor and pinopode expression in
stimulated cycles of oocyte donors. Fertil Steril 71:1040-1047

Simon C, Mercader A, Frances A, Gimeno M], Polan ML, Remohi J, Pellicer A 1996
Hormonal regulation of serum and endometrial IL-1e, IL-1B and IL-1ra: IL-1
endometrial microenvironment of the human embryo at the apposition phase
under physiological and supraphysiological steroid level conditions. ] Reprod
Immunol 31:165-184

Horcajadas JA, Riesewijk A, Polman J, van Os R, Pellicer A, Mosselman S,
Simén C 2005 Effect of controlled ovarian hyperstimulation in IVF on endo-
metrial gene expression profiles. Mol Hum Reprod 11:195-205

Simén C, Bellver J, Vidal C, Bosch E, Horcajadas JA, Murphy C, Adams S,
Riesewijk A, Oberyé J, Mannaerts B, Pellicer A 2005 Similar endometrial
development in oocyte donors treated with high- or low-dose GnRH-antag-
onist compared to GnRH-agonist treatment and natural cycles. Hum Reprod
12:3318-3327

Paulson R], Sauer MV, Lobo RA 1990 Embryo implantation after human in
vitro fertilization: importance of endometrial receptivity. Fertil Steril 53:
870-874

Fauser BC, Devroey P 2003 Reproductive biology and IVF: ovarian stimula-
tion and luteal phase consequences. Trends Endocrinol Metab 14:236-242
Simén C, Cano F, Valbuena D, Remohi J, Pellicer A 1995 Clinical evidence for
a detrimental effect on uterine receptivity of high serum estradiol levels in high
and normal responder patients. Hum Reprod 10:2432-2434

Pellicer A, Valbuena D, Cano F, Remohi J, Simén C 1996 Lower implantation
rates in high responders: evidence for an altered endocrine milieu during the
preimplantation period. Fertil Steril 65:1190-1195

Simén C, Garcia Velasco JJ, Valbuena D, Peinado JA, Moreno C, Remohi J,
Pellicer A 1998 Increasing uterine receptivity by decreasing estradiol levels
during the preimplantation period in high responders with the use of a follicle-
stimulating hormone step-down regimen. Fertil Steril 70:234-239

Simén C, Dominguez F, Valbuena D, Pellicer A 2003 The role of estrogen in
uterine receptivity and blastocyst implantation. Trends Endocrinol Metab 14:
197-199

Ma WG, Song H, Das SK, Paria BC, Dey SK 2003 Estrogen is a critical de-
terminant that specifies the duration of the window of uterine receptivity for
implantation. Proc Natl Acad Sci USA 100:2963-2968

Noyes RW, Hertig AT, Rock ] 1950 Dating the endometrial biopsy. Fertil Steril
1:3-17

Tackels-Horne, D, Goodman, MD, Williams AJ, Wilson DJ, Eskandari T,
Vogt LM, Boland JF, Scherf U, Vockley JG 2001 Identification of differentially
expressed genes in hepatocellular carcinoma and metastatic liver tumors by
oligonucleotide expression profiling. Cancer 92:395-405

Vaquerizas JM, Conde L, Yankilevich P, Cabezon A, Minguez P, Diaz-Uriarte
R, Al-Shahrour F, Herrero J, Dopazo ] 2005 GEPAS, an experiment-oriented
pipeline for the analysis of microarray gene expression data. Nucleic Acids Res
33:W616-W620

Al-Shahrour F, Minguez P, Tarraga J, Montaner D, Alloza E, Vaquerizas JM,
CondeL, Blaschke C, VeraJ, DopazoJ 2007 BABELOMICS: a systems biology
perspective in the functional annotation of genome-scale experiments. Nucleic
Acids Res 34:W472-W476

Herrero J, Valencia A, Dopazo J 2001 A hierarchical unsupervised growing
neural network for clustering gene expression patterns. Bioinformatics 17:
126-136

Benjamini Y, Hochberg Y 1995 Controlling the false discovery rate: a practical
and powerful approach to multiple testing. ] Royal Statist Soc B 57:289-300
Al-Shahrour F, Arbiza L, Dopazo H, Huerta J, Minguez P, Montaner D,
Dopazo ] 2007 From genes to functional classes in the study of biological
systems. BMC Bioinformatics 8:114

Al-Shahrour F, Diaz-Uriarte R, Dopazo ] 2004 FatiGO: a web tool for finding
significant associations of Gene Ontology terms with groups of genes. Bioin-
formatics 20:578-580

Al-Shahrour F, Minguez P, Tarraga ], Medina I, Alloza E, Montaner D, Dopazo ]
2007 FatiGO +: a functional profiling tool for genomic data. Integration of
functional annotation, regulatory motifs and interaction data with microarray
experiments. Nucleic Acids Res 35:W91-W96

Dominguez F, Avila S, Cervero A, Martin J, Pellicer A, Castrillo JL, Simén C
2003 A combined approach for gene discovery identifies insulin-like growth
factor-binding protein-related protein 1 as a new gene implicated in human
endometrial receptivity. J Clin Endocrinol Metab 88:1849-1857

Downloaded from jcem.endojournals.org at H Gral Univ De Alicante Biblioteca on February 17, 2009


http://jcem.endojournals.org

4510

37.

38.

39.

40.

41.

42.

Horcajadas et al. Functional Genomics of the Endometrium

Riesewijk, A, Martin, J, van Os, R. Horcajadas JA, Polman ], Pellicer A,
Mosselman S, Simon C 2003 Gene expression profiling of human endometrial
receptivity on days LH+2 versus LH+7 by microarray technology. Mol Hum
Reprod 9:253-264

Carson D, Lagow E, Thathiah A Al-Shami R, Farach-Carson MC, Vernon M,
Yuan L, Fritz MA, Lessey B 2002 Changes in gene expression during the early
to mid-luteal (receptive phase) transition in human endometrium detected by
high-density microarray screening. Mol Hum Reprod 8:971-979

KaoLC, TulacS, Lobo S,ImaniB, Yang JP, Germeyer A, Osteen K, Taylor RN,
Lessey BA, Giudice LC 2002 Global gene profiling in human endometrium
during the window implantation. Endocrinology 143:2119-2138
Borthwick J, Charnock-Jones S, Tom BD, Hull ML, Teirney R, Phillips SC,
Smith SK 2003 Determination of the transcript profile of human endometrium.
Mol Hum Reprod 9:19-33

Mirkin S, Arslan M, Churikov D, Corica A, Diaz JI, Williams S, Bocca S,
Ochninger S 2005 In search of candidate genes critically expressed in the
human endometrium during the window of implantation. Hum Reprod 20:
2104-2117

Ponnampalam AP, Weston GC, Trajstman AC, Susil B, Rogers PA 2004 Mo-
lecular classification of human endometrial cycle stages by transcriptional
profiling. Mol Hum Reprod 10:879-893

43.

44,

45.

46.

47.

48.

J Clin Endocrinol Metab, November 2008, 93(11):4500-4510

Talbi S, Hamilton AE, Vo KC, Tulac S, Overgaard MT, Dosiou C, Le Shay N,
Nezhat CN, Kempson R, Lessey BA, Nayak NR, Giudice LC 2006 Molecular
phenotyping of human endometrium distinguishes menstrual cycle phases and
underlying biological processes in normo-ovulatory women. Endocrinology.
147:1097-1121

Mirkin S, Nikas G, Hsiu JG, Diaz J, Ochninger S 2004 Gene expression profiles
and structural/functional features of the peri-implantation endometrium in
natural and gonadotropin-stimulated cycles. J Clin Endocrinol Metab
89:5742-5752

Martinez-Conejero JA, Simon C, Pellicer A, Horcajadas JA 2007 Is ovarian
stimulation detrimental to the endometrium? Reprod Biomed Online 1:45-50
Ancelin M, Buteau-Lozano H, Meduri G, Osborne-Pellegrin M, Sordello S,
Plouét J, Perrot-Applanat M 2002 dynamic shift of VEGF isoforms with a
transientand selective progesterone-induced expression of VEGF189 regulates
angiogenesis and vascular permeability in human uterus. Proc Natl Acad Sci
USA 99:6023-6028

Girling JE, Rogers PA 2005 Recent advances in endometrial angiogenesis re-
search. Angiogenesis 8:89-99

Scherle PA, Ma W, Lim H, Dey SK, Trzaskos JM 2000 Regulation of cyclo-
oxygenase-2 induction in the mouse uterus during decidualization. An event of
early pregnancy. ] Biol Chem 275:37086-37092

Downloaded from jcem.endojournals.org at H Gral Univ De Alicante Biblioteca on February 17, 2009


http://jcem.endojournals.org

