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Objective: To analyze the transcriptomic profile of endometrial gene alterations during the window of implantation in infertile obese
patients.

Design: Multicenter, prospective, case-control study.

Setting: Three academic medical centers for reproductive medicine.

Patient(s): Infertile patients, stratified into body mass index (BMI) categories according to the World Health Organization guidelines,
were included in the study.

Intervention(s): Endometrial samples were obtained from women undergoing standardized estrogen and P replacement cycles after
5 days of vaginal P supplementation.

Main Outcome Measure(s): To identify endometrial gene expression alterations that occur during the window of implantation in
infertile obese patients as compared with infertile normal-weight controls using a microarray analysis.

Result(s): XCL1, XCL2, HMHA1, S100A1, KLRC1, COTL1, COL16A 1, KRT7, and MFAP5 are significantly dysregulated during the
window of implantation in the receptive endometrium of obese patients. COL16A 1, COTL1, HMHA1, KRCL1, XCL1, and XCL2 were
down-regulated and KRT7, MFAP5, and S100A1 were up-regulated in the endometrium of obese patients. These genes are mainly
involved in chemokine, cytokine, and immune system activity and in the structural extracellular matrix and protein-binding
molecular functions.

Conclusion(s): Obesity is associated with significant endometrial transcriptomic differences as compared with non-obese subjects.
Altered endometrial gene expression in obese patients may contribute to the lower implantation rates and increased miscarriage
rates seen in obese infertile patients.

Clinical Trial Registration Number: NCT02205866. (Fertil Steril® 2017;107:740-8. ©2016 by American Society for Reproductive
Medicine.)
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T he prevalence of maternal worldwide. The recent National Health mately two-thirds are overweight

tory infertility than patients with a
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two-fold longer in overweight patients (3). Furthermore, obesity
negatively impacts outcomes of assisted reproduction, with
lower implantation and clinical pregnancy rates, higher miscar-
riage rates, and decreased live birth rates as compared with
normal-weight women (4-7). However, it is unclear whether
these negative pregnancy outcomes are due to factors
affecting the endometrium and/or oocyte/embryo quality.

Perhaps the best human model for distinguishing the ef-
fect of an elevated BMI on oocyte/embryo quality from the
endometrial factor is the oocyte donation model. A retrospec-
tive study investigated the effect of obesity on endometrial
receptivity in 9,587 first-cycle recipients of non-obese donor
oocytes (8). The authors reported a statistically significant
decrease in implantation, clinical pregnancy, and ongoing
pregnancy rates as BMI increased in the recipients. Although
earlier studies had conflicting results (9, 10), more recent
studies support a reduction of endometrial receptivity in
obese recipients (11-13). Nevertheless, the molecular
mechanism by which this occurs is still unknown.

The advancement of transcriptomics microarrays has
provided a way to identify differential gene expression pat-
terns within the endometrium. Bellver et al. (14) used a micro-
array to assess endometrial gene expression during the
window of implantation (WOI) in natural cycles of ovulatory
normal-weight and obese subjects and controlled stimulated
cycles with recombinant FSH in obese patients with polycy-
stic ovary syndrome (PCOS). After examining 28 endometrial
samples, they found that obese women had a more dysregu-
lated gene expression pattern than normal-weight controls.
Furthermore, this gene dysregulation was exaggerated when
obesity was associated with PCOS. However, this study did
not control for the impact of ovarian dysfunction and its ef-
fects on the endometrium.

The molecular and histopathologic effect of an elevated BMI
on the endometrium has yet to be fully elucidated. Insulin has
been implicated in the regulation of endometrial development,
metabolism, and receptivity (15, 16). Therefore, insulin
resistance commonly exhibited by obese women may impart a
negative influence on implantation and subsequent
pregnancy. An abundance of GLUT4 glucose transporter in
human adipocytes is highly correlated with insulin sensitivity.
Rosenbaum et al. (17) found that obese women with normal
glucose tolerance had a 40% decrease in the expression of
GLUT4 in adipocyte membranes when compared with lean
controls, suggesting tissue insulin resistance. A similar GLUT4
reduction has been shown in the endometrium of obese
normoinsulinemic women with PCOS (18). Although its exact
effect on endometrial receptivity is unclear, endometrial
insulin resistance may potentially be one mechanism that
negatively impacts fertility in obese patients.

The purpose of this study was to analyze the transcrip-
tomic profile of endometrial gene alterations during the
WOI in obese patients using a clinically validated microarray,
the Endometrial Receptivity Array (ERA), and to determine
whether these alterations were adversely affected by the pres-
ence of metabolic syndrome. The ERA is a customized micro-
array measuring relative expression of 238 genes that
conformed to the transcriptomic signature of human
endometrial receptivity (19). Gene expression is linked to a
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computational predictor identifying the personalized WOI in
each patient and classifying the endometrial sample as recep-
tive or nonreceptive, being pre- or postreceptive.

MATERIALS AND METHODS
Study Design

This was a multicenter, prospective, case-control study per-
formed at the Stanford University Clinic for Reproductive
Medicine (Palo Alto, CA), Valencia University/Instituto Va-
lenciano de Infertilidad (Valencia, Spain), and the Baylor
Family Fertility Center, Texas Children’s Hospital Pavilion
for Women (Houston, TX). It was approved by the institu-
tional review boards of all participating sites and was
registered at ClinicalTrials.gov (NCT02205866). Written,
informed consent was obtained from all participants.

The use of historical cohort samples for the transcriptom-
ics analysis was approved by the Ethics Committee of the
Instituto Valenciano de Infertilidad, Valencia, Spain
(1401-FIVI-002-CS).

Patients

Infertile women aged 21-45 years with a normal uterus (on
two-dimensional/three-dimensional ultrasound and/or hys-
teroscopy) and the presence of at least one ovary were invited
to participate in the study. Exclusion criteria were the pres-
ence of submucosal fibroids or polyps, intramural fibroids
>4 cm, stage 3 or 4 endometriosis, or an unligated hydrosal-
pinx. Oocyte donors and women with a history of recurrent
implantation failure (three or more unsuccessful embryo
transfers) or recurrent pregnancy loss (two or more biochem-
ical/clinical losses) were also excluded from the study.

Height and weight were measured on each patient upon
enrollment. Patients were then grouped according to the
World Health Organization obesity classification system
(20). Normal-weight patients were defined as those having a
BMI 18.5-24.9 kg/m?, overweight as a BMI 25-29.9 kg/m?,
and obese as a BMI >30 kg/m” (class I, 30.0-34.9 kg/m?;
class II, 35.0-39.5 kg/m?; class III, >40.0 kg/m?).

Other parameters that were collected were waist-to-hip
ratio, tubal patency, total motile sperm count, infertility diag-
nosis (including PCOS), TSH, PRL, and the presence of meta-
bolic syndrome. The Rotterdam criteria were used to diagnose
PCOS and required patients to exhibit two of the following
three signs/symptoms: oligo- or anovulation, clinical and/or
biochemical signs of hyperandrogenism, and sonographic ev-
idence of polycystic ovaries (21). Metabolic laboratory tests
were only obtained in patients who were at risk for having
metabolic dysfunction, such as overweight/obese patients
and those with a PCOS diagnosis, regardless of weight. Meta-
bolic syndrome was defined by the presence of at least three of
the following five conditions in women: waist circumference
>88 cm, blood pressure >130/85 mm Hg, fasting blood
glucose >100 mg/dL, triglycerides >150 mg/dL, high-
density lipoprotein cholesterol <50 mg/dL (22). If patients
were being treated for glucose intolerance with metformin
before study enrollment, they were asked to discontinue this
medication and resume it only after their study participation
was completed.
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Endometrial Preparation and Sampling

All participants underwent endometrial preparation with a
hormone replacement cycle. By using this model, many
ovarian factors affecting endometrial receptivity can be mini-
mized. Each woman underwent estrogen (E) priming with
either E, oral tablets (6 mg/d) or patches (E, hemihydrate
9.6-mg patch every 48 hours) beginning cycle day 2 or 3 of
a spontaneous or induced menstrual bleed. This regimen
was continued for at least 10 days, after which endometrial
pattern and thickness were evaluated with transvaginal ultra-
sonography. When the endometrium had a trilaminar appear-
ance and the thickness was >7 mm, vaginal P
supplementation with micronized P (400 mg twice daily)
was initiated. An endometrial biopsy was performed after
10 doses (or 5 days) of P supplementation. A schematic of
this hormone replacement cycle and timing of the endome-
trial biopsy is shown in Supplemental Figure 1 (available on-
line). The endometrial biopsy specimens were placed into a
cryotube containing RNAlater (Qiagen) for ERA transcrip-
tomic analysis.

RNA Isolation and Microarray Hybridization

Ribonucleic acid was extracted from the endometrium, as-
sessed, and hybridized according to ERA technology as previ-
ously described (19). All samples were unidentified and sent to
the same laboratory for ERA analysis.

Transcriptomics Analyses

Standardized WOI transcriptomics analysis with the ERA was
performed as described previously (19). Data were normalized
using extra quantile normalization to avoid batch effects in
gene distribution (23).

All the statistical analyses and file processing were imple-
mented in R statistical software version 3.2.0 (24). The explor-
atory analysis was performed using principal component
analysis with the R PRcomp function. A concentration ellipse
using the factoextra R package (25) with a confidence interval
of 99% was implemented for analyzing sample distribution
and detection of outliers (Supplemental Fig. 1B).

The limma R package (26) from Bioconductor was used
for statistical analyses (i.e., t test, two-way analysis of vari-
ance) to identify endometrial gene expression patterns asso-
ciated with ERA results of receptivity, with BMI, and a
combination of both variables. An adjusted P value <.05
was considered statistically significant. An adjusted P value
using the Benjamini-Hochberg false discovery rate (FDR)
(27) was calculated for conducting multiple comparisons in
a microarray analysis. The statistical power of each compari-
son was calculated using SizePower R library (28).

The functional annotation of biomarkers was conducted
using BioMart Ensembl Gene 84 version for Gene Ontology
(29). Kyoto Encyclopedia of Genes and Genomes (KEGG)
annotation was performed with the KEGG mapper tool from
the KEGG pathways database (30). The functional relationship
between genes was analyzed using network modeling of
overlapping gene ontologies and KEGG terms to identify
the functional meaning of these obesity biomarkers in

reproductive physiology. Network relationships between
genes and their functions were visualized using Cytoscape
(31). Coexpression relationships between these genes from
external databases were analyzed using GeneMania (32).

Outcomes

The primary outcome measure of the study was to identify
endometrial gene expression alterations that occur during
the WOI in infertile obese patients using a microarray analysis
as compared with infertile normal-weight controls, and to
determine whether these alterations were adversely affected
by the presence of metabolic syndrome.

RESULTS

Endometrial samples from a total of 91 infertile women were
collected prospectively and included in this analysis. An
additional two patients were enrolled but did not complete
study participation and were therefore excluded. The pa-
tients were grouped according to their BMI: normal-weight
(NW) (BMI 19-24.9 kg/m?) (n = 11), overweight (OW) (BMI
25-29.9 kg/m?) (n = 13), obese class I (0) (BMI 30-
34.9 kg/m?) (n = 40), and obese class II and III (MO) (BMI
>35kg/m?) (n = 27). Another classification for BMI catego-
rized the samples into two major groups: obese (OB) (BMI
>30 kg/m?) and non-obese (NOB) (BMI <30 kg/m?). The
presence of metabolic syndrome was evaluated for in a
subgroup of obese patients (n = 26).

Figure 1 summarizes the demographics of the prospec-
tively recruited patients. The four groups were similar in
age, but BMI was statistically significantly different between
the groups because this criterion was used for population
stratification (Fig. 1A). There was a statistically significant
difference in the incidence of a PCOS diagnosis among the
various groups (P=.04); however, this difference was not
observed when we compared the overall NOB vs. OB groups
(16.7% vs. 14.99%, respectively). The presence of metabolic
syndrome was examined in a subgroup of obese patients,
and there was no difference in the incidence of this disorder
between class I (0) and class II and III (MO) patients.

Endometrial biopsies performed during the expected WOI
were classified by the ERA as receptive or nonreceptive. The
indicated proportions of receptive vs. nonreceptive patients
within each BMI group are shown in Figure 1A. There was a
trend for a higher incidence of a nonreceptive ERA result as
BMI increased; however, this did not reach statistical
significance.

The demographics of the obese patients who underwent
metabolic testing are shown in Figure 1B. Obese women
with metabolic syndrome were similar in age, BMI, and
PCOS incidence as compared with those without metabolic
syndrome. Expectedly, the patients with metabolic syndrome
had a significantly higher rate of hyperglycemia, hypertrigly-
ceridemia, and hypoalphalipoproteinemia (high-density lipo-
protein deficiency). Of the 11 patients with metabolic
syndrome, 6 were being treated with metformin before study
enrollment. These patients, however, were instructed to dis-
continue metformin during the duration of study participa-
tion to minimize the influence of treatment on endometrial
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A PROSPECTIVELY RECRUITED PATIENTS
Overall NW ow [0} MO TEST NOB 0B TEST2
Total 91 11 13 40 27 N/A 24 67 N/A
36.955[35.914, | 33.9[30.356, | 37.692(35.136, | 38.103 [36.577, | 36.038[33.981, 36.043 [33.947, | 37.277 [36.055,
Age (Yrs) 37.995] 37.444] 40.249] 39.628] 38.096] 0.06 38.14] 38.499] 0.3
32.409 [31.069, | 21.393 [20.225,| 27.158 [26.176, | 32.365 [31.869, [ 39.49[37.718, 24.515[23.096, | 35.237 [34.1,
BMI 33.749] 22.56] 28.139] 32.862] 41.263] 4.3E-032 *** 25.935] 36.374] 6.7E-017 *
PCOS diagnosis 15.4% (14/91) 36.4% (4/11) 0% (0/13) 10% (4/40) 22.2% (6/27) 0.04 * 16.7% (4/24) 14.9% (10/67) 1
Metabolic Syndrome 42.3% (11/26) N /A% (0/0) N /A% (0/0) 30.8% (4/13) 53.8%(7/13) 0.43 N /A% (0/0) 42.3% (11/26) L
Receptive ERA 76.9% (70/91) | 90.9%(10/11) | 92.3%(12/13) 77.5% (31/40) 63% (17/27) 0.15 91.7% (22/24) 71.6% (48/67) 0.05
B OBESE PATIENTS METABOLIC SYNDROME TESTING
Overall nonMsS MS TEST
Total 26 15 11 N/A
Age (Yrs) 37.154 [34.884,39.423] 37[34.239,39.761] 37.364 [32.905,41.823] 0.87
BMI 36.708 [34.179,39.236] 35.12 [32.402,37.838] 38.873 [33.877,43.869] 0.13
PCOS diagnosis 30.8% (8/26) 33.3%(5/15) 27.3%(3/11) 1
Waist circumference>88cm 100% (26/26) 100% (15/15) 100% (11/11) 1
BP>130/85 mm Hg 46.2% (12/26) 33.3%(5/15) 63.6% (7/11) 0.22
Fasting Blood Glucose>100mg/dL 23.1% (6/26) 0% (0/15) 54.5% (6/11) 0.002 *
Triglycerides>150mg/dL 38.5% (10/26) 13.3%(2/15) 72.7%(8/11) 0.004 *
HDL-C < 50mg/dL 50% (13/26) 20% (3/15) 90.9% (10/11) 0.001 *
Receptive ERA 57.7%(15/26) 60% (9/15) 54.5% (6/11) 1

Demographics for prospectively recruited study participants. (A) Characteristics of study participants within each BMI category. (B) Demographics of
a subset of obese patients who underwent metabolic dysfunction testing. BMI categories: NW = BMI 19-24.9 kg/m?; OW = BMI 25-29.9 kg/m?;
0 = BMI 30-34.9 kg/m?; MO = BMI > 35 kg/m?; NOB = BMI <30 kg/m?; OB = BMI > 30 kg/m?. Test refers to the statistical test performed. In age
and BMl variables, a t test comparing population mean was performed. In PCOS diagnosis, metabolic syndrome, and receptive ERA proportions, a

Fisher exact test was performed. *P<.05 denotes statistical significance.
Comstock. ERA transcriptomics as obesity biomarker. Fertil Steril 2016.

gene expression patterns. Metabolic dysfunction did not
affect the incidence of a nonreceptive ERA result.

Transcriptomics Analysis

Given the underrepresentation of NW and OW samples with a
nonreceptive ERA result (only 1 per group), 18 nonreceptive
historical cohort controls (10 NW, 8 OW) from the ERA data-
base were included in the transcriptomics analysis for the
study. These historical controls were obtained using the
same inclusion/exclusion criteria as the prospectively re-
cruited subjects and had endometrial biopsies during hor-
mone replacement cycles that exactly mimicked those of
the prospectively recruited patients.

Endometrial samples from 109 infertile women (91 pro-
spectively recruited subjects and 18 historical controls) were
included in the transcriptomics analysis. After outliers were
removed for technical reasons (Supplemental Fig. 2A), the
final transcriptomics analysis was carried out on a total of
102 endometrial samples. The demographics of the final
cohort are shown in Supplemental Table 1. The populations
were homogeneous and comparable, with similar ages, inci-
dence of PCOS diagnosis, and presence of metabolic syn-
drome. All patients, prospectively recruited and historical
controls, achieved an endometrial lining thickness >7 mm
and a trilaminar appearance within 10-12 days of E replace-
ment. Of 102 patients, 59 (57.8%) received the oral E replace-
ment regimen, and 43 (42.2%) received the E patch regimen.
The final cohort received the exact same vaginal P
supplementation (400 mg twice daily for 5 days) before the
endometrial biopsy. A principal component analysis showed

a sample distribution related to endometrial receptivity
(Supplemental Fig. 2B). A 99% confidence interval for recep-
tive and nonreceptive samples indicates that the distribution
of historical cohort samples is within the same distribution of
the prospectively collected samples.

Obesity Biomarkers for Endometrial Receptivity

A differential expression analysis was performed to identify
potential biomarkers of the effect of obesity on endometrial
transcriptomics as an independent variable using different
statistical approaches. Three separate analyses were per-
formed: [1] analyzing all the samples within each BMI cate-
gory independent of receptivity result; [2] analyzing
samples within each BMI category that had a receptive ERA
profile; and [3] analyzing samples within each BMI category
that had a nonreceptive ERA profile. Interestingly, nine genes
were significantly differentially expressed in the receptive
endometrium of the obese (OB) (BMI >30 kg/m?) vs. the
non-obese (NOB) (BMI <30 kg/m?) population (FDR <0.05)
and were therefore selected as obesity biomarkers (Fig. 2).
There was no statistically significant differential gene expres-
sion between BMI categories in endometrial samples that
were nonreceptive.

COL16A1, COTL1, HMHA1, KRCL1, XCL1, and XCL2
were down-regulated in the receptive endometrium of obese
patients (OB) as compared with the receptive non-obese group
(NOB). This down-regulation was amplified when comparing
the extreme populations of class II and III obese (MO) (BMI
>35 kg/m?) vs. normal-weight (NW) (BMI <25 kg/m?
(R_MOvsNW in Fig. 2A). KRT7, MFAP5, and S100A1 were
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ANOVA

MSvsNOB | OBvsNOB | R_OBvsNW | R_OBvsNOB MOvsOW MOvsNW R_MOvsNW BMI

GENENAME | FC | FDR | FC | FDR | FC | FDR FC FDR | FC | FDR | FC FDR | FC  FDR FDR
COL16A1 -1.31] 0.869 | -1.297 | 0.12617 | -1.458] 0.2209] -1.2539| 0.3391] -1.355| 0.2862[ -1.766| 0.0029| -1.715 [0.0472 0.338
COTL1 -1.48| 0.028 | -1.246 | 0.02679 | -1.392[ 0.0656[ -1.3101] 0.0613] -1.353] 0.0651] -1.387| 0.0304|-1.5454 | 0.0377 0.022
HMHA1 -1.41[0.0027 | -1.207 | 0.02679 | -1.159] 0.3875[ -1.2264| 0.0697| -1.409] 0.0011[ -1.307] 0.0304|-1.2633 [ 0.1432 0.004
KRT7 1.02 | 0.9615| 1.361 | 0.06451 1.861] 0.0283] 1.5148] 0.0613[ 1.1754] 0.9942| -1.428| 0.1468( 1.8219 | 0.0524 0.228
KLRC1 -1.45]0.0323 | -1.160 | 0.26922 | -1.221] 0.3047] -1.1954] 0.2830[ -1.248] 0.2599| -1.248| 0.1468|-1.3119 | 0.1559 0.135
MFAP5 -1.08[ 0.956 | 1.191 | 0.49137 1.713] 0.0283] 1.2809| 0.3249| 1.0240[ 0.9942| 1.316] 0.316| 1.8706 | 0.0377 0.888
S100A1 1.04 | 0.956 | 1.312 | 0.0268 1.420] 0.1764] 1.3350] 0.1019] 1.244 0.7565| 1.327| 0.1468[ 1.4076 | 0.1569 0.125
XCL1 -1.33[0.0846 | -1.208 | 0.0268 | -1.337| 0.0283| -1.3205/0.00675| -1.248] 0.1595[ -1.216| 0.1468| -1.3646 | 0.0787 0.010
XCL2 -1.7110.0283 | -1.359 | 0.0244 | -1.542| 0.0283[ -1.5309 |0.00675| -1.514] 0.0345( -1.474] 0.0473|-1.7084 [ 0.0377 | 0.0028
GENE Description FC
COL16A1T  |Collagen, type XVI, alpha 1 [Source:HGNC Symbol;Acc:HGNC:2193] Down
COTL1 Coactosin-like F-actin binding protein 1 [Source:HGNC Symbol;Acc:HGNC:18304] Down
HMHA1 Histocompatibility (minor) HA-1 [Source:HGNC Symbol;Acc:HGNC:17102] Down
KRT7 Keratin 7, type |l [Source:HGNC Symbol;Acc:HGNC:6445] Up
KLRC1 killer cell lectin-like receptor subfamily C, member 1 [Source:HGNC Symbol;Acc:HGNC:6374] Down
MFAP5 Microfibrillar associated protein 5 [Source:HGNC Symbol;Acc:HGNC:29673] Up
S100A1 S100 calcium binding protein A1 [Source:HGNC Symbol;Acc:HGNC:10486] Up
XCL1 Chemokine (C motif) ligand 1 [Source:HGNC Symbol;Acc:HGNC:10645] Down
XCL2 Chemokine (C motif) ligand 2 [Source:HGNC Symbol;Acc:HGNC:10646] Down

Obesity biomarkers for endometrial receptivity. (A) Table of the nine genes that were identified as proposed biomarkers from all statistical analyses
performed in the differential expression analysis and their differential gene expression patterns when comparing various groups of samples. Gray
color is highlighting statistically significant adjusted P values. (B) List of gene descriptions of the obesity biomarkers and their overall fold change
(FC). Fold change is summarized as up- or down-regulation. BMI categories: NW = BMI 19-24.9 kg/m?; OW = BMI 25-29.9 kg/m?; O = BMI 30—
34.9 kg/m?; MO = BMI >35 kg/m?; NOB = BMI <30 kg/m?; OB = BMI >30 kg/m?.

Comstock. ERA transcriptomics as obesity biomarker. Fertil Steril 2016.

up-regulated in the receptive endometrium of obese patients
as compared with the non-obese group (R_OBvsNOB in
Fig. 2A).

The presence of metabolic syndrome in a subgroup of
obese patients is shown to further affect endometrial gene
expression in four obesity biomarkers. In receptive endome-
tria, there is a statistically significant increased down-
regulation of COTL1, HMHA1, KLRC1, and XCL2 (Fig. 2A)
when comparing the non-obese population (NOB) vs. obese
patients with metabolic syndrome (MSvsNOB in Fig. 2A).

To better illustrate the pattern of differential gene expres-
sion of the obesity biomarkers within the endometrium, a gene
expression analysis along increasing BMI in receptive and
nonreceptive samples was performed (Fig. 3). The genes that
were found to be up-regulated in the endometrium of obese pa-
tients (KRT7, MFAP5, S100A1) (Fig. 2B) had similar expres-
sion in the normal-weight group (NW) regardless of whether
the endometrium was receptive or nonreceptive. However,
the level of gene expression in the receptive endometrium
increased as BMI increased, and these changes become
apparent even in the overweight population (OW) (Fig. 3A).
Furthermore, the level of gene expression of COTLI,
HMHA 1, XCL2, XCL1, and KLRC1 decreased with increasing
BMI in receptive samples and ultimately had respective levels
of gene expression similar to those of nonreceptive

normal-weight controls (Fig. 3A). This down-regulation of
the aforementioned genes was exaggerated in the receptive
endometrium of patients with metabolic syndrome as
compared with non-obese patients (NOB = NW-+0W) and
obese patients without metabolic syndrome (Fig. 3B).

To ensure that we were accurately describing the differen-
tial gene expression patterns shown in our study, a power
analysis was performed and is shown in Supplemental
Table 2. With the sample size of 102 subjects in the transcrip-
tomics analysis, we were powered to detect a 99.9% difference
in gene expression as it relates to increasing BMI and a 79.8%
difference between the gene expression patterns in obese pa-
tients with and without metabolic syndrome.

Functional Gene Significance in Reproductive
Physiology

Gene ontology was used to investigate the biologic processes,
molecular functions, cellular components, and KEGG path-
ways for each of the nine endometrial biomarkers. Gene de-
scriptions and functional annotations are summarized in
Supplemental Table 3.

When examining the gene ontology molecular functions,
all nine differentially expressed genes in the receptive endo-
metrium of obese patients were involved in protein binding,
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Comstock. ERA transcriptomics as obesity biomarker. Fertil Steril 2016.

and XCL1 and XCL2 were additionally involved in chemokine
activity. We discovered that the main biologic processes of the
biomarkers were involved in immune response, chemotaxis,
signal transduction, and extracellular matrix organization.
The cellular components of these genes were located within
the intracellular region, within the plasma membrane, and
within the extracellular region, indicating that they encom-
pass a complete cellular component pathway for signal trans-
duction to occur.

Only three genes (KRCL1, XCL1, and XCL2) were noted in
KEGG pathways database. We used this database to characterize
the relationship between these biomarkers and obesity.
Supplemental Tables 4 and 5 summarize the four main pathways
that involve our biomarkers and their interaction with gene path-
ways related to four KEGG classifications—metabolism,
endocrine system, endocrine and metabolic diseases, and
obesity-related diseases. The network model proposed in
Figure 4A illustrates the complex links between different
signaling cascades involving three of our endometrial obesity
biomarkers and genes involved in metabolism, endocrine func-
tion, metabolic diseases, and reproduction. A strong association
between the three biomarkers and KEGG pathways involved in
obesity-related diseases was identified and is shown in
Figure 4B. In particular, the chemokine signaling pathway genes
(XCL1 and XCL2) were strongly overlapping with genes related
to type 2 diabetes mellitus and insulin secretion.

DISCUSSION

Obesity impairs fecundity by negatively impacting various as-
pects of the female reproductive tract, including the endome-
trium. This study of an infertile population demonstrates that

obesity is associated with significant endometrial transcrip-
tomic differences during the WOI of receptive endometria
when compared with non-obese subjects. Our findings have
identified a particular subset of genes implicated in this endo-
metrial alteration. We hypothesize that this endometrial gene
expression alteration is a significant contributor to poorer
reproductive outcomes in infertile overweight/obese women.

The ERA was used to determine endometrial receptivity
during the WOI in this study. By comparing only samples
that were determined to be receptive by the ERA, we can
look specifically at a cohort of samples that are presumed as
“optimal” within the WOI Despite this normalization, we
are still able to detect significant differences in gene expres-
sion among the various BMI categories. This transcriptomics
analysis shows that there is a down-regulation of particular
biomarkers included in the ERA (COTLI1, HMHA1, XCL2,
XCL1, and KLRC1), with levels of expression in receptive
obese samples that are similar to those of nonreceptive
normal-weight controls (Fig. 3A). This down-regulation was
even more pronounced in obese patients with evidence of
metabolic syndrome, despite nearly half of the patients with
metabolic syndrome (6 of 11) having had some prior treat-
ment with metformin (Fig. 3B).

We propose that these identified endometrial gene alter-
ations may adversely affect the WOI in obese patients. The
biologic processes of several of these biomarkers relate to
the immune response, which has been implicated in embryo
implantation in prior studies (33, 34). However, large
prospective studies are needed to determine whether these
alterations in gene expression can ultimately lead to a
higher incidence of a nonreceptive endometrium and
decreased implantation rates as BMI increases.
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Additionally, genes that are up-regulated (MFAP5, KRT7,
and SI00AI) in overweight/obese receptive endometrial
samples are related to extracellular structural and calcium-
binding matrix functions. Endometrial stromal cells undergo
decidualization, which involves significant changes in the
extracellular matrix and cytoskeletal organization to regulate
placental trophoblastic invasion (35). These gene alterations
seen in our obese population could, therefore, indirectly be
affecting the proper gene expression necessary for normal
decidualization.

Qur analysis of the functional meaning of these genes in
reproductive physiology suggests that these endometrial gene
alterations may represent the adverse effect of obesity and its
associated metabolic dysfunction on the endometrium. The
target biomarkers, as shown in the Supplemental Tables 3-5
and in Figure 4, have been implicated in other target tissues
that are clearly affected by obesity and the presence of meta-
bolic syndrome. For example, XCL1 and XCL2 are involved in
the positive regulation of extracellular signal-regulated ki-
nases (ERKs) 1 and 2 pathways. The ERK pathways, a subfam-
ily of the mitogen-activated protein kinases (MAPKs), can be
activated by many different stimuli, including growth factors
and cytokines, and are involved in essential cellular pro-
cesses, such as proliferation and differentiation (36). The
ERK pathway has been shown to be activated by adipogenic
stimuli, such as insulin, leading to adipocyte hypertrophy,
recruitment of new adipocytes through differentiation, and

development of insulin resistance in obesity (37). In a murine
model, ERK1 knockout mice given a high-fat diet were shown
to be resistant to diet-induced obesity and protected from
developing insulin resistance (38).

Regarding the endometrium, extra-villous trophoblast
invasion is essential for normal placentation and fetal
growth. Epidermal growth factor plays a role in the migration
and invasion of trophoblasts into the endometrium via acti-
vation of MAPK/ERK pathways (39). In our study, the ERK
signal transduction was found to be down-regulated during
the WOI in obese patients. This, perhaps, represents one
possible mechanism of decreased implantation rates, higher
miscarriage rates, and poorer obstetric outcomes associated
with obesity.

The present prospective study was performed in a very
well defined study population undergoing endometrial prep-
aration with a standardized hormone replacement cycle. This
allowed for us to minimize the effect of many non-uterine
factors on endometrial receptivity, particularly ovarian
dysfunction, which is often encountered in an obese popula-
tion. The ERA test was used to evaluate the endometrial tran-
scriptomic profile because of its accuracy and validity in
examining differential gene expression during the WOI (19,
40, 41). A power analysis demonstrated that we included
enough samples to effectively describe the difference in
gene expression patterns during the WOI among the various
BMI groups in our transcriptomics analysis.
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Certain limitations of this study, however, should be
considered. A larger number of obese individuals screened
for metabolic syndrome would provide a more accurate repre-
sentation of the effect of metabolic dysfunction on endome-
trial gene expression. Additionally, a greater number of
subjects in all BMI categories would have better powered
the study to examine whether the alteration of our proposed
biomarkers are in fact leading to a displaced window of im-
plantation as BMI increases. Furthermore, the endometrium
of obese patients may not respond similarly to a standardized
dosage of vaginal P as that of normal-weight individuals. This
potential inadequate absorption of vaginal P may also be
contributing to the observed trend in a higher incidence of
a nonreceptive endometrium as BMI increased. Finally, clin-
ical outcomes of fertility treatment were not assessed but
would certainly contribute to our understanding of the role
of the endometrium in infertile obese patients.

In conclusion, obesity was shown to be associated with
significant endometrial gene expression alteration during
the optimal WOI, especially in patients with metabolic syn-
drome. As BMI increased, there was a higher incidence of a
nonreceptive endometrium and higher fold changes of gene
expression. This endometrial gene dysregulation possibly
contributes to the increased risk of infertility, adverse preg-
nancy outcomes, and poor IVF outcomes seen in obese
women. Because we observed a similar up-regulation of spe-
cific biomarkers (MFAP5, KRT7, and S100A1) in the over-
weight group as in those patients meeting obesity criteria,
this may support the benefit of weight loss even in patients
with borderline BMIs, although the effect of weight loss on
endometrial receptivity is currently unknown. Additionally,
the presence of metabolic syndrome in obese patients exag-
gerated this gene alteration and warrants further investiga-
tion. Further large, prospective studies are required to
expand our current understanding of the molecular and path-
ophysiologic effects of obesity on endometrial function.

REFERENCES

1. Flegal KM, Carroll MD, Kit BK, Ogden CL. Prevalence of obesity and trends in
the distribution of body mass index among US adults, 1999-2010. JAMA
2012;307:491-7.

2. Rich-Edwards JW, Golman MB, Willett WC, Hunter DJ, Stampfer MJ,
Colditz GA, et al. Adolescent body mass index and infertility caused by
ovulatory disorder. Am J Obstet Gynecol 1994;171:171-7.

3. Hassan MA, Killick SR. Negative lifestyle is associated with a significant
reduction in fecundity. Fertil Steril 2004;81:384-92.

4. Wang JX, Davies M, Norman RJ. Body mass and probability of pregnancy
during assisted reproduction treatment: retrospective study. BMJ 2000;
321:1320-1.

5. Fedoresak P, Dale PO, Storeng R, Ertzeid G, Bjercke S, Oldereid N, et al.
Impact of overweight and underweight on assisted reproduction treatment.
Hum Reprod 2004;19:2523-8.

6. Lintsen AM, Pasker-de Jong PC, de Boer EJ, Burger CW, Jansen CA,
Braat DD, et al. Effects of subfertility cause, smoking and body weight on
the success rate of IVF. Hum Reprod 2005;20:1867-75.

7. Maheshwari A, Stofberg L, Bhattacharya S. Effect of overweight and obesity
on assisted reproductive technology—a systematic review. Hum Reprod Up-
date 2007;13:433-44.

8. Bellver J, Pellicer A, Garcia-Velasco JA, Ballesteros A, Remohi J,
Meseguer M. Obesity reduces uterine receptivity: clinical experience

20.

21.

22.

23.

24.

25.

26.

Fertility and Sterility®

from 9,587 first cycles of ovum donation with normal weight donors.
Fertil Steril 2013;100:1050-8.

Wattanakumtornkul S, Damario M, Hall S, Thornhill AR, Tummon IS. Body
mass index and uterine receptivity in the oocyte donation model. Fertil Steril
2003;80:336-40.

Styne-Gross A, Elkind-Hirsch K, Scott R. Obesity does not impact implanta-
tion rates or pregnancy outcome in women attempting conception through
oocyte donation. Fertil Steril 2005;83:1629-34.

Bellver J, Melo MA, Bosch E, Serra V, Remohi J, Pellicer A. Obesity and poor
reproductive outcome: the potential role of the endometrium. Fertil Steril
2007,88:446-51.

Desolle L, Darai E, Cornet D, Rouzier R, Coutant C, Mandelbaum J,
et al. Determinants of pregnancy rate in the donor oocyte model: a
multivariate analysis of 450 frozen-thawed embryo transfers. Hum Re-
prod 2009;24:3082-9.

Provost MP, Acharya KS, Acharya CR, Yeh JS, Steward RG, Eaton JL, et al.
Pregnancy outcomes decline with increasing recipient body mass index:
an analysis of 22,317 fresh donor/recipient cycles from the 2008-2010 So-
ciety for Assisted Reproductive Technology Clinic Outcome Reporting Sys-
tem registry. Fertil Steril 2016;105:364-8.

Bellver J, Martinez-Conejero JA, Labarta E, Alama P, Melo MA, Remohi J,
et al. Endometrial gene expression in the window of implantation is altered
in obese women especially in association with polycystic ovary syndrome.
Fertil Steril 2011;95:2335-41.

Straus DS. Growth-stimulatory actions of insulin in vitro and in vivo. Endocr
Rev 1984;5:356-69.

Strowitzki T, von Eye HC, Kellerer M, Haring HU. Tyrosine kinase activity of
insulin-like growth factor I and insulin receptors in human endometrium dur-
ing the menstrual cycle: cyclic variation of insulin receptor expression. Fertil
Steril 1993;59:315-22.

Rosenbaum D, Haber RS, Dunaif A. Insulin resistance in polycystic ovary syn-
drome: decreased expression of GLUT-4 glucose transporters in adipocytes.
Am J Physiol 1993;264:E197-202.

Mozzanega B, Mioni R, Granzotto M, Chiarelli S, Xamin N, Zuliani L, et al.
Obesity reduces the expression of GLUT4 in the endometrium of normoinsu-
linemic women affected by the polycystic ovary syndrome. Ann N'Y Acad Sci
2004;1034:364-74.

Diaz-Gimeno P, Horcajadas JA, Martinez-Conejero JA, Esteban FJ,
Alama P, Pellicer A, et al. A genomic diagnostic tool for human endo-
metrial receptivity based on the transcriptomic signature. Fertil Steril
2011;95:50-60.

World Health Organization. Obesity: preventing and managing the global
epidemic. Report of a WHO consultation. WHO technical report series
894. Geneva: WHO; 2000.

Rotterdam ESHRE/ASRM-Sponsored PCOS Consensus Workshop Group.
Revised 2003 consensus on diagnostic criteria and long-term health risks
related to polycystic ovary syndrome. Fertil Steril 2004;81:19-25.

Alberti KG, Eckel RH, Grundy SM, Zimmet PZ, Cleeman JI, Donato KA,
et al. Harmonizing the metabolic syndrome: a joint interim statement of
the International Diabetes Federation Task Force on Epidemiology and
Prevention; National Heart, Lung, and Blood Institute; American Heart
Association; World Heart Federation; International Atherosclerosis Soci-
ety; and International Association for the Study of Obesity. Circulation
2009;120:1640-5.

Bolstad BM, Irizarry RA, Astrand M, Speed TP. A comparison of normaliza-
tion methods for high density oligonucleotide array data based on variance
and bias. Bioinformatics 2003;19:185-93.

Medina I, Carbonell J, Pulido L, Madeira SC, Goetz S, Conesa A, et al. Babe-
lomics: an integrative platform for the analysis of transcriptomics, prote-
omics and genomic data with advanced functional profiling. Nucleic Acids
Res 2010;38:W210-3.

Kassambara A, Mundt F. Factoextra: extract and visualize the results of
multivariate data analyses. R package version 1.0.3.9000. Available at:
http:/Awww.sthda.com/english/rpkgs/factoextra/. Accessed June 2, 2016.
Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. imma powers dif-
ferential expression analyses for RNA-sequencing and microarray studies.
Nucleic Acids Res 2015;43:e47.

VOL. 107 NO. 3/MARCH 2017

747


http://refhub.elsevier.com/S0015-0282(16)63007-8/sref1
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref1
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref1
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref2
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref2
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref2
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref3
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref3
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref4
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref4
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref4
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref5
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref5
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref5
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref6
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref6
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref6
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref7
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref7
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref7
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref8
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref8
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref8
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref8
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref9
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref9
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref9
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref10
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref10
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref10
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref11
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref11
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref11
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref12
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref12
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref12
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref12
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref13
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref13
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref13
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref13
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref13
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref14
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref14
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref14
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref14
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref15
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref15
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref16
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref16
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref16
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref16
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref17
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref17
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref17
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref18
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref18
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref18
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref18
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref19
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref19
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref19
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref19
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref20
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref20
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref20
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref21
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref21
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref21
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref22
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref22
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref22
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref22
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref22
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref22
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref22
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref23
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref23
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref23
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref24
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref24
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref24
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref24
http://www.sthda.com/english/rpkgs/factoextra/
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref26
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref26
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref26

ORIGINAL ARTICLE: INFERTILITY

27.

28.

29.

30.

31

32

33.

34.

Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. J R Stat Soc B 1995;57:289-300.
Qiu W, Lee MT, Whitmore GA. sizepower: sample size and power calcula-
tion in micorarray studies. R package version 1.42.0. 2016. Available
at:  https:/bioconductor.org/packages/release/bioc/html/sizepower.html.
Accessed June 13, 2016.

Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al. Gene
ontology: tool for the unification of biology. Nat Genet 2000;25:25-9.
Kanehisa M, Goto S, Sato Y, Furumichi M, Tanabe M. KEGG for integration
and interpretation of large-scale molecular data sets. Nucleic Acids Res
2012;40:D109-14.

Cline MS, Smoot M, Cerami E, Kuchinsky A, Landys N, Workman C, et al.
Integration of biological networks and gene expression data using Cyto-
scape. Nat Protoc 2007;2:2366-82.

Warde-Farley D, Donaldson SL, Comes O, Zuberi K, Badrawi R, Chao P, et al.
The GeneMANIA prediction server: biological network integration for gene
prioritization and predicting gene function. Nucleic Acids Res 2010;38:
W214-20.

Hanna NJ, Salamonsen LA. Role of chemokines in the endometrium and in
embryo implantation. Curr Opin Obstet Gynecol 2007;19:266-72.
Salamonsen LA, Hanna NJ, Dimitriadis E. Cytokines and chemokines during
human embryo implantation: roles in implantation and early placentation.
Semin Reprod Med 2007;25:437-44.

35.

36.

37.

38.

39.

40.

41.

Tierney EP, Tulac S, Huang SJ, Giudice LC. Activation of the protein kinase A
pathway in human endometrial stromal cells reveals sequential categorical
gene regulation. Physiol Genomics 2003;16:47-66.

Pearson G, Robinson F, Beers Gibson T, Xu BE, Karandikar M, Berman K,
et al. Mitogen-activated protein (MAP) kinase pathways: regulation and
physiological functions. Endocr Rev 2001;22:153-83.

Bost F, Aouadi M, Caron L, Binetruy B. The role of MAPKSs in adipocyte dif-
ferentiation and obesity. Biochimie 2005;87:51-6.

Bost F, Aouadi M, Caron L, Even P, Belmonte N, Prot M, et al. The extracel-
lular signal-regulated kinase isoform ERK1 is specifically required for in vitro
and in vivo adipogenesis. Diabetes 2005;54:402-11.

Qiu Q, Yang M, Tsang BK, Gruslin A. Both mitogen-activated protein kinase
and phosphatidylinositol 3-kinase signaling are required in epidermal
growth factor-induced human trophoblast migration. Mol Hum Reprod
2004,;10:677-84.

Diaz-Gimeno P, Ruiz-Alonso M, Blesa D, Bosch N, Martinez-Conejero JA,
Alama P, et al. The accuracy and reproducibility of the endometrial recep-
tivity array is superior to histology as a diagnostic method for endometrial
receptivity. Fertil Steril 2013;99:508-17.

Ruiz-Alonso M, Blesa D, Diaz-Gimeno P, Gomez E, Fernandez-Sanchez M,
Carranza F, et al. The endometrial receptivity array for diagnosis and person-
alized embryo transfer as a treatment for patients with repeated implanta-
tion failure. Fertil Steril 2013;100:818-24.

748

VOL. 107 NO. 3/ MARCH 2017


http://refhub.elsevier.com/S0015-0282(16)63007-8/sref27
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref27
https://bioconductor.org/packages/release/bioc/html/sizepower.html
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref29
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref29
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref30
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref30
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref30
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref31
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref31
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref31
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref32
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref32
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref32
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref32
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref33
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref33
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref34
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref34
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref34
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref35
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref35
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref35
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref36
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref36
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref36
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref37
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref37
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref38
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref38
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref38
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref39
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref39
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref39
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref39
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref40
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref40
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref40
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref40
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref41
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref41
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref41
http://refhub.elsevier.com/S0015-0282(16)63007-8/sref41

Fertility and Sterility®

SUPPLEMENTAL FIGURE 1
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Endometrial Receptivity Array hormone replacement cycle and transcriptomics analysis. (A) Timing of E and P administration and ERA biopsy for
study participants. (B) Heatmap showing the gene expression in endometrial samples included in the final transcriptomics analysis. Non-obese
samples (NOB) divided into receptive (R_NOB) or nonreceptive (NR_NOB) and obese samples (OB) divided into receptive (R_OB) and
nonreceptive (NR_OB).
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SUPPLEMENTAL FIGURE 2
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Transcriptomics analysis. (A) Eighteen nonreceptive non-obese historical controls were added to the transcriptomics analysis and are shown in red.
A total of seven samples (indicated in parentheses) were detected as outliers and therefore excluded from the final transcriptomic analysis. (B)
Principal component analysis (PCA) with sample distribution for all samples used in the transcriptomics analyisis in an ellipse concentration. The
distribution of samples is related to ERA determination of receptivity. Black dots represent the 16 nonreceptive historical controls used in the
final transcriptomics analysis (two historical controls detected as outliers). BMI categories: NW = BMI 19-24.9 kg/m?; OW = BMI 25-29.9 kg/
m?; O = BMI 30-34.9 kg/m?; MO = BMI > 35 kg/m?; NOB = BMI <30 kg/m?; OB = BMI >30 kg/m?.
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