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ABSTRACT: Transcriptomic approaches are increasingly used in reproductive medicine to identify candidate endometrial biomarkers.
However, it is known that endometrial progression in the molecular biology of the menstrual cycle is a main factor that could affect the dis-
covery of disorder-related genes. Therefore, the aim of this study was to systematically review current practices for considering the men-
strual cycle effect and to demonstrate its bias in the identification of potential biomarkers. From the 35 studies meeting the criteria, 31.43%
did not register the menstrual cycle phase. We analysed the menstrual cycle effect in || papers (including 12 studies) from Gene Expression
Omnibus: three evaluating endometriosis, two evaluating recurrent implantation failure, one evaluating recurrent pregnancy loss, one evaluat-
ing uterine fibroids and five control studies, which collected endometrial samples throughout menstrual cycle. An average of 44.2% more
genes were identified after removing menstrual cycle bias using linear models. This effect was observed even if studies were balanced in the
proportion of samples collected at different endometrial stages or only in the mid-secretory phase. Our bias correction method increased
the statistical power by retrieving more candidate genes than per-phase independent analyses. Thanks to this practice, we discovered 544
novel candidate genes for eutopic endometriosis, |58 genes for ectopic ovarian endometriosis and 27 genes for recurrent implantation fail-
ure. In conclusion, we demonstrate that menstrual cycle progression masks molecular biomarkers, provides new guidelines to unmask them
and proposes a new classification that distinguishes between biomarkers of disorder or/and menstrual cycle progression.

Key words: gene expression / endometrial pathologies / endometriosis / recurrent implantation failure / recurrent pregnancy loss / uter-
ine fibroids / transcriptomic analysis / confounding variable / menstrual cycle progression / differential expression

Introduction

The human endometrium is hormonally regulated and changes
throughout the menstrual cycle (Noyes et al., 1975; Murphy, 2004;
Talbi et al., 2006). During most of the menstrual cycle, the endome-
trium is not receptive to embryonic implantation; it becomes receptive
during a period of two to four-five days within the mid-secretory
phase known as the window of implantation (Harper, 1992; Wilcox
et al, 1999). To aid in assisted reproduction, endometrial dating

methods have been exhaustively investigated over the past 40 years, as
have potential reliable biomarkers of receptive status, including days
from luteinising hormone (LH) peak or exogenous progesterone ad-
ministration, morphological changes detected by ultrasounds, histologi-
cal features and endometrial gene expression profiles (Noyes et al.,
1975; Diaz-Gimeno et al., 201 |; Niederberger et al., 2018; Craciunas
etal, 2019).

Suboptimal endometrial receptivity and altered embryo-endometrial
dialogue are considered to be responsible for one third of implantation
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failures in in-vitro fertilisation (IVF) cycles (Somigliana et al, 2018).
Uterine disorders are complex, polygenic and multifactorial gynecologi-
cal alterations affecting endometrial gene expression. Endometrial pa-
thologies such as endometriosis, uterine fibroids and adenomyosis are
associated with infertility, and may impact endometrial receptivity
(Devlieger et al., 2003; Dunselman et al., 2014; Zepiridis et al., 2016;
Devesa-Peiro et al., 2020). Some disorders remain undiagnosed in IVF
patients and current treatments are either invasive (e.g. surgical re-
moval) or have low-to-moderate efficiency (Wang et al, 2009;
Dunselman et al., 2014; Harada et al., 2016; Zepiridis et al., 2016;
Tanbo and Fedorcsak, 2017). Moreover, issues such as recurrent im-
plantation failure or pregnancy loss of endometrial origin remain in-
completely understood with neither an efficient diagnosis nor effective
infertility treatment (Jauniaux et al, 2006; Diaz-Gimeno et al., 2017;
Sebastian-Leon et al., 2018). Therefore, identifying reliable biomarkers
of uterine disorders is a priority to understand the molecular bases of
the pathology and to improve diagnosis, prognosis and treatment.

With the advent of high-throughput technologies, uterine disorders
are evaluated by transcriptomic analysis to identify genes (Burney
et al., 2007; Hawkins et al., 201 |; Lédée et al., 201 |; Tamaresis et dl.,
2014; Koot et al., 2016; Pathare et al., 2017) that could be useful as di-
agnostic biomarkers and/or therapeutic targets. Although many genes
are reported as potential uterine disorder biomarkers, the results of
individual studies overlap poorly (Altmde et al., 2017; Lessey and Kim,
2017; Miravet-Valenciano et al., 2017; Sebastian-Leon et al., 2018),
and reliable biomarkers and potential therapeutic targets that could be
clinically meaningful to address suboptimal endometrial receptivity re-
main elusive. This lack of reproducibility between studies may arise
from low sample sizes, sample heterogeneity, undetected confounding
variables in gene expression experimental procedures or differing ex-
perimental designs and data analysis protocols (Gurevitch et al., 2018;
Suhorutshenko et al., 2018; Craciunas et al., 2019; Devesa-Peiro et dl.,
2020).

Menstrual cycle progression has a profound influence on gene ex-
pression (Talbi et al, 2006; Koot et al., 2016; Diaz-Gimeno et dl.,
2017; Sebastian-Leon et al., 2018; Saare et dl., 2019). This effect could
mask the discovery of candidate uterine disorder biomarkers whose
expression responds to both endometrial progression and alterations
in uterine disorders. Consequently, it is unclear whether the observed
changes in transcriptomic studies reporting differentially expressed
genes (DEGs) reflect variations related to the disorder, to menstrual
cycle progression or to both. To address this research gap, we quanti-
fied the menstrual cycle effect on biomarkers associated with uterine
disorders and described current practices in endometrial transcrip-
tomic analysis. Based on our findings, we propose new guidelines to
correct for menstrual cycle bias in biomarker identification.

Materials and methods

Ethics statement

This is a retrospective study using case and control data from multi-
ple studies of endometrial gene expression in women with uterine
disorders and women with no endometrial pathology. The raw gene
expression data and patient meta-data were downloaded from
National Center for Biotechnology Information (NCBI) functional

genomics data repository Gene Expression Omnibus (GEO), where
data are made available for the scientific community. Following GEO
policies, in these repository patient data are anonymised and
encrypted, and no additional institutional review board is required
for downloading (Edgar, 2002).

Study search and selection

A systematic search and review of individual studies was conducted
between October 2016 and January 2019 at the NCBI repository
GEO (Edgar, 2002). The search identified experiments involving human
transcriptomic case versus control raw data evaluating uterine
disorders.

Keywords searched included endometrium, endometriosis, uterine
fibroids, recurrent implantation failure (RIF) and recurrent pregnancy
loss (RPL), among others (see Supplementary Table S| for a full list of
search terms). No restrictions were placed on publication date or lan-
guage. The final inclusion criteria were that: there was at least one
uterine disorder evaluated in the study design; RNA was extracted di-
rectly from human endometrial biopsies; information regarding the
menstrual cycle at the time of biopsy was available for all samples;
sample sizes were greater than three for both case and control groups
belonging to the same study; microarray or RNA sequencing data
were obtained using Affymetrix, lllumina or Agilent gene expression
platforms; and raw gene expression data were made freely available to
download from GEO. Studies evaluating endometrial gene expression
at different times of the menstrual cycle in women with normal endo-
metrium were retrieved from GEO using the same keywords and
criteria.

Pre-processing and exploratory analysis

Pre-processing and exploratory analyses were completed according to
the gene expression platform used: raw data were downloaded and
pre-processed using the dffy v. 1.52.0 R package (Gautier et al., 2004)
for studies measuring endometrial gene expression with Affymetrix mi-
croarray platforms and the limma v.3.30.13 R package (Ritchie et dl.,
2015) was used for studies using Agilent or lllumina devices.
Normalisation between samples was applied using quantile normalisa-
tion (limma R package v.3.30.13); (Ritchie et al, 2015) and annotation
from probeset to gene symbol was established with the biomaRt R
package v. 2.30.0 (Durinck et al., 2009). For studies evaluating gene ex-
pression through RNA-Seq, low-count filtering and normalisation was
achieved with the edgeR R package v. 3.16.5 (Robinson et al., 2010).

Exploratory analyses were performed to detect batch effects such
as sequencing run or microarray slide. Detected effects were treated
using linear models [limma R package v.3.30.13 (Ritchie et al., 2015)].
Afterward, menstrual cycle effect was evaluated through principal com-
ponent analysis plots drawn with the ggplot2 R package v. 3.2.0
(Wickham, 2016). The proportion of endometrial biopsies collected at
different stages of the menstrual cycle were compared between case
and control groups using Fisher’'s exact test (Fisher, 1922) imple-
mented in the R environment (R Core Team, 201 6).
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Menstrual cycle effect correction and
differential expression analysis

The effect of menstrual cycle progression on endometrial biopsy col-
lection was removed from gene expression data using the
removeBatcheffect function based on linear models implemented in the
limma R package v.3.30.13 (Ritchie et al., 2015) because this function
enables correcting the bias from a known batch effect (e.g., menstrual
cycle) while indicating the group differences to be retained in the data
(e.g, uterine disorder versus control). Specifically, we used
removeBatcheffect for being a slightly safer option than Combat (Espin-
Pérez et al., 2018), specifying the menstrual cycle phase of endometrial
biopsy collection as the batch to remove, and defining the design ma-
trix in relation to the condition to be preserved (case versus control
samples).

Case versus control differential expression analyses were applied
(limma R package v.3.30.13 (Ritchie et al., 2015)) with and without re-
moving the menstrual cycle effect; the proportion of differentially
expressed genes (false discovery rate; FDR < 0.05) were compared
for demonstrating the menstrual cycle bias.

To highlight the advantage of this method and validate its statistical
power, an alternative approach was compared evaluating case versus
control DEGs within each menstrual cycle phase using the limma R
package v.3.30.13 (Ritchie et al., 2015). The proportion of DEGs (FDR
< 0.05) obtained was compared with those obtained after menstrual
cycle effect correction. All comparisons of DEG proportions were per-
formed with one-sided Fisher’s exact test [adjusted by FDR (Benjamini
and Hochberg, 1995)]. The statistical power of both methods was cal-
culated with sizepower R package v.1.52.0 (Qiu et al., 2018).

Additionally, to validate the reliability and robustness of the method
used to remove the menstrual cycle effect, the aforementioned
approaches of differential expression analysis (with and without men-
strual cycle correction) were applied to GEO individual studies com-
paring endometrial gene expression profiles between different
menstrual cycle phases. If the method properly removed the menstrual
cycle effect from transcriptomic data, the differential expression analy-
sis between endometrial phases after correcting this effect should indi-
cate no DEGs. The study design is detailed in Fig. 1A

Finally, we compared the fold change (FC), P-value, gene expression
average, and standard deviation (SD) before and after menstrual cycle
effect correction for understanding the aetiology of the potential endo-
metrial biomarkers. All statistical analyses were run under R software
v.3.3.2 (2016-10-31) (R Core Team, 2016).

Results

Current practices for transcriptomic
studies evaluating the endometrium in
uterine disorders

Of the endometrial studies found in GEO (n=694), 35 studies met
the inclusion criteria (Fig. 1B). Of these, 31.43% (11 studies) did not
register the menstrual cycle phase at the time of endometrial biopsy
collection and 37.14% (13 studies) collected all endometrial samples at
only the proliferative or secretory phases, with no further subdivision
for secretory samples into early-, mid- or late-secretory endometrial

stages (Fig. IB). Only six papers with seven case versus control tran-
scriptomic studies reporting the time point in which the biopsy was
collected were suitable for analysis: two of eutopic endometrium in
stages |-V endometriosis (n=37, n=28l), one of ectopic endome-
trium in ovarian endometriosis (n=14), one of uterine fibroids
(n=43), two of RIF (n=115, n=18) and one of RPL (n=20) (Table
IA; detailed filtering steps in Fig. |B).

While studies evaluating endometriosis and uterine fibroids mainly
used Noyes histopathological criteria and collected biopsies along both
the proliferative and secretory phases (Table IA), those evaluating RIF
and RPL used days from LH peak or first administration of human cho-
rionic gonadotropin (hCG) for endometrial biopsies collected in the
secretory phase (Table IA). For all studies, case and control groups
were balanced in terms of the proportion of samples collected at each
endometrial stage (P> 0.05; Table IB).

Menstrual cycle effect on transcriptomic
studies searching for uterine disorder
biomarkers

All studies collecting endometrial biopsies at different cycle time points
had a menstrual cycle effect on gene expression (see PCAs on Figs 2
and 3).

Samples from Burney 2007, Hawkins 2011, Tamaresis 2014 and
Koot 2016 were grouped by endometrial phase before menstrual cy-
cle effect correction (Fig. 2). However, samples were mainly grouped
by the uterine disorder (Fig. 2) and a significant average of 44.19%
more biomarkers were detected (one-sided Fisher’s exact tests FDR
< 5.53 x 10-06) when the effect of the menstrual cycle was cor-
rected (Table IlA). These newly revealed uterine disorder biomarkers
that were previously masked by the menstrual cycle effect were, in
fact, identified despite balanced endometrial cycle stages between case
and control groups (Table IB). Masked uterine disorder biomarkers
were also detected in Koot 2016, among endometrial biopsies col-
lected at different time points within the mid-secretory phase (LH + 5-
LH+ 8) (Table IB).

In contrast, samples from Lucas et al., 2016 and Pathare 2017 were
primarily grouped by the disorder rather than by the time point of en-
dometrial biopsy collection before menstrual cycle effect correction;
and no more DEGs were identified after correcting the menstrual cy-
cle effect (Table IIA, Fig. 3).

While in Burney 2007, Hawkins 2011 and Koot 2016, the DEGs
detected before menstrual cycle correction where included in those
identified after the correction was applied. For Tamaresis 2014, there
were DEGs detected only before applying the menstrual cycle correc-
tion (Table IIA).

A new classification of endometrial
transcriptomic biomarkers in uterine
disorders

Comparison of the expression profiles of significant genes identified
before and after applying the menstrual cycle correction allowed us to
detect their aetiology and define a new classification of endometrial
biomarkers (Table IIA, Fig. 4).

Menstrual cycle biomarkers (Fig. 4A) are genes detected only before
menstrual cycle correction, suggesting that they respond to
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Figure I. (A) Study design and flowchart for transcriptomic studies evaluating uterine disorders. Systematic search and review of (i) transcriptomic case
versus control studies evaluating uterine disorders and (ii) transcriptomic studies evaluating menstrual cycle progression in control women with normal endo-
metrium were performed at the Gene Expression Omnibus (GEO) database. After filtering and selection, raw data were downloaded and pre-processed.
For each included study, a differential expression analysis was applied with and without removing the menstrual cycle effect on the data using linear models.
For case versus control studies (i), the proportions of differentially expressed genes (DEGs; FDR < 0.05) obtained under both approaches were compared
using a Fisher’s Exact test and distinct types of endometrial biomarkers were established. Control studies evaluating menstrual cycle progression (ii) were
used to evaluate the reliability of menstrual cycle effect correction; if the method properly removed the menstrual cycle effect from transcriptomic data, the
differential expression analysis between endometrial phases after correcting this effect should indicate no differentially expressed genes. (B) Flowchart of the
selection process of case versus control transcriptomic studies evaluating uterine disorders. The selection of suitable individual transcriptomic studies at GEO
and the number of individual studies excluded and remaining after each filtering step are shown. GEO, Gene Expression Omnibus. n, number of studies. N,

sample size. INcRNA, long noncoding RNA.
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Table I. Characterization of transcriptomic studies evaluating uterine disorders.
A) Clinical characterization of participants and study designs.

GEO ID (Study
name)

uUub

Diagnostic and
Sub-classification
of the studied
uterine disorder

Cycle type

Cycle phase dat-
ing method

N° Samples
per cycle phase

Age

BMI

GSE6364 (Burney  EU
2007)

GSE23339 EC
(Hawkins 201 1)

GSE51981 EU
(Tamaresis 2014)

UF

GSE58144 RIF
(Koot 2016)

GSE92324 RIF
(Pathare 2017)
GSE65099 RPL
(Lucas et al.,

2016)

Laparoscopy proven,
surgically docu-
mented and histolog-
ically validated.
Subtype: Ovaric,
peritoneal, rectovagi-
nal. Stage: IlI-IV
(rAF) (The American
Fertility Society )

Surgical pathology
reports. Subtype:
Ovaric.

Laparoscopy proven.
Subtype: Ovaric,
peritoneal, pelvic,
vaginal, rectovaginal.
Stage: -l (n=16),
=V (n=37) (rAF)
(American Society
for Reproductive
Medicine, 1997)

Participants’ opera-
tive and pathology
reports

> 3 failed IVF/ICSI

or >10 good quality

transferred embryos
without pregnancy

after IVF/ICSI. P:

Previous implanta-

tions: O—I. Embryo

implantations: 3—12.

Embryos replaced:

3—1.

C: Previous implan-
tations: |.
Embryo implanta-
tions: [-7, 18.
Embryos
replaced: 1-8, 30.

> 2 IVF cycles/ET

with good quality

embryos without
previous concep-
tion (Polanski
etal, 2014)

> 3 Ist trimester

losses

Natural; Regular;
3 months without
hormonal
treatment

Regular; 30 days
without hormonal
treatment

3 months without
hormonal
treatment

Natural. Regular
(25-35 days),

30 days without
hormonal
treatment

Controlled ovar-
jan stimulation

Natural. 3 months
without hormonal
treatment

4 blind histopatholo-
gists (Noyes et al.,
1975).

Last menstrual pe-
riod confirmed by
pathology

2 pathologists
(Noyes et al., 1975),
confirmed by serum
estradiol and P4 lev-
els and corroborated
by 2 independent
bioinformatics meth-
ods: clustering in
unsupervised whole-
transcriptome princi-
pal component
analysis and cycle
phase assignment
classifier analysis

Urinary LH ovulation
predictor kit

Days from first ad-
ministration of hCG

LH surge

PF(n=11), ESE
(n=9), MSE
(n=17)

PF(n=12),S
(h=2)

PF (n = 34), ESE
(n= I5), MSE
(n=32)

PF (n=23), ESE
(n=7), MSE
(n=12), LSE
(n=1).

LH+5 (h=8),
LH+6 (n=27),
LH+7 (n=70),
LH+8 (n=10).

hCG+6
(h=13),
hCG+7 (n="5)

LH+6 (n=3),
LH+7 (n=5),
LH+8 (n=6),
LH+9 (n=4),
LH+10 (n=2).

D :20-43.
C:39-48

E:20-48. UF:
40-50.

C:23-40.

D:27-38C: 26—
39

D:27-40
C:21-30

D:31-40C: 31—
44

N/A

N/A

N/A

D: 19-37
C: 19-53

N/A

D:22-32C: 18-33

(continued)
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A) Clinical characterisation of participants and study designs.
N° Cases and
Controls

(D) (©)

GEO ID (Study name)

Ethnicity

N° Evaluated
Genes

Platform

Ref.

GSE6364 (Burney 2007)

GSE23339 (Hawkins 201 1)

GSE51981
(Tamaresis 2014)

GSE58144
(Koot 2016)
GSE92324
(Pathare 2017)

GSE65099
(Lucas et al., 2016)

D: Caucasian (n = 13), Asian
(n=4), Black (n= 1), Asian Indian
(n=1), unknown (n=2).

C:N/A

D: Latina (n=5), Caucasian

(h=2).

C: Latina (n=5), African
American (n=2)

E: Caucasian (n = 38), Asian

(n=4), Black (n= 1), Asian Indian

(n=1), Hispanic (n=1), un-

known (n=8).

UF: Caucasian (n=11), Asian
(n=1), Black (n=3).

C: Caucasian (n= 19), Asian
(n=4), Black (n = 3), Hispanic
(n=1), unknown (n=1)

N/A

Indian

N/A

21) (16)

@ @)

(53) (28)

(15) (28)

(43) (72)

(10) (8)

(10) (10)

19 361

24613

19 361

19 36l

21773

31 426

21332

hgu33plus2 Affymetrix

lllumina human-6 v2.0
expression beadchip

hgu33plus2 Affymetrix

Agilent G2565BA
Scanner

lllumina Human HT-12
V4.0 expression
beadchip

lllumina HiSeq 2000

(Burney et al., 2007)

(Hawkins et al., 201 1)

(Tamaresis et al., 2014)

(Koot et al., 2016)

(Pathare et al., 2017)

(Lucas et al., 2016)

B) Comparison between case and control groups in relation to the menstrual cycle phase of endometrial biopsy collection.

Study

ub

N.° Samples per cycle phase

Controls

Fisher P-value

PF (hn=6), ESE (n=6), MSE (n=9)

Burney 2007
Hawkins 201 |
Tamaresis 2014

Koot 2016

Pathare 2017
Lucas et al., 2016

RIF

RIF
RPL

PF(n=6),S(n=1)

PF (n=18), ESE (n= 1 1), MSE (n=24).
PF (n=7), ESE (n=3), MSE (n =4), LSE

(n=1)

LH+5(n=2),LH+6 (n=13),LH+7

(n=26),LH+8 (n=2)

hCG+6 (1=8),hCG+7 (n=2)

LH+6 (n=2),LH+7 (n=1),LH+8
(h=3),LH+9 (n=2), LH+ 10 (n=2)

PF (n="5), ESE (n=3), MSE (n=8)
PF(n=6),S(n=1)

PF (n=16), ESE (n =4), MSE (n=8)
PF (n=16), ESE (n =4), MSE (n=8)

LH+5 (n=6), LH+6 (n=14), LH+7
(n=44), LH+8 (n=8)

hCG+6 (n="5), hCG+7 (n=3)

LH+6 (n=1),LH+7 (n=4),LH+8
(n=3),LH+9 (n=2)

0.608
0.529

(A) Clinical characterisation of participants and study designs. The GEO identifier, study name given in this work, uterine disorder and clinical information about participants including
diagnostic method and sub-classification of patients belonging to the case group, cycle type, endometrial dating method, cycle phase in which the endometrial biopsies were collected
along with number of samples collected at each menstrual cycle phase, age, BMI, ethnicity and number of samples for both case and control groups are presented for each study. The
transcriptomic platform used to measure gene expression and the publication in which data were initially employed are also presented together with the number of evaluated genes.
Tamaresis 2014 includes samples from both endometriosis and uterine fibroid patients along with controls. N/A, not available. D, patients belonging to the case the control group.
GEO ID, Gene Expression Omnibus identifier. UD, uterine disorder. BMI, body mass index. RIF, recurrent implantation failure. RPL, recurrent pregnancy loss. EU, eutopic endometri-
osis. EC, ectopic endometriosis. UF, uterine fibroids. rAF, revised American Fertility Society classification system. LH, luteinizing hormone. AMH, anti-miillerian hormone. ET, embryo
transfer. FSH, follicle-stimulating hormone. PF, proliferative. ESE, early secretory. MSE, mid-secretory. LSE, late secretory. S, secretory. ICSI, intracytoplasmic sperm injection. IVF,
in vitro fertilisation. PCOS, polycystic ovary syndrome. (B) For each study, the number of samples collected at each stage of the menstrual cycle is indicated independently for cases
and controls, together with the two-sided Fisher’s exact test P-value obtained after evaluating whether the proportion of samples collected at each endometrial stage significantly dif-

fered between groups.
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Figure 2. Menstrual cycle effect on endometrial gene expression in transcriptomic studies by Burney 2006, Hawkins 201 I, Koot
2016 and Tamaresis 2014. For each study (A-D), the result of the principal component analysis is plotted for the first three components before
and after applying the menstrual cycle effect correction to evaluate whether the samples are primarily grouped by the menstrual cycle phase of endo-
metrial biopsy collection (colour code) and/or by the uterine disorder (shape code) based on their gene expression profiles. PC, principal compo-
nent. PF, proliferative. ESE, early secretory. MSE, mid-secretory. SE, secretory. LH, luteinising hormone. RIF, recurrent implantation failure.
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Figure 3. Menstrual cycle effect on endometrial gene expression for Lucas et al., 2016 and Pathare 2017. For each study (A and B),
the result of the principal component analysis is plotted for the first three components before (right) and after (left) applying the menstrual cycle ef-
fect correction to evaluate whether the samples are primarily grouped by the menstrual cycle phase of endometrial biopsy collection (colour code)
and/or by the uterine disorder (shape code) based on their gene expression profiles. PC, principal component. hCG, human chorionic gonadotro-
phin. LH, luteinising hormone. RIF, recurrent implantation failure. RPL, recurrent pregnancy loss.

endometrial progression but not to the uterine disorder itself (higher
expression differences were observed between endometrial stages than
between cases and controls). This type of biomarker was identified by
Tamaresis 2014, where a gene is differentially expressed without being
truly affected by the uterine disorder (Fig. 4A). After correcting for the
menstrual cycle, the distance between gene expression patterns in dif-
ferent endometrial phases shortened and became non-significant.

Uterine pathology biomarkers not masked by the menstrual cycle
(Fig. 4B) are genes detected with and without menstrual cycle correc-
tion because there was no effect of endometrial progression
(Fig. 4.B.1, no expression differences were observed between endo-
metrial stages) or the effect was lower than that of the uterine disor-
der (Fig. 4.B.2, higher expression differences between cases and
controls than between endometrial stages).
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Table Il. Uterine disorder biomarkers after removing the menstrual cycle bias.
A) Differential expression analysis with and without correcting the menstrual cycle effect on endometrial transcriptomic
data.

Study UD N° DEGs N° DEGs % of newly Fisher’s Menstrual cycle  UD bio- UD bio-
without men-  with men- detected dis-  test FDR biomarkers markers not markers
strual cycle strual cycle order masked by masked by
correction correction biomarkers the men- the men-

strual cycle strual cycle

Burney 2007 EU 127 812 84.36% 6.6x 10-'* 0 127 685

Hawkins 201 | EC 903 1205 25.06% 192 x 10-'"" 0 903 302

Tamaresis 2014 EU 13397 13797 6.05% 5.53 x 10-% 435 12962 835

UF 9715 10 909 11.71% 6.6 x 10-'* 83 9632 1277

Koot 2016 RIF 2 32 93.75% 515x10-% 0 2 30

Pathare 2017 RIF 2783 2492 —2.29% | - - -

Lucasetal, 2016 RPL 0 0 0% - - - -

B) Newly discovered uterine disorder biomarkers previously masked by the menstrual cycle effect.

Study ubD UD biomarkers masked by the menstrual cycle

Previously reported Newly discovered Total
Burney 2007 EU 141 544 685
Hawkins 201 | EC 144 158 302
Koot 2016 RIF 3 27 30

C) Differential expression analysis (DEA) for each menstrual cycle phase

Study DEA for each menstrual cycle phase DEA with menstrual cycle correction
Menstrual cycle phase (n) N° DEGs Statistical Power % Statistical Power % (n)
Burney 2007 PE (1) 0 98.7% (37)
ESE (9) 100
MSE (17) 0
Hawkins 201 | PF (12) 541 52.1% (14)
S(2) — —
Koot 2016 LH+5(8) 0 3.21% 100% (1 15)
LH+6 (27) 0 94.43%
LH+7 (70) 0 99.99%
LH+8 (10) 0 3.21%

(A) Differential expression analysis with and without correcting the menstrual cycle effect on endometrial transcriptomic data. For each study, this table presents the number of differ-
entially expressed genes (DEGs) obtained with and without menstrual cycle correction, the % of disorder-specific genes newly identified when correcting the menstrual cycle effect,
the false discovery rate (FDR) associated with the different proportions of DEGs detected with and without menstrual cycle correction (one-sided Fisher’s exact test, as we expected
to identify a higher number of DEGs with menstrual cycle correction), and the number of genes belonging to the three types of endometrial biomarkers identified in the study: bio-
markers of the menstrual cycle alone (DEGs only detected without correcting the menstrual cycle effect), biomarkers of the uterine disorder that are masked by the menstrual cycle
(DEGs only detected with the menstrual cycle correction) and uterine disorder biomarkers that are not masked by the menstrual cycle (intersected DEGs between both approaches).
UD, uterine disorder. EU, eutopic endometriosis. EC, ectopic endometriosis. UF, uterine fibroids. RIF, recurrent implantation failure. RPL, recurrent pregnancy loss. (B) Newly discov-
ered uterine disorder biomarkers unmasked by the menstrual cycle effect correction. From the total number of uterine disorder biomarkers that were unmasked after applying the
menstrual cycle effect correction method (DEGs only detected with the menstrual cycle correction, type C biomarkers in Fig. 3), the table shows the number of biomarkers that had
been previously associated with the uterine disorder either in the original articles or in the databases Disgenet v.6 (42), Phenopedia v.6.2.3 (43), and/or GeneCards v.4.14.0 (41), to-
gether with the number of uterine disorder biomarkers not previously reported and thus newly discovered in this work. Keywords used in database searches: ‘endometriosis’, ‘uterine
fibroids OR leiomyoma OR myoma’, and ‘recurrent implantation failure’. (C) Differential expression analysis (DEA) for each menstrual cycle phase. This table presents the number of
differentially expressed genes (DEGs) in each study and the statistical power (%) obtained when the analysis was performed for samples collected at each menstrual cycle phase sepa-
rately. The statistical power (%) of the analysis with menstrual cycle phase correction is also indicated for comparison. For both approaches, sample sizes (n) are indicated between pa-
rentheses. PF, proliferative. ESE, early secretory. MSE, mid-secretory. S, secretory. LH, luteinizing hormone.
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Figure 4. A new classification of endometrial biomarkers according to their gene expression profiles. For each type of endometrial
biomarker (A—C), the average and standard deviation of an example gene is represented before and after menstrual cycle effect correction separated
by the uterine disorder (cases and controls) and the menstrual cycle phase. The global measure of cases and controls is also represented together
with the correspondent P-values and fold changes (FC) obtained in the differential expression analyses with and without correcting the menstrual cy-
cle. P-values were used instead of FDR as, for each gene, P-value adjustment for multiple testing is dependent on the P-values obtained in the other
genes rather than gene-exclusive. (A) Menstrual cycle biomarkers detected only without correction: before the menstrual cycle effect correction, the
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Uterine disorder biomarkers masked by the menstrual cycle
(Fig. 4C) are genes detected only after menstrual cycle correction be-
cause the effect of endometrial progression greatly outweighs that of
the uterine disorder (higher expression differences were observed be-
tween endometrial phases than between cases and controls).
Consequently, these genes remain masked and not significant before
menstrual cycle correction and can only be detected as uterine disor-
der biomarkers after removal of menstrual cycle effect.

For the three types of endometrial biomarkers, the menstrual cycle
effect correction method only affected the variability of gene expres-
sion explained by endometrial progression, thus changing the P-value
when comparing case and control groups (Fig. 5). In contrast, fold
changes between cases and controls did not substantially change in
any gene belonging to any type of endometrial biomarker (Fig. 5), indi-
cating that the correction method successfully maintained the expres-
sion differences associated with uterine disorders. Consequently, P-
value changes were not caused by alteration in case versus control
mean expression differences but by the removal of menstrual cycle in-
duced variation in gene expression (Fig. 5).

Discovery of new potential biomarkers

Among the type C uterine disorder biomarkers that remained unde-
tected before correcting the menstrual cycle effect on gene expression
(Fig. 4C, Supplementary Table SIl) (Yu et al., 2010; Stelzer et dl., 2016;
Pirero et al., 2020), we discovered 544 new candidate biomarkers of
eutopic endometriosis (Burney 2007), |58 of ectopic ovarian endome-
triosis (Hawkins 201 1) and 27 of recurrent implantation failure (Koot
2016) that had not been previously reported (Table [IB and
Supplementary Table SIl) (Burney et al, 2007; Yu et al., 2010;
Hawkins et al., 201 |; Koot et al., 2016; Stelzer et al., 2016; Pinero
et al., 2020). These new biomarkers presented an expression differ-
ence between cases and controls of 12—121% for eutopic endometri-
osis, 15-359% for ectopic ovarian endometriosis and 2—11% for RIF
(Supplementary Table SII).

To better understand their functional role in the context of uter-
pathophysiology, these

ine disorder new biomarkers were

Figure 4. Continued

functionally annotated (Fig. 6, Supplementary Table SIl). New candi-
date endometriosis biomarkers (both ectopic and eutopic) were
mainly related to metabolism (19 ectopic and 73 eutopic), transcrip-
tion regulation processes (14 ectopic and 47 eutopic) and protein-
modification processes (14 ectopic and 47 eutopic) (Fig. 6A). In ad-
dition, functions widely reported to be involved in endometriosis
such as immune response and inflammation (Tomassetti et al., 2006;
Burney et al, 2007; Burney and Giudice, 2012; Liu et al, 2015;
Patel et al,, 2018; Anderson, 2019; Marquardt et al., 2019; Devesa-
Peiro et al, 2020) and cell differentiation and development
(Tomassetti et al, 2006; Burney et al, 2007; Burney and Giudice,
2012; Crispi et al, 2013; Liu et al, 2015; Patel et al, 2018;
Marquardt et al, 2019; Zhang et al, 2019; Devesa-Peiro et dl.,
2020) were notably annotated to these new potential biomarkers of
endometriosis (Fig. 6A). New RIF candidate biomarkers were mostly
associated with transcription regulation (3 biomarkers: CHD4,
IGHMBP2, ZBTB48), post-transcriptional changes (2 biomarkers:
FAM[82B and RN7SK), and epigenetics and chromatin remodelling
processes (2 biomarkers: CDH4, FAMI82B); these functions were
previously reported as significantly altered in RIF patients (Cakmak
and Taylor, 2011; Koot et al., 2016; Pathare et al., 2017; Devesa-
Peiro et al., 2020) (Fig. 6B). Gene names of new candidate bio-
markers of ectopic/eutopic endometriosis and RIF belonging to each
functional group are listed in Supplementary Table SlII together with
literature references supporting the role of each functional group in
the context of each uterine disorder.

Genes obtained from Tamaresis 2014 were not used to report
newly discovered biomarkers because their samples were sepa-
rated into two groups according to an unknown effect that we
were not able to associate with any technical, biological or clinical
registered variable in the original study. This unknown effect could
number of DEGs
obtained both before and after applying the correction of the
menstrual cycle effect (Table IIA). Considering all this, we cannot
assess how this unknown effect on gene expression may impact

be responsible for the remarkably large

the results.

differences in gene expression among samples from distinct endometrial phases was high and made this gene globally significant (P=0.036)
without being truly affected by the uterine disorder, as the average gene expression of case and control groups was not different within the
proliferative and mid-secretory phases. After correcting for the menstrual cycle, the distance between gene expression patterns in different en-
dometrial phases shortened and became non-significant (P= 0.474). Example gene: PPP2R2C from Tamaresis 2014. (B) Uterine disorder bio-
markers not masked by the menstrual cycle and detected both before and after the correction: for Bl biomarkers, samples belonging to
different phases had similar average expression both before and after applying the menstrual cycle correction, suggesting that expression is not
affected by the menstrual cycle and is significantly distinct between cases and controls regardless of whether the correction is applied. In con-
trast, B2 biomarkers had different average expression between samples collected at different menstrual cycle phases, but the differences be-
tween cases and controls were higher, allowing these genes to be also identified as uterine disorder biomarkers before correcting for the
effect of the menstrual cycle. Example genes: MYLI0 (Bl) and SESN/ (B2) from Burney2006. (C) Uterine disorder biomarkers masked by the
menstrual cycle and only detected after the correction: Expression differences between menstrual cycle phases are greater than those be-
tween cases and controls, making the depicted gene not significant before menstrual cycle correction (P= 0.404). After correcting for the ef-
fect of the menstrual cycle, expression differences between menstrual cycle phases are minimised, reducing the variability within case and
control groups and making the gene globally significant (P=0.002). Example gene: CTNNA2 from Burney2006. DEGs, differentially expressed
genes. PF, proliferative. ESE, early secretory. MSE, mid-secretory.
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Figure 5. Changes in P-value and fold change (FC) due to menstrual cycle effect correction on gene expression. For each study
(A-D) and type of biomarker (colour code) shown in Fig. 4, P-values (up) and FCs (down) before and after applying the menstrual cycle effect cor-
rection method are plotted against each other. Diagonal dotted lines indicate absence of changes in P-values/FCs before and after applying the cor-
rection method. Vertical and horizontal dotted lines for P-values represent P-value = 0.05 before and after correcting for the menstrual cycle effect,

respectively.
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Figure 6. Functional roles of the newly discovered potential biomarkers of endometriosis and recurrent implantation failure (A) and recurrent implantation
failure (RIF) (B). Functions associated with the new biomarkers of endometriosis (A) (eutopic: n = 544, ectopic: n = |158) and RIF (n = 27) (B) are shown in the
endometrial cellular context together with references supporting the role of each function in the pathophysiology of the corresponding disorder. The number of
biomarkers of eutopic (A, purple boxes) and ectopic (A, green boxes) endometriosis and RIF (B, pink boxes) annotated to each function are represented. New
potential biomarkers belonging to each represented function are fully listed in Supplementary Table SlIl. Functional annotations were performed for each new
biomarker using Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathways (Ogata et al., 1999) and Gene Ontology (GO) (Ashburmner et al., 2000) data-
bases. For GO annotation, the three ontologies were used (biological processes, molecular functions, cellular components), only experimental-evidenced GO-
gene associations were included, a propagated GO version was used for considering the whole GO-tree structure, and annotated GO terms were filtered by
those having more than five and less than 500 associated genes. Obtained GO and KEGG annotated terms were then grouped in broader functional categories,
which are represented in this figure. Keywords used in PubMed to search for functions altered in endometriosis and RIF patients included ‘endometriosis’, ‘RIF,
‘recurrent implantation failure’, ‘function’, ‘pathway’, ‘gene ontology’ and ‘KEGG'. References: a—(Devesa-Peiro et al., 2020); b—(Burney et dl., 2007); c—
(Crispi et al., 2013); d—(Anderson, 2019); e—(Burney and Giudice, 2012); f—(Liu et al.,, 2015); g—(Marquardt et al., 2019); h—(Patel et al., 2018); |—
(Tomassetti et al., 2006); —(Zhang et dl., 2019); k—(Cakmak and Taylor, 201 1); (Koot et dl., 2016); m—(Pathare et al., 2017); n—(Huang et al., 2017);
o—(Long et al.,, 2016); p—(Hapangama et al., 2008); g—(Attar et al., 2010); —(von Adamek et al., 2005); s—(Kiyomizu et al., 2006).
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Comparison of the proposed menstrual
cycle effect correction method versus
transcriptomic analyses within each
menstrual cycle phase for the identification
of uterine disorder biomarkers in
endometrium

A significantly lower proportion of DEGs (FDR < 0.05) was obtained
when analysis was performed independently for each menstrual cycle
phase compared to when correcting for the menstrual cycle effect on
gene expression (Fisher's exact test FDR < 2.2 x 107'%; Table IIC).
Indeed, significant genes from Burney 2007 and Hawkins 2011 were
only detected in the early secretory phase and in the proliferative
phase, respectively (Table IIC). As expected, due to the reduction in
sample size, the statistical power was lower for the per menstrual cy-
cle phase analyses compared to the menstrual cycle correction
method (Table IIC).

Validation of the menstrual cycle effect
correction method

To check the robustness and reliability of the method used to remove
the menstrual cycle effect on gene expression, we applied the afore-
mentioned approaches of differential expression analysis (with and
without menstrual cycle correction) to five independent endometrial
transcriptomic studies that compared endometrial gene expression
profiles across different menstrual cycle phases (Table IlIA). Three
studies used the LH peak for endometrial dating (Bradley 2010,
Altmae 2017, Sigurgeirsson 2016), one used histopathological criteria
of Noyes et al, 1975 (Talbi 2006), and the other did not report the
dating methodology (Kelleher2017). For the five evaluated studies,
samples were mainly grouped by the menstrual cycle phase according
to principal
Consequently, we identified significantly DEGs between endometrial
phases in all of them before applying the menstrual cycle effect correc-

component  analysis  (Supplementary  Fig.  SI).

tion (Table IlIB). However, samples were no longer grouped by endo-
metrial phase (Supplementary Fig. SI) and no DEGs were obtained
between the distinct endometrial phases after the menstrual cycle ef-
fect was removed (Table IlIB), demonstrating that the correction
worked as expected.

Discussion

This study is the first to assess the current practices in identifying tran-
scriptomic biomarkers of uterine disorders in endometrium, especially
in relation to the menstrual cycle phase of endometrial biopsy collec-
tion. We found that one third of the studies did not report the men-
strual cycle phase of the samples, including all of the suitable studies
evaluating endometrial adenocarcinoma, leiomyosarcoma and adeno-
myosis. Other studies (37.14%) collected endometrial biopsies within
the same menstrual cycle phase but with no further sub-classification
in early-, mid- or late-secretory stages was made. Noyes histopatho-
logical criteria (Noyes et al., 1975) is one of the most utilised methods
for endometrial dating, even though endometrial transcriptomics is su-
perior in both accuracy and reproducibility (Diaz-Gimeno et al., 2013).

Our description of current practices demonstrated that, although it
is widely known that the menstrual cycle progression affects most of
the genes expressed in endometrium (Talbi et al., 2006; Koot et dl.,
2016; Diaz-Gimeno et al., 2017; Sebastian-Leon et al., 2018; Saare
et al, 2019), new guidelines are needed for avoiding the menstrual cy-
cle bias in transcriptomic analysis, and a more in-depth registration
and consideration of endometrial stage is required.

Menstrual cycle correction enabled identification of an average of
44.19% more uterine disorder biomarkers that would have otherwise
remained undiscovered. This phenomenon held true regardless of the
endometrial dating method or whether the endometrial biopsies were
collected along the entire menstrual cycle (Burney 2007, Hawkins
2011, Tamaresis 2014) or only within the secretory phase (Koot
2016). The highest evidence was shown when the menstrual cycle ef-
fect correction was needed even if the study design included samples
balanced across the cycle between case and control groups. Our find-
ings suggest that the current practice for avoiding menstrual cycle bias
in transcriptomic studies is unable to prevent endometrial progression
from masking potential uterine disorder biomarkers. In addition, our
results showed biopsies collected at the secretory phase must be fur-
ther subdivided into early-, mid- and late-secretory stages to correct
for menstrual cycle bias.

One of the limitations of this study is that it depends on publicly
available datasets. Therefore, the effect of the menstrual cycle on bio-
marker discovery could only be evaluated in a limited number of uter-
ine disorders. However, the effect of the menstrual cycle was present
in all the evaluated conditions; thus, this effect is likely also present in
other endometrial pathologies not included here. Recently,
Suhorutshenko and colleagues demonstrated that endometrial recep-
tivity biomarkers are biased by the distinct proportions of stromal and
within  the
(Suhorutshenko et al., 2018). Here, we demonstrate that menstrual

epithelial  cells collected endometrial  biopsies
cycle progression biases the biomarker search and if the proportion of
cell types described by Suhorutshenko and colleagues is inherent to
menstrual cycle progression, this produces a cycle-based bias rather
than a technical bias in biopsy collection as has been suggested
(Suhorutshenko et al., 2018). We also demonstrate that menstrual cy-
cle progression affects the discovery of endometrial transcriptomic bio-
markers and call for an assessment of best practices of endometrial
transcriptomic analysis.

We propose a novel classification of endometrial biomarkers for
gene expression studies evaluating uterine disorders. This new classifi-
cation identifies biomarkers depending on the aetiology of gene ex-
pression changes, distinguishing between menstrual cycle biomarkers,
uterine disorder biomarkers not masked by the menstrual cycle (which
are sub-classified as genes whose expression is not affected by the
menstrual cycle and genes with a menstrual cycle effect but in which
the phase-dependent expression changes is less than those explained
by the uterine disorder) and uterine disorder biomarkers masked by
the menstrual cycle (identified after the menstrual cycle effect is cor-
rected). This latter type of endometrial biomarker is likely to remain
undetected under current practices of transcriptomic studies that do
not control for menstrual cycle bias. Using this methodology, we un-
veiled new potential biomarkers: 544 for eutopic endometriosis, 158
for ectopic ovarian endometriosis and 27 for recurrent implantation
failure, all of which had not been previously reported in the included
studies (Burney et al., 2007; Hawkins et al, 2011; Tamaresis et al.,
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Table lll. Transcriptomic studies evaluating differences between menstrual cycle phases in women with normal endome-
trium: Validating the menstrual cycle effect correction method.

A) Clinical characterisation of participants.

GEOID Cycle type Cycle phase dating N° Samples per Age BMI Ethnicity Platform Ref.
(Study method cycle phase
Name)
GSE4888 (Talbi Normo-ovula- 4 pathologists (Noyes PF (n=6) 2349 N/A Caucasian hgu133plus2 (Talbietal.,
2006) tory. Regular etal., 1975) ESE (n=4) (n=17), Black  Affymetrix 2006)
(24*35 days)‘ MSE (n — 9) (n = 6), Asian
3 months since LSE (n=8) (n=1), Other
last hormonal (n=2),
treatment Unknown
(n=1
GSE29981 Regular (glan- Days from LH peak: PF PF (n=10) 20-39 N/A N/A hgu 133plus2 N/A
(Bradley 2011)  dular epithe- (LH-14—LH-1), ESE ESE (n=6) Affymetrix
lium anne) (LH + |—LH +4), MSE MSE (n :4)
(LH+6-LH+7)
GSE98386 Natural cycle Days from LH peak LH+2 (n=20) N/A  N/A Estonia lllumina HiSeq  (Altmée et al.,
(Altmae 2017) LH +8 (n=20) 2500 2017; Rekker
etal., 2018;
Tederetal.,
2018)
GSE86491 Regular. PF: 6-8 days after the PF(n=7) 24-30 19.8-33.2 N/A lllumina HiSeq  (Sigurgeirsson
(Sigurgeirsson 3 months since  start of the subsequent MSE-LSE (n=7) 2500 etal., 2016)
2016) last hormonal menstruation. MSE-LSE:
treatment LH+7-LH+9, Urinary
LH ovulation predictor
kit. Both confirmed by a
gynaecological patholo-
gist through histopatho-
logical examination.
GSEI119209 N/A N/A PF (n=6) N/A  N/A N/A lllumina HiSeq ~ N/A
(Kelleher 2018) MSE (n=5) 2500

B) Differential expression analysis with and without correcting for menstrual cycle.

GEOID Comparison N° DEGs without menstrual N° DEGs with menstrual cycle
cycle correction correction

Talbi 2006 PF vs ESE 1478 0
PF vs MSE 3130 0
PF vs LSE 3790 0
ESE vs MSE 1309 0
ESE vs LSE 3075 0
MSE vs LSE 1435 0
ANOVA 624

Bradley 201 | PF vs ESE 1559 0
PF vs MSE 1720
ESE vs MSE 35
ANOVA 53

Altmae 2017 ESE vs MSE 6788

Sigurgeirsson 2016 PF vs MSE-LSE 5959

Kelleher 2018 PF vs MSE 7532

(A) Clinical characterisation of participants. The GEO identifier, study name given in this work, and clinical information about participants including cycle type, endometrial dating method,
cycle phase in which the endometrial biopsies were collected along with number of samples for each menstrual cycle phase, age, BMI, and ethnicity are presented for each included study.
The transcriptomic platform used to measure gene expression and the publication in which data were initially employed are also presented. Altmae2017 and Sigurgeirsson 2016 have
paired samples. N/A, not available. GEO ID, Gene Expression Omnibus GSE identifier. BMI, body mass index. LH, luteinizing hormone. PF, proliferative. ESE, early secretory. MSE, mid-se-
cretory. LSE, late secretory. S, secretory. (B) Differential expression analysis with and without correcting for menstrual cycle. For each study, the number of differentially expressed genes
(DEGs) obtained after ANOVA and pairwise comparisons between the distinct menstrual cycle phases is shown, with and without menstrual cycle correction.
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2014; Koot et al., 2016) or other studies consulted through Disgenet
(Pinero et al., 2020), Phenopedia (Yu et al, 2010) and GeneCards
(Stelzer et al., 2016) databases. These new candidate biomarkers were
involved in functions known to be altered by the corresponding uter-
ine disorder, such as immune response and inflammation, cell differen-
tiation and development in endometriosis (Tomassetti et al., 2006;
Burney and Giudice, 2012; Crispi et al., 2013; Tamaresis et al., 2014;
Liu et al, 2015; Patel et al.,, 2018; Anderson, 2019; Marquardt et al.,
2019; Zhang et dl., 2019; Devesa-Peiro et al., 2020) or epigenetics and
transcription and post-transcription regulation in RIF (Cakmak and
Taylor, 201 1; Koot et al., 2016; Pathare et al., 2017; Devesa-Peiro
et al., 2020), highlighting their relevance in the pathophysiology of the
disease.

Our method of menstrual cycle correction proved to be robust
and reliable, as samples were no longer grouped by the endometrial
phase and we did not identify any DEGs between distinct menstrual
cycle phases after we applied this correction to studies evaluating
menstrual cycle changes in women with normal endometrium. This
was consistent regardless of the statistical method employed for dif-
ferential expression analysis (ANOVA or pairwise comparisons) and/
or endometrial dating method. In addition, the correction method
maintained the average differences between case and control sam-
ples for studies evaluating uterine disorders, demonstrating that the
effect of the condition was not removed in the correction process
and that the observed changes in the P-values were explained only
by the removal of the gene expression variability explained by men-
strual cycle progression.

When comparing our approach of uterine disorder biomarker de-
tection with those followed in the included studies, we found that only
Koot and colleagues corrected for menstrual cycle effect also using lin-
ear models (Koot et al., 2016). From the remaining five studies,
Burney and colleagues and Tamaresis and colleagues addressed men-
strual cycle bias by dividing samples according to the menstrual cycle
phase and performing an independent differential expression analysis
at a probeset level (Burney et al., 2007; Tamaresis et al., 2014). Unlike
our proposed correction method, this strategy allows identification of
phase-specific uterine disorder biomarkers (e.g., genes whose expres-
sion only differs significantly between cases and controls in the prolifer-
ative phase but not in the secretory phase). Although identifying
phase-specific uterine disorder biomarkers is useful in understanding
the relationship between the disorder and the menstrual cycle, we
demonstrated that this strategy retrieves significantly fewer potential
uterine disorder biomarkers compared to menstrual cycle effect cor-
rection, as it sacrifices statistical power due to lower sample sizes. In
contrast, our proposed correction method identifies uterine disorder
biomarkers regardless of menstrual cycle phase during biopsy.
Notably, removing the menstrual cycle effect does not impede identi-
fying potential biomarker genes that are responding to both the men-
strual cycle and the uterine disorder. In fact, those genes more greatly
influenced by the menstrual cycle than by the uterine disorder are the
ones that the correction method can unmask.

Considering these findings, we define new guidelines for the detec-
tion of reliable uterine disorder biomarkers according to distinct sce-
narios. If endometrial biopsies are collected at different stages of the
menstrual cycle, the menstrual cycle effect must be always corrected
in the transcriptomic analysis as endometrial timing is masking genes
whose expression is affected by the uterine disorder. In unbalanced

studies in which the menstrual cycle stage was not corrected, we
expected an additional risk of identifying genes as uterine disorder bio-
markers whose expression is indeed dependent on the menstrual cycle
and not on the evaluated condition. Therefore, applying the correction
for the menstrual cycle in these studies is even more crucial. We ob-
served this in Tamaresis 2014, the only study in which menstrual cycle
biomarkers were identified and where the endometriosis samples
were mostly secretory and the control samples proliferative.
However, this hypothesis needs further confirmation, as this study pre-
sented an unknown effect on gene expression.

Single-cell studies are increasingly used to evaluate endometrial gene
expression changes throughout the menstrual cycle, increasing our mo-
lecular understanding of endometrial function and receptivity acquisi-
tion (Wang et al, 2020). Although further studies are needed, we
could expect from our results that the menstrual cycle effect will also
need to be corrected in single-cell studies aimed to identify biomarkers
of uterine disorders on specific cell types and in which samples are col-
lected at different endometrial stages. Although the correction method
proposed in this study was previously applied to single-cell studies
(Tran et al., 2020), other methodologies have recently arisen to specif-
ically correct known effects in this type of gene expression data
(Haghverdi et al., 2018; Tran et al., 2020).

In-depth registration and consideration of endometrial stage is needed
in any transcriptomic study to optimise the detection of reliable bio-
markers of uterine disorders. Here, we introduce a novel classification of
endometrial transcriptomic biomarkers depending on the DEG aetiology
and set new guidelines to accurately detect uterine disorder biomarkers
through differential expression analysis with high reproducibility and statis-
tical power. Using these methods, we unmasked new endometriosis and
RIF potential biomarkers to improve diagnosis, prognosis and treatment.
The application of these methods in future research on biomarker discov-
ery of uterine disorders would further contribute to delineating their aeti-
ology and progression, and ultimately leading towards improved
treatments and increased pregnancy rates in these patients.

Data availability

The raw gene expression data and patient meta-data associated with
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