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Abstract
Purpose Endometriosis is a gynecological disease that causes the uterine lining to appear in other organs outside the uterus. As
DNA methylation has an important role in this disorder, its profiling can reveal new information to improve the diagnosis and
treatment of endometriosis patients.
Methods We conducted a genome-wide methylation profiling of ectopic and eutopic endometrial tissues from women with and
without endometriosis using Infinium Human Methylation 450K BeadChip arrays. DNA methylation samples were collected
from nine ectopic and nine eutopic endometrial tissues of endometriosis and six endometrial tissues of healthy controls.
Results Correlation heatmaps and the principal component analysis divided the samples into two clusters, one consisting of all
ectopic samples and the other consisting of both eutopic and control samples unexpectedly without segregation between them.
The assay identified a group of methylated genes that were overrepresented in biological processes, including abnormality in
signaling, development, and adhesion of cells. Pathway analysis revealed disruption in HTLV infection pathways, PI3K-Akt,
oxytocin, and relaxin signaling. Moreover, we found eutopic lesions are strongly associated with autoimmune disease.
Conclusions Our results confirmed the role of DNA methylation alternations in endometriosis development and pathogenesis.
Our finding suggests aberrant DNA methylation can activate several signaling pathways including PI3k-AKT signaling, relaxin,
and oxytocin which are associated with the pathogenesis of endometriosis.
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Introduction

Endometriosis is a gynecological disease which is character-
ized by the ectopic presence of endometrial tissue outside the
uterus. It is a benign estrogen-dependent disorder that causes

chronic pelvic pain, pain with menstruation, abnormal uterine
bleeding, and infertility and influences both women’s health
and life quality [1–3]. Despite several theories, the pathogen-
esis of endometriosis is unknown, and there is not any non-
invasive biomarker resulting in a long delay between onset
and diagnosis [4, 5]. Both genetics and epigenetic factors are
involved in the disease [6, 7]. Several studies have indicated
that DNA methylation, the most studied epigenetic modifica-
tion, has a potential role in endometriosis [7, 8].
Hypermethylation of promoter and transcription start site
(TSS) are among the hallmarks of gene silencing [9, 10].
Abnormal DNA methylation reported alternating the expres-
sion of several genes such as ERβ (ESR2) [11], steroidogenic
factor-1 (SF-1) [12], homeobox 10A (HOXA10) [13],
cyclooxygenase-2 (COX-2), aromatase [14], and other related
genes which have an important role in endometriosis
development.

During the last decade, there were numerous studies about
different aspects of endometriosis [15–17]. Using high-
throughput technologies, we have the opportunities to provide
a comprehensive view of DNA methylation. Different studies
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have been focused on identifying global methylation alterna-
tions in endometriosis [18–20], but they did not survey the
DNAmethylation in all ectopic, eutopic, and control endome-
trium. Here, we profiled ectopic and eutopic endometriosis
lesions and control tissues. We aimed to characterize
genome-wide DNAmethylation alternations in pairwise com-
parisons between ectopic and eutopic lesions and control sam-
ples. To our knowledge, this is the first study to profile the
genome-wide DNA methylation in ectopic and eutopic endo-
metrial tissues of Iranian women.

Materials and methods

Sample collection

Eutopic and ectopic endometrial tissue samples were isolated
from nine women with endometriosis whom were
in reproductive age (range 20–40). Endometrial biopsies of
the control group were obtained from six healthy fertile wom-
en who were found not to have endometriosis during surgery.
The samples were collected from women with regular cycle
(28–32 days) during the proliferative phases, they had not
used hormonal medication within 3 months before sampling,
and none of them had visible endometrial hyperplasia or neo-
plasia and inflammatory disease at the time of clinical exam-
ination or laparoscopy. They underwent laparoscopy for be-
nign gynecologic indications (tubal ligation, ovarian
cystectomy, or hysterectomy). Ectopic biopsies were obtained
during the laparoscopy, while eutopic biopsies were collected
with the use of pipeline from the same group. The pathology
of endometriosis was diagnosed with tissues analyzed by his-
topathology to confirm the presence of endometrial stroma
and glands. Clinical stages of endometriosis were moderate
or severe, as classified by the American Society for
Reproductive Medicine (ASRM, 1997). Each of the women
in the control group had given birth naturally. Just after surgi-
cal removal, tissue samples were divided into small pieces,
placed later in an RNA solution, and stored at − 80C until
being processed.

Illumina Infinium Human Methylation 450K

Whole-genome DNA methylation was analyzed using the
Illumina Infinium Human Methylation 450K as follows
[21]. DNA was whole-genome amplified, fragmented, and
hybridized (500 ng) to the BeadChip arrays following the
manufacturer’s instructions. Bisulfite conversion and microar-
ray manipulations were performed following standard proce-
dures (Anger Core Facility, France). The BeadChips were
scanned using the Illumina HiScan SQ scanner, and raw im-
age data were imported into the GenomeStudio (v2011.1)
methylation module (v1.9.2.), which was used to extract and

transform the fluorescent signal intensities into beta values
(range = 0 for the unmethylated site to 1 for a fully methylated
site).

Preprocessing and normalization of methylation data

We performed data preprocessing and normalization using
“minfi” package [22] developed into the R environment in
Bioconductor. The raw data were then imported to minfi and
quality control of data was done by checkingQC sample plots.
Probes containing SNP sites (n = 65) were filtered out by
minfi package default (with n = 485,512 probes as input).
Then, probes with p value > 0.01 inmore than 50% of samples
were selected to be removed (n = 243). Funnorm normaliza-
tionmethodwas used for background correction and adjusting
probe types Ι and ΙΙ. Probes containing CpG or SBE in probe
body with parameter maf = 0 were dropped (n = 17,539). At
least, beta values with the m

mþuþ100 formula were calculated

for each probe. The remaining probes (n = 467,730) with the
beta value were considered as input to find differentially meth-
ylated regions (DMRs).

Heatmap of Spearman’s correlation

The heatmap of Spearman’s correlation with the use of
“heatmap” package into R environment, after data preprocess-
ing and normalization, was plotted to identify clusters be-
tween samples.

DMR identification

To identify DMRs, “seqlm” package [23] was used with a
maximum 500-bp distance between each segmentation.
DMRs for each two groups were filtered by false discovery
rate, FDR < 0.05, methylated probes with more than three
probes, and absolute methylation value (Δβ) > 0.2 to be
meaningful.

DMP identification

In eutopic compared with control samples, we found all
DMRs had FDR > 0.05. Then, we selected regions with dif-
ferentially methylated positions (DMPs) with an absolute
methylation value (Δβ) > 0.5.

Functional analysis

G:profiler web server (https://biit.cs.ut.ee/gprofiler/) was used
to perform functional annotation chart and pathway analysis.
Terms with q-value < 0.05 were considered statistically
significant.
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Differentially expressed genes

Differentially expressed genes between healthy women and
patients with moderate/severe stages of endometriosis were
identified using GEO2R tools (https://www.ncbi.nlm.nih.
gov/geo/geo2r/?acc=GSE51981). From differentially
expressed genes, only genes with the absolute log2 fold
change greater than 1 were selected.

Visualization

Visualization of the results was performed using “ggplot”
package [24] in the R environment.

Results

Genome-wide DNA methylation profiling
in endometrial tissues of endometriosis and control
samples

Endometrial biopsy specimens were obtained from nine endo-
metriosis patients and six control women referred to the
Royan Institute. The institutional ethics committee of Royan
Institute approved the study and all patients donating tissue for
these studies signed a consent form. We first measured the
pairwise correlation of DNA methylations among samples.
To this end, the heatmap of Spearman’s correlation coefficient

Fig. 1 Differential CpG methylated pattern in healthy and endometriosis
lesions. The methylation distributions depicted as (a) violin plot showing
the distribution of DNA methylation levels in different samples. (b)
Heatmap of the Spearman’s correlation between samples illustrated the
similarities between samples which indicates the low correlation between

C1 (one of control sample) and other samples (E, U, and C stands for
ectopic, eutopic, and control, respectively). (c) PCAwas illustrated. Also,
scatter plots of ectopic comparing control (d) and eutopic (e) show more
difference relative to eutopic and control comparison (f)
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was generated using beta value that resulted from sample
comparison. Heatmap graph demonstrates two main clusters
by dividing the ectopic from the eutopic and control samples.
As it is shown (Fig. 1b), one of the control samples with low
correlation failed in correlation assessment and we found it as
an outlier, so we removed it from further analysis. Consistent
with the correlation heatmap, the principal component analy-
sis (PCA) revealed that DNAmethylation has more difference
between ectopic and control than eutopic and control. Also,
eutopic and control have closer DNA methylation patterns.
The relationships between methylated CpG distribution and
sample types are illustrated in the violin plot (Fig. 1a). In all
cases, consistent DNA methylation distribution of CpGs were

observed while methylated CpGs were more localized at
methylation grade with a value of 1. Also, we examined meth-
ylation changes in β values. Similar DNA methylation distri-
bution with more difference was revealed between eutopic
and control in comparison with the ectopic samples
(Fig. 1d, e). Additionally, we found a lower distribution of
methylation in eutopic vs. control sample indicating low dif-
ferences in control and eutopic samples (Fig. 1f). This is con-
sistent with both violin plot and heatmap correlation. We
aimed to find local DMRs among healthy controls and endo-
metriosis lesions. For this purpose, we performed a compara-
tive analysis and identified 1753 DMRs in ectopic vs. control
and 2108 DMRs in the ectopic vs. eutopic (FDR < 0.05,

Fig. 2 DMR distribution of ectopic and control depicted in a volcano plot
(a) where not significant regions are shown in blue color and
hypermethylation and hypomethylation ones are shown in red and

green. Pie charts of hyper- and hypomethylated CpGs depict genomic
regions relative to gene sites (c, d) and bar plots show CpG context
distributions (b)
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absolute methylation degree > 0.2, and the number of methyl-
ated CpGs ≥ 3). However, we did not find any significant
differentially methylated regions in eutopic vs. control com-
parisons, so we limited the analysis to DMPs in eutopic com-
pared to control.

The volcano plot of DNAmethylation between ectopic and
control comparison is shown in Fig. 2a. Among all 2904
methylated CpGs, 1592 CpGs were hypermethylated and
1312 were hypomethylated. The most hypermethylated genes
were SLC10A6, MACROD1, EMX2, and PRDM16 and the
hypomethylated ones in ectopic were ZNF423, PPFIA1,
ATP101A1, and PI3KCG. The genomic distribution of CpG
sites (islands, shores, shelves) and gene structures and parts (3′
UTR, 5′UTR, first exon, TSS, body) influence the gene ex-
pression [9, 25]. In ectopic comparison to control samples, we

identified a similar distribution of both hyper- and
hypomethylated regions which most methylated regions were
distributed in the gene body and intergenic parts. Promoter
sites dedicate the third degree (Fig. 2c, d). Regions not located
inside the CpG islands were more likely to undergo methyla-
tion. Shores and shelves are ordered after island parts in ab-
normal methylation, respectively (Fig. 2b).

The assessment distribution of the ectopic and eutopic
comparison showed 1608 hypermethylated CpGs with most
methylated genes as ADCY9, MACROD1, SLC10A6, and
PRDM16 and 1684 hypomethylated CpGs that showed
ZSCAN12L1, ZNF843, ZNF833, and ZNF808 with the most
hypermethylation. Also, methylated CpG distribution is
shown in Fig. 3. The differentially methylated CpGs had a
similar methylation pattern in both island and gene structures

Fig. 3 DMRdistribution of ectopic and eutopic depicted in a volcano plot
(a) where not significant regions are shown in blue color and
hypermethylation and hypomethylation ones are shown in red and

green. Pie charts of hyper- and hypomethylated CpGs depict genomic
regions relative to gene sites (c, d) and bar plots show CpG context
distributions (b)
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nearly with overmethylation in gene body and none of CpG
islands and undermethylation in CGIs and shelves and 3′UTR.
These observations indicate DNA methylation changes did
not randomly occur and have a relation to genetic and CpG
sites. As mentioned before, we did not find any signifi-
cant DMRs (FDR < 0.05) in eutopic and control samples;
it does not mean there are no differences between
eutopic and control samples. There are a few genes with
DMP which resulted in significant terms in the KEGG
pathway analysis. Methylated genes associated with
DMPs were categorized in 40 hypomethylated and 79
hypermethylated genes.

So, volcano plot was absent from eutopic and control sam-
ple study. CpG distribution in the gene context was surveyed
based on DMP. Figure 4 shows how the regions with the
differentially methylated position are distributed in eutopic
in comparison to control. Also, we observed the most meth-
ylated regions are located in intergenic, gene body, and none
of the CpG islands area.

Validation

To validate results and impact on methylation effects on
gene expression, we focused on DNA methylation

Fig. 5 Correlation of differentially methylated and differentially expressed genes in hypermethylated (a) and hypomethylated genes (b)

Fig. 4 Pie charts of hypermethylated (b) and hypomethylated (c) DMPs of eutopic and control comparisons depicted genomic regions relative to gene
sites and bar plots (a) showed CpG context distributions

(2019) 36:1743–17521748 J Assist Reprod Genet



alternations of ectopic samples compared to control and
mRNA expression data reported by Tamaresis et al. [26].
For this purpose, we calculated differentially expressed
genes of a healthy patient and patient with endometriosis
with absolute log fold change > 1 and adjusted p value ≤
0.05. We then found the subscription between them and
genes were methylated in the TSS regions. We reached 23
downregulated and 29 upregulated genes shared between
them. Also, the KEGG pathway of shared genes showed
consistent terms with endometriosis disease. To find the
correlation between methylation and expression, we inves-
tigate the relevance of changes and their effect on expres-
sion. As Fig. 5 shows, hypermethylated genes resulted in a
decrease of gene expression, and hypomethylated ones
(Fig. 5b) were correlated with the upregulation of the genes.

GO and KEGG pathway analysis

To investigate possible biological functions of the identified
differentially methylated regions, we performed Gene
Ontology (GO) and pathway analysis of the genes associated
with DMRs. The analysis revealed that 73% of the methylated
genes in ectopic samples were related to the biological pro-
cess, including developmental process, locomotion, regula-
tion of signaling, and other terms (q value < 0.05) (Fig. 6a, b).

Pathway analysis of ectopic hypomethylated genes showed
disruption in the PI3K-Akt signaling pathway (Fig. 7a).

Alternations in ectopic vs. eutopic methylation were found
in biological process terms associated with endometriosis de-
velopment, such as biological adhesion, multicellular organ-
ismal process, response to a stimulus, cell proliferation, and
the other terms (Fig. 6c, d). In pathway analysis, we found the
terms relaxin signaling pathways, oxytocin signaling path-
ways, pancreatic secretion, HTLV-I infection, protein absorp-
tion, and digestion and the other terms illustrated in Fig. 7b, c.
Indeed, we illustrated the main branch of the resulting biolog-
ical terms and the subcategories of these branches had not
been shown. On the other hand, genes associated with DMP
(hypomethylated) occupied pathway terms in tuberculosis, in-
flammatory bowel disease (IBD), th17 cell differentiation, in-
testinal immune network of IgA production, Epstein-Bar virus
infecting, toxoplasmosis, rheumatoid arthritis, leishmaniasis,
etc. Go terms with at least 4 common genes were illustrated.

Discussion

Previous studies have reported abnormal DNA methyla-
tion changes as a mechanism of endometriosis develop-
ment. Here, we used genome-wide methylation profiles to
investigate alternations in the ectopic and eutopic lesions
of patients compared to the endometrium of control wom-
en using the Infinium Human Methylation 450K
BeadChip. The global methylation comparison showed a

Fig. 6 Enrichment by gene ontology of hypermethylated (a) and hypomethylated (b) DMPs in ectopic compared to control and hypermethylated (c) and
hypomethylated (d) in ectopic compared to eutopic
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few significant DNA methylation differences between
the endometria of patients and controls, while the large
number of differentially methylated regions identified in
control endometrial and ectopic lesions since variation
between individual tissues is larger than within ones.
Also, the endometrium is a heterogeneous glandular,

composed of luminal, epithelial, and stromal cells with
their own tissue type-specific DNA methylation signa-
ture [27], and therefore, the comparison between two
really distinct tissues (lesions vs. endometrium) reflects
tissue type differences. In the other site of views, the
number of patients influences the significant changes

Fig. 7 Enrichment by pathway
analysis of hypermethylated (b)
and hypomethylated (c) genes in
ectopic and eutopic comparison
and hypomethylated ones in
ectopic vs. control (a)
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which are consistent with the results of Rahmioglu et al.
[28].

Both hyper- and hypomethylated regions were observed
in our comparisons. Abnormal methylations in regions rel-
ative to CpG islands and gene sites were potential targets
associated with endometriosis development. The results of
our study confirmed these regions are influenced by meth-
ylation changes, especially in intergenic and gene body
sites. Also, the results revealed hypermethylation of the
ESR1 promoter region, as we know endometriosis is an
estrogen-dependent disease which steroid hormones regu-
late inflammatory environment leading to endometriosis
development [29, 30]. Hypermethylation in candidate key
genes (HOXC, HOXD, and WNT5) associated with prolif-
eration and embryogenesis was observed too. Hox genes
control the embryonic development by coding transcrip-
tion factor while their dysfunction results in infertility by
disrupting in embryonic development [31].

A study by Dyson et al. [32] compared ovarian endometrial
stromal cells to eutopic endometrial stromal cells and found
GATA family transcription factors with different methyla-
tions. We identified hypermethylation in GATA6 and hypo-
methylation in GATA2 and GATA3 in ectopic lesions which is
consistent with the results of Dyson et al. On the other hand, in
a recent study by Saare Merli, hypermethylation of SLC43A3
was noticed. We also found SLC10A6 with the most hyper-
methylation value in our results [33]. The other highly meth-
ylated genes were zinc finger family transcription factors,
while methylation of zinc finger protein 681 was reported by
Naqvi et al.

Gene ontology analysis showed methylated genes were
enriched in the developmental process, multicellular organis-
mal process, response to stimulus, and biological adhesions
which indicate an abnormality in cell communication and sig-
naling and its relevance in endometriosis establishment.
Dysfunction of endometrial cells was proposed to be associ-
ated with the disruption in several pathways responsible for
proliferation, angiogenesis, and cell growth. PI3K/Akt signal-
ing pathways are involved in the growth and survival of cells
[34]; its alternation plays a crucial role in endometrial cancer
pathogenesis [34, 35]. Gene expression of women’s endome-
trium with and without endometriosis showed activation of
PI3K/Akt signaling pathways. Our results showed hypome-
thylation of receptor tyrosine kinase (RTK), extracellular ma-
trix protein (ECM), and G protein-coupled receptors (GPCRs)
in ectopic cells which lead to the upregulation of this stimulus
contributing to the Akt activation. Overexpression of Akt is a
key mechanism in promoting biological processes such as
apoptosis, cell cycle, angiogenesis, and protein synthesis
[36–38]. Another characteristic of endometriosis is adhesion.
Hypermethylation of GALNT12, GALNT9, and GALNT6 in
ectopic lesions activates core 2 of mucin-type O-glycan bio-
synthesis pathways which was reported to have a role in

attenuating cell adhesion [39, 40]. An increase in the expres-
sion of GALNT leads to a chance for cell adhesion.

Though epigenetic abnormalities have a negative influence
on women’s lives and understanding these pathways’ roles in
endometriosis, especially focusing on pathways associated
with endometriosis development may help to improve treat-
ment modality. In this study, we only investigate DNA meth-
ylation effects of this disorder, but as we know, both genetics
and epigenetics have influence on the endometriosis.
Therefore, we think DNAmethylation changes that correlated
expression data could provide a better insight into this survey.

Conclusions

Emerging evidence indicates how the methylation influences
the ectopic endometrium of women with endometriosis. So,
understanding the methylation profiles in endometriosis pa-
tients can shed light on endometriosis development. Even
though the etiology of endometriosis is unclear, the results
of our analysis contribute to offering more information in this
area. In this study, we profiled the DNAmethylation of ectop-
ic and eutopic lesions of patients referred to the Royan
Institute. While DNA methylation changes between the endo-
metria of women with and without endometriosis were simi-
lar, the numbers of DMRs between eutopic and endometrial
tissue samples were considerable. The generalized results of
our study show alternations in normal cell function such as
proliferation, adhesion, signaling, and developmental process
which can lead to endometriosis establishment. However, our
results confirm that some of the prior findings provide new
insights in endometriosis methylation changes and highlight
several pathways as potential landmarks of the disease from
an epigenetic perspective.

Acknowledgments The authors have great appreciations for the kind
support of Professor Saadi Khochbin in the generation of the methylome
data. We also thank the gynecologist Dr. Fariba Ramazanali for preparing
samples.

Funding This project was partially supported by the Royan Institute
(Grant No. 96000045).

Compliance with ethical standards

Conflict of interests The authors declare that they have no conflicts of
interest in the research.

References

1. Barton-Smith P, Ballard K, Kent A. Endometriosis: a general re-
view and rationale for surgical therapy. Reviews in Gynaecological
and Perinatal Practice. 2006;6(3–4):168–76.

1751J Assist Reprod Genet (2019) 36:1743–1752



2. Aznaurova YB, Zhumataev MB, Roberts TK, Aliper AM,
Zhavoronkov AA. Molecular aspects of development and regula-
tion of endometriosis. Reproductive biology and endocrinology:
RB&E. 2014;12:50.

3. Baranov VS, Ivaschenko TE, Liehr T, Yarmolinskaya MI. Systems
genetics view of endometriosis: a common complex disorder.
European Journal of Obstetrics & Gynecology and Reproductive
Biology. 2015;185:59–65.

4. Hadfield R, Mardon H, Barlow D, Kennedy S. Delay in the diag-
nosis of endometriosis: a survey of women from the USA and the
UK. Hum Reprod. 1996;11(4):878–80.

5. Oral E, Arici A. Pathogenesis of endometriosis. Obstet Gynecol
Clin N Am. 1997;24(2):219–33.

6. Simpson JL, Elias S,Malinak LR, ButtramVC. Heritable aspects of
endometriosis: I. Genetic studies. Am J Obstet Gynecol.
1980;137(3):327–31.

7. Izawa M, Taniguchi F, Harada T. Epigenetics in endometriosis. In:
Endometriosis. Berlin: Springer; 2014. p. 107–23.

8. Guo S-W. Epigenetics of endometriosis. Mol Hum Reprod.
2009;15(10):587–607.

9. Deaton AM, Bird A. CpG islands and the regulation of transcrip-
tion. Genes Dev. 2011;25(10):1010–22.

10. Brenet F, Moh M, Funk P, Feierstein E, Viale AJ, Socci ND, et al.
DNAmethylation of the first exon is tightly linked to transcriptional
silencing. PLoS One. 2011;6(1):e14524.

11. Xue Q, Lin Z, Cheng Y-H, Huang C-C, Marsh E, Yin P, et al.
Promoter methylation regulates estrogen receptor 2 in human endo-
metrium and endometriosis. Biol Reprod. 2007;77(4):681–7.

12. Xue Q, Lin Z, Yin P, Milad MP, Cheng Y-H, Confino E, et al.
Transcriptional activation of steroidogenic factor-1 by hypomethy-
lation of the 5′ CpG island in endometriosis. J Clin Endocrinol
Metab. 2007;92(8):3261–7.

13. Wu Y, Halverson G, Basir Z, Strawn E, Yan P, Guo S-W. Aberrant
methylation at HOXA10may be responsible for its aberrant expres-
sion in the endometrium of patients with endometriosis. Am J
Obstet Gynecol. 2005;193(2):371–80.

14. Izawa M, Taniguchi F, Uegaki T, Takai E, Iwabe T, Terakawa N,
et al. Demethylation of a nonpromoter cytosine-phosphate-guanine
island in the aromatase gene may cause the aberrant up-regulation
in endometriotic tissues. Fertil Steril. 2011;95(1):33–9.

15. Eyster KM, Boles AL, Brannian JD, Hansen KAJF. DNA microar-
ray analysis of gene expression markers of endometriosis. Ferti
Steril. 2002;77(1):38–42.

16. Arimoto T, Katagiri T, Oda K, Tsunoda T, Yasugi T, Osuga Y, et al.
Genome-wide cDNA microarray analysis of gene-expression pro-
files involved in ovarian endometriosis. Int J Oncol. 2003;22(3):
551–60.

17. Nasu K, Kawano Y, Tsukamoto Y, Takano M, Takai N, Li H, et al.
Aberrant DNA methylation status of endometriosis: epigenetics as
the pathogenesis, biomarker and therapeutic target. J Obstet
Gynaecol Res. 2011;37(7):683–95.

18. Borghese B, Barbaux S, Mondon F, Santulli P, Pierre G, Vinci G,
et al. Research resource: genome-wide profiling of methylated pro-
moters in endometriosis reveals a subtelomeric location of hyper-
methylation. Mol Endocrinol. 2010;24(9):1872–85.

19. Naqvi H, Ilagan Y, Krikun G, Taylor HS. Altered genome-wide
methylation in endometriosis. Reprod Sci. 2014;21(10):1237–43.

20. Yamagata Y, Nishino K, Takaki E, Sato S, Maekawa R, Nakai A,
et al. Genome-wide DNA methylation profiling in cultured eutopic
and ectopic endometrial stromal cells. PLoS One. 2014;9(1):
e83612.

21. Sandoval J, Heyn H, Moran S, Serra-Musach J, Pujana MA,
Bibikova M, et al. Validation of a DNA methylation microarray
for 450,000 CpG sites in the human genome. Epigenetics.
2011;6(6):692–702.

22. Aryee MJ, Jaffe AE, Corrada-Bravo H, Ladd-Acosta C, Feinberg
AP, Hansen KD, et al. Minfi: a flexible and comprehensive
Bioconductor package for the analysis of Infinium DNA methyla-
tion microarrays. Bioinformatics. 2014;30(10):1363–9.

23. Kolde R,Märtens K, Lokk K, Laur S, Vilo J. seqlm: an MDL based
method for identifying differentially methylated regions in high
density methylation array data. Bioinformatics. 2016;32(17):
2604–10.

24. Wickham H. ggplot2. Wiley Interdisciplinary Reviews:
Computational Statistics. 2011;3(2):180–5.

25. Edgar R, Tan PPC, Portales-Casamar E, Pavlidis P. Meta-analysis
of human methylomes reveals stably methylated sequences sur-
rounding CpG islands associated with high gene expression.
Epigenetics Chromatin. 2014;7(1):28.

26. Tamaresis JS, Irwin JC, Goldfien GA, Rabban JT, Burney RO,
Nezhat C, et al. Molecular classification of endometriosis and dis-
ease stage using high-dimensional genomic data. Endocrinology.
2014;155(12):4986–99.

27. Lokk K, Modhukur V, Rajashekar B, Märtens K, Mägi R, Kolde R,
et al. DNAmethylome profiling of human tissues identifies global and
tissue-specific methylation patterns. Genome Biol. 2014;15(4):3248.

28. Rahmioglu N, Drong AW, Lockstone H, Tapmeier T, Hellner K,
Saare M, et al. Variability of genome-wide DNA methylation and
mRNA expression profiles in reproductive and endocrine disease
related tissues. Epigenetics. 2017; (just-accepted).

29. Grandi G, Mueller MD, Papadia A, Kocbek V, Bersinger NA,
Petraglia F, et al. Inflammation influences steroid hormone recep-
tors targeted by progestins in endometrial stromal cells from wom-
en with endometriosis. J Reprod Immunol. 2016;117:30–8.

30. Barbosa CP, De Souza AB, Bianco B, Christofolini D. The effect of
hormones on endometriosis development. Minerva Ginecol.
2011;63(4):375–86.

31. Samadieh Y, Favaedi R, Ramezanali F, Afsharian P, Aflatoonian R,
Shahhoseini M. Epigenetic dynamics of HOXA10 gene in infertile
women with endometriosis. Reprod Sci. 2018;1933719118766255.

32. Dyson MT, Roqueiro D, Monsivais D, Ercan CM, Pavone ME,
Brooks DC, et al. Genome-wide DNA methylation analysis pre-
dicts an epigenetic switch for GATA factor expression in endome-
triosis. PLoS Genet. 2014;10(3):e1004158.

33. SaareM,Modhukur V, SuhorutshenkoM, Rajashekar B, Rekker K,
Sõritsa D, et al. The influence of menstrual cycle and endometriosis
on endometrial methylome. Clin Epigenetics. 2016;8(1):2.

34. Osaki M, Ma O, Ito H. PI3K-Akt pathway: its functions and alter-
ations in human cancer. Apoptosis. 2004;9(6):667–76.

35. Slomovitz BM, Coleman RL. The PI3K/AKT/mTOR pathway as a
therapeutic target in endometrial cancer. Clin Cancer Res.
2012;18(21):5856–64.

36. Fresno JV, Casado E, Cejas P, Belda-Iniesta C, González-Barón M.
PI3K/Akt signalling pathway and cancer. Cancer Treat Rev.
2004;30(2):193–204.

37. Hers I, Vincent EE, Tavaré JM. Akt signalling in health and disease.
Cell Signal. 2011;23(10):1515–27.

38. Liang J, Slingerland JM. Multiple roles of the PI3K/PKB (Akt)
pathway in cell cycle progression. Cell Cycle. 2003;2(4):336–42.

39. IJBeBA-GS B. Pathways of O-glycan biosynthesis in cancer cells.
1999;1473(1):67–95.

40. MJBeBA-GS F. Roles of mucin-type O-glycans in cell adhesion.
Biochim Biophys Acta. 2002;1573(3):394–405.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

(2019) 36:1743–17521752 J Assist Reprod Genet


	Genome-wide DNA methylation profiling in ectopic and eutopic of endometrial tissues
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Sample collection
	Illumina Infinium Human Methylation 450K
	Preprocessing and normalization of methylation data
	Heatmap of Spearman’s correlation
	DMR identification
	DMP identification
	Functional analysis
	Differentially expressed genes
	Visualization

	Results
	Genome-wide DNA methylation profiling in endometrial tissues of endometriosis and control samples
	Validation
	GO and KEGG pathway analysis

	Discussion
	Conclusions
	References




