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2. REVIEW OF LITERATURE

2.1. Endometriosis epidemiology

Endometriosis is a common estrogen-dependent benign gynaecological disease
affecting 5-10% of women of reproductive age and up to 50% of women with
pelvic pain and infertility (Giudice, 2010). The exact prevalence of endo-
metriosis in Estonia is unknown but on average 300 women (0.1% of re-
productive-aged women) get the diagnosis of endometriosis every year (data
from Estonian Health Insurance Fund and Statistics Estonia, January 2016).
Endometriosis is characterized by the growth of functional endometrial tissue
outside the uterine cavity. The cells growing in ectopic locations are under the
influence of female hormones and follow the normal menstrual cycle, similarly
to endometrial cells inside the uterus. During menstruation, the bleeding from
desquamated ectopic lesions causes inflammatory processes inside the
peritoneal cavity leading to the formation of adhesions and causing pain and
infertility. The most common symptom of endometriosis is chronic or cyclic
pain (pelvic pain, pain during menstruation and ovulation, painful sexual
intercourse) and thus endometriosis has a huge impact on the quality of life of
these women (Dunselman et al., 2014). In addition to pain symptoms, endo-
metriosis has also a major impact on women'’s fertility, as it affects the ovarian
reserve, causes poor oocyte and embryo quality and low implantation rates;
however, the mechanisms behind endometriosis-associated infertility are still
poorly understood (reviewed in Macer et al., 2012).

The symptoms of endometriosis are nonspecific and it is proposed that the
disease is underdiagnosed with an average delay of 7 years between the onset of
the symptoms and the correct diagnosis (Rogers et al., 2013). The delay of the
diagnosis can be explained by the fact that despite of extensive research, there
are still no non-invasive diagnostic markers for endometriosis and according to
the guidelines of European Society of Human Reproduction and Embryology
(Dunselman et al., 2014) the gold standard for accurate diagnosis of endo-
metriosis is still laparoscopy together with histological verification of endo-
metrial glands and/or stromal cells of biopsied samples. The non-invasive
imaging technologies like magnetic resonance imaging and transvaginal
ultrasound can be used for diagnosing large endometriomas and deep endo-
metriotic nodules, though for accurate diagnosis (to determine severity of the
disease, presence of adhesions, small endometriomas and superficial lesions)
and for surgical treatment, laparoscopic surgery is still needed. Due to the
invasive nature of endometriosis diagnostics, robust and specific non-invasive
biomarkers with acceptable sensitivity and specificity, and detectable preferably
from easily assessable sources like blood and body fluids, are needed. Although
endometriosis biomarkers have been sought from peripheral blood (whole
blood, plasma, serum), menstrual blood, peritoneal fluid and urine samples and
more than 100 markers, among them annexin V, CA-125, glycodelin, glyco-
proteins, inflammatory and non-inflammatory cytokines, angiogenic and growth
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factors have been assessed, the results of these studies have been inconsistent
and have not provided diagnostic tests with sufficient predictive power (May et
al., 2010; Vodolazkaia et al., 2012).

The severity of endometriosis is classified into four stages (I-minimal, 11-mild,
I11-moderate, and 1V-severe) depending on the location, extent and depth of
lesions, presence and extent of adhesions and endometriomas (ASRM, 1997).
Women with minimal-mild (stage I-Il) disease have superficial lesions and
mild adhesions, women with moderate-severe endometriosis (stages 1l1-1V)
have usually superficial/deep infiltrating endometriosis (DIE) or endometriomas
and severe adhesions. Curiously, the symptoms of endometriosis and severity of
the disease correlate poorly with fertility outcome, severity of the pain or
characteristics of lesions (type, size and location), making the diagnosis and
research to reveal disease pathogenesis even more complicated.

Although epidemiologic studies have found several risk factors for
endometriosis such as menstrual cycle characteristics (early age at menarche,
short menstrual cycles and heavy bleeding), taller height, decreased body mass
index (BMI) and low number of pregnancies (reviewed in Cramer et al., 2002)
the questions “why endometriosis develops, how endometrial cells reach to
ectopic sites and how to find biomarkers for non-invasive diagnostics” have
remained the main initiators for many basic science studies that will be
summarized in the following sections.

2.2. Endometriotic lesions morphology and histology

As the location and general appearance of endometriotic lesions (such as colour,
size and morphology) are highly variable between patients (Hsu et al., 2010),
histological evaluation of biopsied lesions is needed to confirm the diagnosis of
endometriosis and to facilitate optimal treatment. The most common locations
of lesions are on the surface of pelvic cavity organs (ovaries, uterus and
fallopian tubes), ligaments (uterosacral ligaments, broad and round ligaments),
recto-uterine pouch and ovarian fossa. Extra-pelvic locations of lesions are rare
but in some cases lesions can be found in upper abdomen, diaphragm but also
on operation scars, urinary tract, bowel, appendix and rectum. Endometriotic
lesions (Figure 1) can be divided into three different subtypes: firstly, super-
ficial peritoneal lesions which may be black, dark-brown, blue “powder-burn”,
red, clear lesions or white areas of fibrosis, located mainly in pelvic peritoneal
tissue and organs. Secondly, endometriomas that are ovarian cysts lined by
endometrial tissue and filled with old dark-brown blood; and thirdly, DIE, in
which case the endometrial cells penetrate > 5 mm into the adjacent fibro-
muscular tissue (reviewed in Hsu et al., 2010). It has been proposed that colour
of the endometriotic lesions changes over time, starting from red, progressing to
black and finally reaching the fibrotic white lesions (Nisolle et al., 1997).
Different subtypes of endometriotic lesions can be found in combination, or just
a single subtype can be present. To date, it is unclear whether different lesion
subtypes share common pathologic mechanisms (Nisolle et al., 1997).
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Figure 1. Photographs of endometriotic lesions. A. Peritoneal superficial endometriotic
lesions on the Ligamentum sacrouterina. B. Endometriotic lesions on the surface of the
ovarian mucinous cystadenoma. Photographs made by Dr. Pille Soplepmann (Tartu
University Hospital, Estonia).

The histological diagnosis of endometriosis requires the presence of at least two
histological features in the lesion: either endometrial epithelial cells, endo-
metrial stromal cells surrounding the glandular epithelial cells or hemosiderin-
laden macrophages (Anaf et al., 2000) (Figure 2). During the routine histo-
logical assessment, several tissue sections from different parts of the biopsy are
examined but identification of specific cells may still be complicated as many
lesions with “typical” macroscopic appearance cannot be confirmed at the
microscopic level (Moen et al., 1992; Walter et al., 2001). Although histo-
logical evaluation of lesions is routinely used in everyday practice, as many as
30-50% of surgical specimens removed during laparoscopy are not confirmed
by histological assessments (Moen et al., 1992; Stratton et al., 2003; Stegmann
et al., 2008; Fernando et al., 2013). In endometriomas, the histopathological
validation is even more variable ranging from 0% (Fayez et al., 1991) to 100%
(Muzii et al., 2007). The possible reasons why histological assessment of the
lesions may fail are inadequate sample collection during the laparoscopy,
presence of lesion-like tissue structures in abdominal cavity, very small size of
lesions or because samples may lack endometriotic glands, and sparse stromal
cells may be hidden in surrounding tissue (Kennedy et al., 2005). The most
common histopathologic findings of lesion-like structures include fibrosis,
hemorrhagic changes, inflammatory changes and normal peritoneal tissue
(Wanyonyi et al., 2011) and for endometrioma-like cysts, ovarian tissue, non-
diagnostic cysts and corpus luteum or albicans cysts are the usual findings
(reviewed in Muzii et al., 2007).
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modifications, oxidative stress and inflammation, inefficient clearance from
menstrual debris in peritoneal cavity caused by immune or inflammatory
deficiency, alterations in cell fate and apoptosis systems and genetic/epigenetic
factors or a combination of these mechanisms in disease pathogenesis have been
proposed (reviewed in Burney et al., 2012).

| Retrograde menstruation Fetal origin | | Inflammation |

| Lymphatic spread | Genetics |
| Hematogenic spread L Epigenetics |
| Coelomic metaplasia L{ Immunology |

Changes in the
peritoneal mesothelial
cell phenotype

Hormonal imbalance |

Environment |

Mesenchymal and
hematopoetic stem cells | Miillerian rest | | Tissue microtrauma |

Figure 3. The main theories of endometriosis development.

Although there are many theories, no single theory can explain all aspects of the
disease development. The most widely accepted Sampson’s retrograde men-
struation theory is supported by multiple lines of evidence, such as the presence
of viable endometrial cells in menstrual and peritoneal fluid (Koninckx et al.,
1998), development of endometriotic lesions in non-human primates after
inoculation of endometrial tissue into peritoneal cavity (D’Hooghe et al., 1991)
and higher frequency of endometriosis in women with congenital abnormalities
causing obstruction of outflow (Sanfilippo et al., 1986). However, retrograde
menstruation is a universal phenomenon among healthy women with patent
fallopian tubes and therefore this theory does not explain why endometriosis is
present in only 5-10% of women. Why endometrial cells, irrespective of the
mechanisms how they reach to the peritoneal cavity, are able to attach, invade
and form ectopic endometrial lesions in some women is currently unknown, but
the endometrial origin of endometriotic cells is widely accepted. Furthermore, it
has been proposed that genomic, transcriptomic and epigenomic alterations in
endometrial cells of some women could be responsible for the elevated ability
of these cells to attach and grow in ectopic locations.



2.4. Molecular profiling studies in endometriotic
lesions and endometria

The advancements in genome-wide microarray and sequencing technologies
started the molecular profiling (omics) era in endometriosis studies that has
revolutionized our understanding about the disease background. Since 1999,
around 50 publications using high throughput technologies and focusing on
genomics, epigenomics and transcriptomics of endometriotic lesions and
endometrium have been published (Figure 4).
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Figure 4. Molecular profiling studies in endometriosis. X-axis denotes the type of
‘omics’ analysed, while Y-axis indicates the number of studies. The numbers above the
bars indicate the numbers of the studies. “Lesion” indicates studies using either lesions
or lesions together with endometrium, while “endometrium” indicates those studies
using only endometria. Literature search was performed in PubMed, including studies
published up to January 2016. Only publications in English were considered. The
keyword ‘endometriosis’ was one-by-one searched in combination with terms: ‘endo-
metrium’, ‘miRNA-+microarray’, ‘sequencing’, ‘microarray’, ‘gene expression+micro-
array’, ‘exome sequencing’, ‘GWAS’, ‘CNV’, ‘genomics’, ‘DNA methylation’, ‘DNA
alterations’. Some of the eligible studies were identified using the reference lists of
appropriate review articles. Epigenome studies include only papers describing DNA
methylation.

Genomics is defined herein as variability in DNA sequence at the genome level,
epigenomics as epigenetic modifications of DNA, and transcriptomics as
variability in composition and abundance of mRNA and microRNA (miRNA)
levels (Altmae et al., 2014). The major advantage of using molecular profiling
when studying complex diseases with unknown pathogenesis such as
endometriosis, is that the data can be collected without existing hypotheses and
a primary research question is not always needed (first experiment-then-hypo-
thesize approach) (Ozdemir et al., 2009). Although the amount of molecular
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profiling studies in endometriosis is still moderate, the number of studies is
constantly growing because of the accessibility and affordability of new
methods. A detailed review of *omics’-level studies in endometriosis is given in
the following chapters.

2.4.1. Genomics of endometriosis
2.4.1.1. Single nucleotide polymorphisms in endometriosis

Endometriosis is a polygenic complex disease, which means its pathogenesis is
affected by many different gene variants together with environmental influences.
Comprehensive genome-wide association studies (GWAS) comprising thou-
sands of individuals and including hundreds of thousands single nucleotide
polymorphisms (SNPs) together with further replication studies (Adachi et al.,
2010; Uno et al., 2010; Painter et al., 2011; Nyholt et al., 2012; Albertsen et al.,
2013; Pagliardini et al., 2013; Sundqyvist et al., 2013; Sapkota et al., 2015) have
been performed to elucidate the genetic predisposition to endometriosis. A
recent meta-analysis included more than 11,506 patients and 32,678 controls
and found that six loci were genome-wide significant, including rs12700667 on
7p15.2, rs7521902 near WNT4, rs10859871 near VEZT, rs1537377 near
CDKN2B-AS1, rs7739264 near ID4 and rs13394619 in GREB1 (Table 1)
(Rahmioglu et al., 2014b).

Table 1. Results of the GWAS metaanalysis (Rahmigiolu et al. 2014)

SNP OR (95% CI)* P value Nearest gene
rs7521902 1.18 (1.13-1.23) 1.8x 107" WNT4
rs12700667 1.13 (1.08-1.17) 1.9x10° intergenic
rs1537377 1.12 (1.08-1.17) 1.0x10°® CDKN2B-AS1
rs10859871 1.18 (1.13-1.22) 48 x 107 VEZT
rs7739264 1.11 (1.08-1.15) 1.8x 107 ID4
rs13394619 1.13 (1.07-1.20) 45x%10° GREB1

*OR, odds ratio, Cl confidence interval

Although GWAS have provided valuable information about SNPs and reported
novel candidate genes as well as genome regions, the effect sizes for the asso-
ciated variants are quite moderate (odds ratios between 1.0-1.2). It is very likely
that instead of common variants the rarer variants (minor allele frequency of
<0.05) not captured by the GWAS genotyping arrays used in endometriosis
studies thus far, could contribute to the risk of the disease (Visscher et al.,
2012).
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research. The main hypothesis encouraging SCNA studies has been based on
the idea that endometriosis is a tumor-like disease caused by de novo somatic
DNA aberrations (Figure 5) that are frequent in malignant neoplasms
(Beroukhim et al., 2010). How and where these alterations occur is still unclear
but the primary source of SCNASs in endometriosis could be either the eutopic
endometrium from which menstrual blood containing endometrial cells with
changed properties refluxes through the fallopian tubes to peritoneal cavity and
form lesions or somatic alterations may arise in normal endometrial cells at
ectopic locations in response to abnormal peritoneal environment.

-
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g \ ®
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/ Somatic cells with DNA genomic alterations \
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Figure 5. The schematic representation of putative mechanisms of endometriotic lesion
development through SCNAs. Genomic alterations may occur already in the eutopic
endometrium (denoted in the right side of the upper panel) or arise in response to
peritoneal environmental conditions from normal endometrial cells that are refluxed
during the menstruation into the abdominal cavity (denoted in the left side of the upper
panel). Lower panel: normal DNA has two copies of each specific genomic region,
homozygous duplication indicates the presence of 4 copies, hemizygous duplication 3

copies, hemizygous deletion 1 copy and homozygous deletion indicates a loss of
specific genomic region.

Hemizygous duplication = =
[ Alterations in gene ]

Different methods have been used (e.g. traditional methods like karyotype
analysis, fluorescence in situ hybridisation, microsatellite analysis, and genome-
wide methods like CGH, aCGH and exome sequencing) to identify SCNAs in
eutopic or ectopic endometrial tissues of endometriosis patients (Gogusev et al.,
1999; Guo et al., 2004; Wu et al., 2006b; Zafrakas et al., 2008; Silveira et al.,
2012; Yang et al., 2013) (Table 2). However, the results of these studies have
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not provided a clear consensus about the presence of somatic alterations either
in endometriotic lesions or eutopic endometria. Some of the studies have
reported the presence of chromosomal alterations in lesions, more frequently
gains in chromosomes 1p, 3p, 69, 179, and Xq and losses in chromosomes 1p,
5p, 6g (Gogusev et al., 1999; Wu et al., 2006b; Veiga-Castelli et al., 2010;
Silveira et al., 2012; Yang et al., 2013), while the study by Zafrakas et al.
(2008) found no chromosomal aberrations in ectopic or eutopic endometrium
(Zafrakas et al., 2008). Guo et al. (2004) found several genomic alterations also
in eutopic endometria of endometriosis patients and hypothesised that these
alterations could be the proximate cause of endometriosis (Guo et al., 2004).
Recently, the first study implementing whole-exome sequencing to search
somatic alterations in endometriosis was conducted by Li et al. (2014) who
sequenced the exomes of blood DNA and laser capture microdissection (LCM)-
harvested endometrial cells from eutopic and ectopic endometria of 16
endometriosis patients and eutopic endometria of 5 healthy women (Li et al.,
2014). A very interesting finding of this study was that DNA originating from
healthy endometria contains thousands of somatic mutations that are absent in
blood DNA, indicating the presence of somatic mutations also in endometria of
healthy women. The overall somatic mutation spectrum in endometria of
women with and without endometriosis was very similar; however, endo-
metriotic cells from patients had a unique fingerprint and a number of mutated
genes were related to pathways involved in adhesion processes, chromatin
modification, cell cycle, DNA repair and regulation of apoptosis (Li et al.,
2014). The authors concluded that most of the mutations are already present in
the cells of eutopic endometrium in endometriosis patients and nearly all of
these mutations are probably benign and irrelevant for pathogenesis (Li et al.,
2014).

Based on the inconclusive results of aforementioned studies it is difficult to
draw any definite conclusion about the presence and potential role of SCNAS in
endometriosis pathogenesis and therefore further studies are needed.
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metrial tissue studies, the comparison of available gene lists (Eyster et al., 2007;
Hever et al., 2007; Khan et al., 2012; Kobayashi et al., 2012; Crispi et al., 2013)
showed that the overlap between these studies was relatively small (Figure 6B)
and only a small subset of genes (e.g. AEBP1, CXCL2, C3 and C4A) was found
in more than three studies, while no differentially expressed genes common to
all studies were reported.

Beside mRNAs, the first studies focusing on long noncoding RNAS
(IncRNAs) have been conducted (Sun et al., 2014; Wang et al., 2015). IncRNAs
are thought to function as regulators of gene expression at almost every stage,
from targeting epigenetic modification to modulation of mRNA stability and
translation (Mercer et al., 2013). Authors proposed that many found dysregulated
INcRNAs may participate in biological pathways related to chromosome
condensation, nucleosome assembly, and protein-DNA complex assembly, which
correspond well to the central role InNCRNAs play in the epigenetic regulation of
the genome (Sun et al., 2014). However, the true relevance of INCRNAs in patho-
genesis of endometriosis needs to be elucidated in future studies.

It should be pointed out that to date no meta-analyses have been conducted
concentrating on all endometriosis transcriptome data, probably because of the
insufficient data presented in papers and also because of the poor availability of
full datasets. Furthermore, the study design differences make the comparison of
findings even more complicated. For example, lesions from different locations
(peritoneal lesions/endometriomas) have been compared to healthy or matched
endometrium, selection criteria for patients and controls have been different,
used array types vary, and menstrual cycle phases of studied individuals are not
reported or samples from different menstrual cycle phases have been used. Still,
despite the low concordance between results, all transcriptome studies have
found remarkable differences between lesions and eutopic endometria and
therefore, future large scale studies with carefully planned study design are
needed to reveal changes truly related to the disease pathogenesis.

2.4.3. miRNA studies in endometriosis

miRNAs are small (typically 22 nucleotides in size) non-coding regulatory
RNA molecules, which have an important function in modulating the stability
of specific mRNA targets. Changes in miRNA expression that affect target
MRNA degradation and/or translation may cause alterations in the dynamic
balance between miRNAs and their target mMRNAs and thereby lead to changes
in normal physiological status of the tissues. miRNAs have been extensively
studied in association with different pathologic conditions, among them uterine
and endometrial disorders such as uterine leiomyoma (Creighton et al., 2010),
endometrial carcinoma (Banno et al., 2013) and endometriosis (reviewed in
Gilabert-Estelles et al., 2012). miRNA studies in endometriosis can be divided
into two groups: studies focusing on endometria of patients and controls, and
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studies comparing miRNA expression profiles between endometriotic lesions
and endometrium.

Some microarray-based miRNA studies describing differences between
eutopic endometria of patients with endometriosis and healthy women have
been performed (Burney et al., 2009; Laudanski et al., 2013; Braza-Boils et al.,
2014; Shi et al., 2014; Laudanski et al., 2015). Burney et al. found differential
expression of two miRNA families, miR-9 (miR-9, miR-9*) and miR-34 (miR-
34b*, miR-34c-5p, miR-34c-3p) in patients with endometriosis (Burney et al.,
2009). A subsequent study by Laudanski et al. reported two miRNAs (miR-483-
5p and miR-629) that were down-regulated in eutopic endometrium of patients
compared to controls (Laudanski et al., 2013). Authors suggested that lower
expression of these miRNAs is a consequence of an early defect in the physiolo-
gical activity of the proliferative endometrium, eventually resulting in the
overgrowth of this tissue outside the uterus (Laudanski et al., 2013). Laudanski
et al. expanded their previous work and reported the presence of 136 upregulated
miRNAs in the eutopic endometrium of patients with advanced ovarian endo-
metriosis compared with the eutopic endometrium (Laudanski et al., 2015).
After validation of 11 miRNAs, only three: miR-5187-3p, miR-3152-5p, and
miR-30d-5p, revealed borderline significance. Furthermore, authors were not
able to detect the differential expression of miRNAs they had reported in their
previous study (miR-483-5p and miR-629) (Laudanski et al., 2013). In the
study by Braza-Boils et al. (2014) both eutopic endometria from patients and
controls and endometriotic tissues were studied (Braza-Boils et al., 2014). The
hierarchical clustering analysis showed clearly that the miRNA expression
signatures of eutopic endometria of patients and controls were very similar and
only five miRNAs were found to be differentially expressed (fold change,
FC > 1.5) in eutopic endometria. Thirty six downregulated miRNAs in endo-
metria of patients were also reported by Shi et al. (Shi et al., 2014). However,
the comparison of all the results from aforementioned miRNA studies (Figure
7A) showed only a minute overlap, and only one miRNA (miR-9*) was
reported to have altered expression in eutopic endometria of endometriosis
patients in two studies. Is the small overlap a sign that miRNA expression levels
are not affected in eutopic endometria of endometriosis patients or is it a
reflection of differences in study design (array platforms/the effect of menstrual
cycle/ selection of controls etc.), is not clear.

Genome-wide miRNA studies describing the full spectrum of miRNAs
expressed in a specific genome (miRNome) of peritoneal lesions or endo-
metriomas have found a number of miRNAs that could be associated with disease
pathogenesis (Ohlsson Teague et al., 2009; Filigheddu et al., 2010; Hawkins et
al., 2011; Braza-Boils et al., 2014; Shi et al., 2014). Similarly to endometrial
studies, the concordance between endometriotic lesion studies is relatively
small and no differentially expressed miRNAs can be found in all studies
(Figure 7B). However, subsets of overlapping miRNAs such as miR-200b and
miR-196b (found in four studies), miR-200a, miR-183, miR-375, miR-200c and
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Figure 7. Venn diagrams describing the overlap between the results from different
miRNA studies. A. miRNA studies in eutopic endometria and B. miRNA studies where
endometriotic lesions were compared to eutopic endometria. miRNAs included into the
analysis were with FC > 1.5 and p-value < 0.05. The input for Venn diagram is based on
the literature review and only studies presenting differentially expressed miRNA lists
were included. Only the top lists of miRNAs were provided in some studies (Burney et
al., 2009; Laudanski et al., 2013). The numbers of studied tissue samples are shown on
the figure together with the respective references. E, endometriosis endometrium; NE,
healthy or non-endometriosis endometrium; L, endometriotic lesion.

miR-29¢ (found in three studies) and miR-381, miR-133b, miR-429, miR-10a,
miR-34c-5p, miR-141, miR-449b, miR-509-3-5p, miR-1, miR-182, miR-376a,
miR-203, miR-93, miR-25, miR-100, miR-20a miR-150 miR-145 miR-99a and
miR-365 (found at least in two studies) have been repeatedly reported.
Interestingly, the members of miR-200 family (miR-200a, miR-200b and miR-
141) have been frequently reported to be differentially expressed between
lesions and endometria. miR-200 family has been shown to target a complex
network of important transcription regulators like ZEB1 and ZEB2 (E-box-
binding transcription factors 1 and 2) which are transcriptional repressors for
E-cadherin (Figure 8) (Park et al., 2008). The members of this complex regulate
two essentially important biological processes — cell migration and epithelial-
mesenchymal transition (EMT), which are supposed to be crucial events for the
development of endometriosis (Matsuzaki et al.,, 2012). During the EMT
process epithelial cells lose their specific features and acquire mesenchymal
characteristics. It has been shown that these miRNAs are involved in
maintaining the epithelial nature of the cells by downregulating the E-cadherin
repressors ZEB1 and ZEB2 and this process is regulated by the double-negative
regulatory ZEB/miR-200 feedback loop where ZEB1 and ZEB2 bind also to the
E-box elements located at the promoter regions of the miR-200 family members
(Bracken et al., 2008; Brabletz et al., 2010). There is strong evidence that
overexpression of ZEB1/ZEB2 and the subsequent loss of E-cadherin
expression lead to increased cell invasion and migration, loss of epithelial
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eutopic and/or ectopic endometria (Dyson et al., 2014; Yamagata et al., 2014)
from patients and controls (Table 3). Naqgvi et al. investigated eutopic endo-
metria of patients and controls and found 120 differentially methylated (1.5-fold
or greater difference) genes (Nagvi et al., 2014). In the validation study, where
authors included markers that have not been previously associated with endo-
metriosis, hypermethylation of MGMT, DUSP22, CDCA2, ID2 and hypo-
methylation of BMPR1B, TNFRSF1B, ZNF681, IGSF21, and TP73 was con-
firmed. Although altered methylation levels of several previously known genes
(MAFB, HOXD10, and HOXD11) were also confirmed, the different methyla-
tion in PR-B, CYP19A1, SF1, COX2, and ER-£ genes that have been previously
associated with endometriosis was not found.

DNA methylation profiles of endometriotic lesions or stromal cells ori-
ginating from lesions have been described in three studies (Borghese et al.,
2010; Dyson et al., 2014; Yamagata et al., 2014). The first genome wide DNA
methylation study conducted by Borghese et al. (2010) utilized methylated
DNA immunoprecipitation (MeDIP) arrays to profile specific promoters, and
analysed DNA pools from ovarian endometriomas, DIE and SUP together with
eutopic endometria (Borghese et al., 2010). They found a large number of
differentially methylated regions in lesions (229 regions for SUP, 161 regions
for endometriomas and 108 regions for DIE) compared to eutopic endometria.
They found that overall methylation pattern in all three subtypes and eutopic
endometria was similar; however, each subtype of the disease had specific
regions that were consistently hyper- or hypomethylated. Combination of DNA
methylation data with endometrioma gene expression data revealed no
systematic correlation between these datasets; however, 35 genes with altered
DNA methylation and expression were found and most of these were previously
not associated with endometriosis.

A later study by Dyson et al. (2014), compared stromal cells obtained from
ovarian endometriomas to stromal cells from eutopic endometria, and found
more than four thousand differentially methylated CpGs (Dyson et al., 2014).
When differentially methylated genes were compared to gene expression data,
403 genes with aberrant methylation and expression were identified, among
them genes from the HOXA cluster, ESR1, NR5A1 and GATA family tran-
scription factors (Dyson et al., 2014). Interestingly, some of these genes such as
PRKAG2, HOXD10, ZNF22 and ANO1, were also reported in a former study by
Borghese et al. (Borghese et al., 2010). Most recent study by Yamagata et al.
(YYamagata et al., 2014) compared DNA methylation profiles between stromal
cell cultures from endometriomas and eutopic endometria of patients and
controls. They found 515 CpGs (441 genes) hypomethylated and 368 CpGs
(329 genes) hypermethylated in stromal cells from endometrioma. The analysis
of these genes revealed significant enrichment for multiple gene ontology (GO)
terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, such
as biological processes of signal transduction, molecular functions of receptors
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and signalling molecules, development and cytokine-cytokine receptor inter-
actions. Although large numbers of differentially methylated genes were found
between lesions and endometria, only few differences were seen between cells
of eutopic endometrium of patients and controls. Based on the results, authors
postulated that stromal cells from endometrioma are already differentiated into
other cell types and have a specific fingerprint leading to abnormal cellular
processes and development of the disease.

As all previous DNA methylation profiling studies varied in terms of study
design, microarray platforms used, analysed samples and menstrual cycle
phases of patients (Table 3) the concordance between the results of these studies
has remained small and further studies, providing new evidence about the
involvement of epigenetic alterations in disease pathogenesis, are needed.

2.5. Morphological and molecular changes
in endometrium during the menstrual cycle

The endometrium is a unique layer of tissue inside the uterus that undergoes
cyclic molecular, cellular and functional changes. The growth of endometrial
tissue is under the firm control of endogenous hormones, cytokines and
chemokines and during the normal menstrual cycle, which usually lasts 24-35
days, the fluctuation in sex hormone levels leads to cyclic growth and de-
generation of endometrial tissue. The menstrual (uterine) cycle can be divided
into three phases: menstrual, proliferative and secretory phase (Figure 9). The
beginning of the menstrual bleeding is the first day of the menstrual cycle where
the functional layer is shed and re-epithelisation in parallel with tissue
breakdown is initiated (Ludwig et al., 1991). Proliferative phase is characterised
by the rapid growth of endometrial glands, stroma and blood vessels and can be
histologically separated into sub-stages: early, mid- and late proliferative (P)
phase; however, this division is rarely used in endometrial biopsy dating as
morphological changes in endometrial histology are very small (Mazur 2005).
After ovulation (generally occurring on day 14 of a 28-day menstrual cycle), the
growth of endometrial glands and stroma continues and reaches its maximum
thickness during the mid-secretory (MS) phase (days 21-22), where the endo-
metrial glands become tortuous and secretory active. During the late secretory
(LS) phase (days 23-28), stromal cells increase in size and volume, acquire an
epithelioid appearance and become predecidual cells. After that, endometrial
regression begins and highly convoluted glands show apoptosis on day 27,
which is followed by fibrin-thrombin formation in small vessels and haemor-
rhage with extravasation of erythrocytes into the stroma on day 28. At the
beginning of the menstruation, the predecidual cells collapse and lose their
abundant cytoplasm (Mazur 2005).
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conditions related to endometrial tissue. The significant impact of menstrual
cycle phase on the transcriptome of endometrial tissue has also been reported in
endometriosis studies (Burney et al., 2007; Aghajanova et al., 2011; Fassbender
et al., 2012) and it has been proposed that the influence of menstrual cycle
phase could have an even larger effect on endometrial transcriptome than the
presence or absence of endometriosis (Aghajanova et al., 2011). Therefore,
studies in eutopic- and ectopic endometria in endometriosis should carefully
consider normal endometrial molecular changes that occur throughout the
menstrual cycle to find disease-related changes.
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3. AIMS OF THE STUDY

The general aim of the study was to find genomic markers that contribute to
endometriosis development.

Accordingly, the specific aims were:

1. To explore, whether somatic de novo copy number alterations are present in
endometriotic lesions and contribute to disease development.

2. To describe the miRNome of endometriotic lesions and to find miRNAs
related to disease pathogenesis.

3. To reveal whether alterations in endometrial DNA methylation signature are
common in endometriosis and could be the cause of disease development.
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4. MATERIALS AND METHODS

The Research Ethics Committee of University of Tartu approved the study
protocols and the informed consent forms. All participants signed a written
informed consent.

4.1. Study participants

Patients undergoing laparoscopy for suspected endometriosis at the Women’s
Clinic of Tartu University Hospital (Tartu, Estonia, Study I, Il and III), Elite
Clinic (Tartu, Estonia, Study I, Il and 111) and John Radcliffe Hospital (Oxford,
UK, Study 1) were recruited into the study. All enrolled patients were in re-
productive age and had received no hormonal medications at least three months
before recruitment. The presence of endometriosis was confirmed during the
laparoscopy by visual inspection and following histological examination of
endometriotic lesions. The severity of endometriosis was classified according to
the American Society for Reproductive Medicine revised classification system
(ASRM, 1997). The general characteristics of all study subjects are presented in
Table 4.

Table 4. General characteristics of study participants

Study I Study 11 Study 111
Discovery phase
Patients with 11 2 31
endometriosis (n)
Stage I-11 (n) 3 - 19
Stage -1V (n) 8 2 12
Studied tissues endometria, 11 endometria, 2 endometria, 31
(type, n) lesions, 17 lesions, 5
blood, 11 healthy tissue, 4
BMI 23.4£3.3 22.5+0.5 22.3+2.9
Menstrual cycle phases | P (n=8), P (n=1), LS (n=1) M (n=4),
MS (n=1), P (n=2),
ND (n=2) ES (n=7),
MS (n=9),
LS (n=9)
Age 36.8+5.2 27.5+0.5 32.0+5.0
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Healthy women (n=171) representing the Estonian general population, with no
medical history of endometriosis were enrolled as controls in Study I. Their
genomic DNA isolated from blood samples was obtained from the Estonian
Genome Center of the University of Tartu (Tartu, Estonia). Healthy controls for
Study 1l (n=13) were recruited from Nova Vita Clinic (Tallinn, Estonia) and
Elite Clinic. Healthy controls for Study Il were recruited from Nova Vita
Clinic (n=17), and from John Radcliffe Hospital (n=7). The healthy volunteers
from Estonia were all in reproductive age (mean age 32, range 23-36 years),
had at least one child from spontaneous pregnancy no more than 10 years ago,
had not used hormonal medications three months before recruitment, had a
regular menstrual cycle (285 days); normal serum levels of progesterone,
prolactin, testosterone, had normal vaginal ultrasound, negative screening results
for sexually transmitted diseases, no presence of endometriosis or polycystic
ovary syndrome and were non-smokers. Controls from Oxford were endo-
metriosis-free women undergoing laparoscopy for pelvic pain, subfertility or
tubal sterilisation. They were in reproductive age (mean age 34, range 26—46
years) and had not used hormonal medication during previous three months.

4.2. Collection and processing of tissue samples

Peripheral EDTA-blood samples from patients were taken before surgery
(Study 1) and endometrial biopsy samples (Study I, Il, I1I) from patients with
endometriosis and healthy controls were obtained using an endometrial suction
catheter (Pipelle, Laboratoire CCD, France). Endometriotic lesions and macro-
scopically healthy surrounding tissues adjacent to the lesions were removed
during the laparoscopy. Tissue samples were either snap-frozen in liquid
nitrogen and stored at —80 °C until use (Study I) or were immediately placed
into RNAlater (Ambion, Inc., Austin, Texas, USA) (Study II, 1II). After 24-
hour incubation in RNAlater at 4 °C, tissues were stored at —80 °C until use.
DNA from blood and tissue samples was isolated using QIAamp DNA Mini kit
(Study 1) and Qiagen AllPrep DNA/RNA/miRNA Universal Kit (Study Il1).
Total RNA together with miRNA-enriched fraction was extracted using
MinElute Cleanup kit in combination with miRNeasy Mini kit (Study II).

4.3. Description of the study design

A graphical description of study design together with main findings is presented
in Figure 10. Briefly, CNV profiling (Study 1) was carried out at the Core
Facility of the Estonian Genome Center, University of Tartu, using the Human-
OmniExpress BeadChip (lllumina Inc., San Diego, CA, USA). DNA from
matched samples of endometria, LCM-treated endometriotic lesions and
peripheral blood originating from 11 endometriosis patients was examined.
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The microarray data was analysed using GenomeStudio software, GT module
v.3.1 (lllumina Inc), PennCNV (Wang et al., 2007) and QuantiSNP (Colella et
al.,, 2007) programs. The presence of one CNV was validated in patients
(n=187) and controls (n=171) by quantitative real-time PCR (qQRT-PCR).

The miRNA profiling (Study Il) from endometrial (n=2) and paired samples
of peritoneal endometriotic lesions (n=5) and matched healthy surrounding tissues
(n=4) was performed at Biomedicum Functional Genomics Unit (Helsinki,
Finland) using Genome Analyzer IIx (lllumina). The sequencing data was
analysed by miRDeep2 and FastQC (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/) programs. The results were validated in an additional set of
diseased (n=22) and non-diseased (n=24) tissues, in endometria of patients
(n=9) and healthy women (n=8) and FACS sorted epithelial and stromal cells
from five healthy endometria by qRT-PCR.

The DNA methylation profiling (Study I11) from eutopic endometria of 31
patients and 24 controls was performed at USC Epigenome Center (Los Angeles,
CA) by using the Infinium HumanMethylation450 BeadChips. The DNA
methylation data was analysed with R statistical computing environment using
Bioconductor package Minfi (Aryee et al., 2014) and ChAMP (Morris et al.,
2012). The results were validated using additional endometrial samples from
patients with endometriosis (n=15) and healthy women (n=14) by direct
bisulfite sequencing.

The data analysis was performed in cooperation with Priit Palta (University
of Tartu, Estonia), Jaak Simm (Tallinn University of Technology, Estonia),
Tauno Metsalu (University of Tartu, Estonia), Triin Laisk-Podar (University of
Tartu, Estonia) and Vijayachitra Modhukur (University of Tartu, Estonia).

4.4. Laser capture microdissection and histologic
assessment of endometriotic lesions

For LCM (Study 1), histological sections (10 pum) of the snhap-frozen endo-
metriotic lesion biopsies embedded in OCT (Leica, Germany) were mounted on
PEN membrane (P.A.L.M. Mikrolaser Technology, Germany) microscope
slides and stained with hematoxylin-eosin (HE) to confirm the presence of
endometriotic cells. LCM of endometriotic epithelial and stromal cells from
endometriotic lesions was performed using a PALM laser (MicroBeam, P.A.L.M.
Mikrolaser Technology) (Figure 11). In Study I, histological assessment of
endometriotic lesions was performed as follows: RNAIlater-preserved preserved
tissue sections were embedded in OCT and cut (10 uym), mounted on standard
microscope slides, stained with HE and evaluated histologically. The sectioning,
examination and tissue collection for miRNA extraction was performed as
follows: after the trimming, five to ten tissue sections were stained, examined
and in case of a negative finding, the following 10-15 slices were collected into
a microtube. The sectioning, examination and collection of the tissue was
carried on until a positive finding (presence of endometrial epithelial and/or
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In Study I, five miRNAs: hsa-miR-449a (Applied Biosystems, Assay ID
001030), hsa-miR-34c-5p (ID 000428), hsa-miR-200a-3p (ID 000502), hsa-
miR-200b-3p (ID 002251) and hsa-miR-141-3p (ID 000463) were selected for
validation analysis (denoted hereafter as miR-449a, miR-34c, miR-200a, miR-
200b, and miR-141). Two small nucleolar RNAs, RNU44 (ID 001094) and
RNU48 (1D 001006) showing stable expression in human endometrium (Torres
et al., 2013) were used as endogenous controls. cDNA synthesis was conducted
from miRNA enriched RNA fraction with TagMan® MicroRNA Reverse
Transcription Kit (Applied Biosystems).

E-cadherin, ZEB1 and ZEB2 expression levels were determined in 12 paired
endometriotic lesions’ and adjacent healthy tissue samples. DNase treated
(TURBO DNA-free™ kit, Ambion Inc., Austin, Texas, USA) RNA (up to 1 ug)
was converted into cDNA using RevertAid First Strand cDNA Synthesis Kit
(Thermo-Fisher Scientific Inc. MA, USA). gRT-PCR was performed using 1 x
HOT FIREPol EvaGreen gPCR Mix Plus (Solis BioDyne) or TagMan®
Universal PCR Master Mix, No AmpErase® UNG (Applied Biosystems) and
following the manufacturer’s instructions.

4.7. Validation of DNA methylation array data
by direct bisulfite sequencing

In Study I, four CpGs, two from CST11 gene (cg06197930, cg12480562), one
from PI3 gene (cg19931348) and one from SLC43A3 gene (cg13046608) were
selected for validation analysis. Bisulfite modification of the endometrial DNA
samples (500 ng each) was carried out with the EZ DNA Methylation-Gold™
kit (Zymo Research) according to the manufacturer’s specifications. PCR primers
for the bisulfite-treated DNA were designed using MethPrimer (Li et al., 2002).
The sequencing results were analyzed as described in (Parrish et al., 2012) and
using Mutation Surveyor software (Softgenetics, State College, PA, USA).

4.8. Statistical analysis

The Venn diagrams describing overlap between miRNA and transcriptome
studies in endometriosis were created using the online tool InteractiVenn
(Heberle et al., 2015) (http://www.interactivenn.net/).

The frequency distribution of the 3p14.1 deletion CNV from Study | was
analysed using x* test (PASW 18.0 software, SPSS, INC. USA).

In Study Il, differential miRNA expression between endometriotic lesions,
healthy tissues surrounding the lesions and eutopic endometria, was analysed
using the program R (version 2.15.2) package edgeR (Robinson et al., 2010)
available in Bioconductor version 2.8 was used. The p-values were adjusted for
multiple testing using the Benjamini and Hochberg method. miRNA levels with
false discovery rate (FDR)- adjusted p-values < 0.1 were considered statistically
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significant. The multidimensional scaling (MDS) plots were created using edgeR.
The Receiver Operating Characteristic (ROC) curve analysis was performed
using MedCalc software version 12.7.5 (www.medcalc.org). For Clinical Score
Formula (CSF) that classifies samples into healthy and endometriosis group
based on the expression levels of miR-449a, miR-200a and miR-200b, linear
soft margin Support Vector Machines classifier was trained using package
e1071 in statistics language and environment R (version 3.0.1). The associations
between the expression levels of ZEB1, ZEB2, E-cadherin and miR-200a, miR-
200b and miR-141 were analysed by Pearson’s correlation.

DMRs in Study Il were identified using “seqlm” package
https://github.com/raivokolde/seglm) in the R environment, utilizing MDL
based approach described earlier (Lokk et al., 2014). The Benjamini—-Hochberg
FDR was calculated for each probe, with a FDR corrected p-value <0.05 used to
define DMRs. In order to get optimal DMRs, we limited our search in regions
where distance between at least three consecutive probes was < 500 bp. General
characteristics and differences between methylation levels for patients and
controls obtained from Sanger sequencing were calculated using Student’s
t-test, using a p-value cut-off of p <0.05.
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5. RESULTS

5.1. De novo somatic DNA copy number alterations in
eutopic and ectopic endometrial tissue (Study I)

The CNV profiles obtained from LCM-treated endometriotic lesions and
eutopic endometria were compared to those of blood from the same women in
order to reveal de novo occurred SCNAs (study design is presented in Figure
10A). The analysis revealed no SCNAs while the endometriotic lesions from
different locations (peritoneal lesions, superficial lesions from corpus uteri,
ovarian superficial lesions and endometrioma) and endometria were analysed.
All inherited CNVs that were present in blood and endometrium were also
detected in endometriotic lesions, confirming the reliability of LCM DNA for
SCNA detections by SNP array.

5.2. Genomic DNA copy number alterations
in endometriosis (Study |)

In order to find genomic inherited CNVs (present in all tissues of the same
individual) that could be more frequently present in endometriosis patients,
CNVs of all 11 patients were analysed. Altogether 52 (0-11 per person)
genomic CNVs with an average region size of 85 kb (ranging from 3 kb to 340
kb) were found in matched blood, endometrial and ectopic lesions samples.
Most of CNVs (n=48) were described in the DGV and therefore considered as
common CNVs. Four CNVs were novel: two hemizygous microdeletions (2p21
and 14g12) and two hemizygous duplications (1g42.3 and 10g23.1). Five CNVs
(2p22.3, 3pl4.1, 4q13.1, 5915, 10911.22) were present in more than one
patient. As the frequency of the deletion in 3p14.1 was considerably higher in
our patients than reported in the DGV (45% vs. 8%), the presence of this CNV
was validated in blood DNA of additional 176 endometriosis patients, and 171
healthy women from the Estonian general population. However, there were no
significant differences between the frequency of deleted allele in the patient and
control group (9.4% vs. 6.4%, p = 0.05).

5.3. miRNA profile of endometriotic lesions, surrounding
healthy tissues and endometrial tissues (Study II)

In the discovery phase, miRNAs of five peritoneal endometriotic lesions, four
matched adjacent healthy tissues (two lesions originating from the same
ligament were matched with the same adjacent healthy tissue) and two eutopic
endometrial samples from two women with severe endometriosis were sequenced
using lllumina high throughput sequencing technology (study design presented
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5.4. Validation of altered expression of miR-34c, miR-449a
and miR-200 family in endometriotic lesions, endometrium
and FACS sorted epithelial and stromal cells (Study II)

In addition to miR-34c and miR-449a, the sequencing data of patient E47
samples showed trend to higher expression of miR-200a, miR-200b and miR-
141 in lesions compared to healthy tissues. As previous publications (Filigheddu
et al., 2010; Hawkins et al., 2011; Braza-Boils et al., 2014; Shi et al., 2014) have
also proposed altered expression of miR-200 family members in endometriosis,
these three miRNAs were additionally selected for validation analysis. The
expression differences of miR-449a, miR-34c and members of miR-200 family
between peritoneal endometriotic lesions and healthy tissues were determined in
22 diseased and 24 non-diseased tissue samples (Figure 13). Validation analysis
confirmed the results obtained from miRNA sequencing and all studied miRNAs
showed significantly higher expression in endometriotic lesions (FC for miR-
449a = 95.7, miR-34c = 5.9, miR-200a = 6.0, miR-200b = 5.7 and miR-141 =
11.2) compared to healthy tissue samples (all p < 0.0001). The results of gRT-
PCR indicated that adjacent healthy tissues and histologically unconfirmed
lesion-like tissue samples had very similar expression levels of the tested
miRNAs (all p > 0.05) and therefore it was decided to combine both types of
samples as “non-diseased” group. When expression data was evaluated in the
combined group, even more significant differences were seen between lesions
and the non-diseased tissue group (FC for miR-449a = 129.9, miR-34c = 10.2,
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Figure 13. The expression of selected miRNAs in endometriotic lesions (n=22),
histologically unconfirmed lesions (n=10) and healthy tissues (n=14) using qRT-PCR.
The error bars denote SEM (standard error of the mean). * Denotes comparison of
endometriotic lesions with healthy tissues, p < 0.0001.
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6. DISCUSSION

In our studies we have used genome-wide approaches to take a deeper look into
the molecular architecture of endometriotic lesions and endometria of endo-
metriosis patients. We discovered not only new molecular aspects about the
disease but also brought out several important concerns related to proper study
design in endometriosis research. In the following sections the relevance of the
findings in the context of study design, disease pathogenesis and molecular
diagnostics will be discussed.

6.1. Relevance of the findings in the context
of study design in endometriosis research

It has been seventeen years since the first endometriosis large-scale molecular
profiling study was conducted in 1999 (Gogusev et al., 1999). Since then, the
fast development of new technologies has generated opportunities to get novel
insights into the complexity of endometriosis at the molecular level. About fifty
endometriosis studies have used modern, high-throughput technologies to
uncover the potential mechanisms of disease development but regardless of the
numerous studies, only slight progress has been made towards uncovering the
mystery of endometriosis.

One of the possible reasons why these attempts have not yet answered the
question why endometriosis develops may be in the low concordance between
the results of similar studies. Discoveries made in one study are rarely re-
produced by others, most probably because of the variable approaches towards
study design. Inconsistencies in endometrial and endometriotic lesion biopsy
collection, processing, and storage methodology, insufficient reports of patient
phenotype data, small sizes of study groups and differences between
microarrays, together with variations in data analysis and interpretation, are the
major affecting factors that could lead to biases and measurement errors
between studies. Recently, the World Endometriosis Research Foundation
Endometriosis Phenome and Biobanking Harmonisation Project has made an
enormous effort to harmonize the standard operating procedures for collection
of patients’ phenotype data, tissue samples, and processing and storage of bio-
specimens (Becker et al., 2014; Fassbender et al., 2014; Rahmioglu et al.,
2014a), and the proposed guidelines would definitely improve the quality of
endometriosis molecular profiling research.

The results of our studies have added three very important concerns related
to study design in endometriosis research. Firstly, the results of Study I
accentuated the relevance of considering the individual-specific blood CNV
profile while examining somatic disease-related changes. Previously, in (2)CGH
analyses the reference DNA with unknown absolute copy numbers of given
CNVs has been used to find SCNAs in lesions and endometria. In our study, we
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compared each patient’s blood to eutopic and ectopic endometria to eliminate
inter-individual variability in CNVs. Comparisons revealed a number of
different inherited CNVs (ranging from 0 to 11) in each studied individual and
this is in good agreement with previous reports suggesting a presence of a
variable number of CNVs in normal human genome (Sebat et al., 2004; Pinto et
al., 2007; Teo et al., 2011; Li et al., 2013). It is possible that some of the
alterations reported in previous endometriosis studies actually represent CNVs
that are present in all tissues of studied individuals, rather than endometriotic
lesion-specific SCNAs. Based on our results, we suggest that instead of pooled
reference DNAs, genomic DNA from blood should always be used to determine
the background information of individual CNVs while searching SCNAs from
endometriotic lesions.

Secondly, in Study Il we saw a significant impact of studied tissue-content
on miRNA signature. In studies investigating endometriotic lesions, little
attention has been paid to cellular composition of lesions and majority of
endometriosis studies have used entire biopsied samples where the proportion
of surrounding tissue is variable and may even be larger than the amount of
endometrial epithelial and stromal cells. Our data demonstrate that miRNA
profiles of endometriotic lesions were more similar to those originating from the
peritoneal tissue than those from respective endometria, meaning that com-
parison of two different tissues (endometrium vs. lesion that is a mixture of
endometrial and peritoneal cells) with their own specific miRNA profiles brings
out differences between tissue types rather than differences related to the
disease. However, although the miRNA profile of peritoneal endometriotic
lesions was largely masked by the surrounding peritoneal tissue, we were able
to find a signature of five miRNAs that were more highly expressed in endo-
metriotic lesions compared to macroscopically healthy peritoneal tissue. Further
analysis confirmed that these five miRNAs (miR-200a, miR-200b, miR-141,
miR-449a and miR-34c) were more highly expressed in endometrial epithelial
cells and therefore it was concluded that higher expression levels of these
miRNAs are not related to different characteristics of endometrial cells in eu- or
ectopic locations, but rather reflect the presence of endometrial epithelial cells
in peritoneal tissue. Therefore, based on our results and the fact that tissue-
specific variability in miRNA levels (Vrba et al., 2011), DNA methylation
(Zhang et al., 2013; Lokk et al., 2014) and in gene expression does exist, the
normal variability between different tissue types should be taken into account
while searching molecular markers for endometriosis. Tissue-specific changes
may partially explain the discordances in results between molecular profiling
studies where entire lesion tissue biopsies from distinct locations (peritoneal,
ovarian, intestinal etc.) are compared to eutopic endometria, and this issue
should be taken into account when interpreting the results of such studies.

Thirdly, in Study 111, a significant influence of menstrual cycle phases on
endometrial methylome was noticed. There is evidence from transcriptome
(Ponnampalam et al., 2004; Talbi et al., 2006) and epigenome (Houshdaran et al.,
2014) studies that molecular changes in healthy endometria occur throughout
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the menstrual cycle. Also, menstrual cycle-specific changes have been found in
endometriosis transcriptome studies (Burney et al., 2007; Aghajanova et al.,
2011; Fassbender et al., 2012) but their influence on endometrial epigenome has
not been considered in endometriosis research. As the tissue samples from
previous epigenome studies in endometriosis were either from proliferative
(Dyson et al., 2014) or secretory (Borghese et al., 2010) phase or with no infor-
mation about the menstrual cycle (Naqvi et al., 2014; Yamagata et al., 2014), it
could be that at least some of the reported differences between lesions and
endometrium may arise from the variability of samples in respect of menstrual
cycle phases. We found a large number of DMRs between samples from dif-
ferent menstrual cycle phases, accentuating the importance of considering
normal cyclic epigenetic changes while searching disease-specific molecular
markers. Based on our data and previous reports, we suggest that menstrual
cycle phase is an extremely important issue that should be taken into account
while planning molecular profiling studies and not only in eutopic endometria
but also in endometriotic lesions.

Taken together, the results of our studies highlighted the relevance of proper
study design that could have a significant impact on the overall outcome and
interpretation of the results. We believe that the new knowledge about the
normal variability in CNVs, tissue-specific molecular patterns and impact of
menstrual cycle on the molecular profile of endometrial tissue, will help to
clarify the global picture of the disease.

6.2. Relevance of the findings in the context of
endometriosis pathogenesis

All studies presented in this thesis were aimed to search for potential
mechanisms that are relevant in endometriosis pathogenesis. Study | was driven
by the idea that de novo occurred SCNAs are associated with disease patho-
genesis. In Study Il we searched for the disease-specific miRNA signature from
lesions and in Study Il we investigated epigenetic alterations in endometria to
shed light on the molecular events triggering the disease development. However,
the results of Study | contradicted the majority of the preceding studies re-
porting the presence of uniqgue SCNAs in endometriotic lesions (Gogusev et al.,
1999; Wu et al., 2006b; Veiga-Castelli et al., 2010; Silveira et al., 2012; Li et
al., 2014) as we found no SCNAs associated with endometriosis development.
The most probable reason explaining our discordant results may again be
hidden in the methodological differences. Most studies reporting large numbers
of somatic alterations have used CGH or aCGH methods (Gogusev et al., 1999;
Wu et al., 2006b; Veiga-Castelli et al., 2010; Silveira et al., 2012; Yang et al.,
2013). Although CGH is a valuable method for discovering SCNAs, it has been
shown that some G-C-rich chromosomal regions (1p, 16p and chromosomes 19
and 22) tend to give false-positive results (Karhu et al., 1997; Veiga-Castelli et
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shown that AKR1B1 mRNA and protein levels were significantly higher in
ovarian lesion samples of endometriosis patients compared to eutopic
endometria of healthy women when secretory phase samples were compared
but there were no differences between proliferative phase samples (Sinreih et
al., 2015). A similar menstrual cycle-dependent expression difference was
demonstrated in comparisons between eu- and ectopic endometria of the same
individuals (Rakhila et al., 2013) but interestingly, this study found no dif-
ferences between endometria of healthy women and endometriosis patients’
eutopic or ectopic endometria. Although we did not see differential methylation
of AKR1B1 between menstrual cycle phases, cyclic epigenetic changes could
still be present; however, as most of our specific subgroups were relatively
small, it is likely that we were not able to detect all potential changes.

Also, one of the differentially methylated genes in our study was AHRR,
which shows increased gene expression in fetal tissues exposed to environ-
mental or even lower levels of bisphenol (Nishizawa et al., 2005). It has been
proposed that developmental exposure to environmental toxins may induce
irregular methylation patterns and thereby permanently alter the expression of
AHRR (Aragon et al., 2008). In utero exposure to endocrine disruptor bisphenol
could be one potential cause triggering the abnormal fetal endometrial cell
migration into ectopic location, as mice exposed in utero to bisphenol exhibited
an endometriosis-like phenotype (Signorile et al., 2010Db).

Furthermore, our validation analysis confirmed differential methylation of
CpG in SLC43A3 promoter; however, only between the MS- phase patients and
controls indicating influences both from disease and menstrual cycle phase.
SLC43A3 is a purine-selective nucleobase transporter (Furukawa et al., 2015)
shown to be expressed during embryogenesis (Stuart et al., 2001) but its possible
role in endometrium or endometriosis development remains to be elucidated.

Based on our results we propose that although the epigenetic modifications
are probably not the primary source contributing to endometriosis development,
the possible role of small-scale alterations in endometrium found in this study is
intriguing and worth further studies.

6.3. Relevance of the findings in the context
of molecular diagnostics

To date, there is no molecular test for endometriosis and histological verification
of endometrial glands and/or stromal cells of biopsied samples is still needed to
confirm the diagnosis of endometriosis. Although histological evaluation of
biopsies is routinely used in everyday practise, a number of previous studies
have demonstrated that almost half of the surgical specimens removed during
laparoscopy are not confirmed in the following histological assessments (Moen
et al., 1992; Stratton et al., 2003; Stegmann et al., 2008; Fernando et al., 2013)
and some of the removed biopsies are lesion-like structures that include fibrosis,
inflammatory changes and normal peritoneum (Wanyonyi et al., 2011). Besides
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traditional HE staining-based histological evaluation, immunohistochemistry
(IHC) analysis with antibody against cell-surface metallo-endopeptidase CD10
has been used to improve the recognition of ectopic stromal cells (Sumathi et
al., 2002). Although the added value of CD10 IHC in case of uncertain diag-
nosis and atypical endometriosis has been confirmed and there is evidence that
this will significantly increase the diagnostic rate when combined with HE
staining (Potlog-Nahari et al., 2004) there are also possible limitations using
CD10 for diagnostics. The major shortage is that the CD10 IHC does not detect
only endometrial stroma but also lymphocytes and this could give false positive
results in case of tissue samples with lymphoid infiltration. Therefore, for
correct diagnosis, the visualisation of epithelial glandular structures using HE
staining is still needed.

In Study Il, we found that the expression signature of a subset of three
mMiRNAs, miR-449a/miR-200a/miR-200b that are mostly expressed in endo-
metrial epithelial cells, enables to separate endometriotic lesions from non-
diseased tissues with a sensitivity of 95.8% and specificity of 95.5%, and there-
fore a molecular test based on these miRNAs offers an alternative to routine
histological assessment. During the routine histological assessment, several
tissue sections from different parts of the biopsy are examined and if the
proportion of endometriotic cells in biopsied specimen is minute, the presence
of endometrial stromal and epithelial cells may be missed. The advantage of a
molecular miRNA-based test is that it would allow the evaluation of the entire
biopsy at once giving accurate diagnosis with high sensitivity and specificity.
Furthermore, there is no need for a highly experienced pathologist to perform
and interpret the analysis.

However, it should be pointed out that although we found a well-performing
miRNA molecular signature that could be of help in endometriosis diagnostics,
the usability of this test as an independent diagnostic tool in everyday diag-
nostics is still too ambiguous and more markers confirming also the presence of
endometrial stromal cells (such as CD10) and excluding other pathologic
changes, should be added. Still, we believe that miRNA-based molecular diag-
nostic tests are very promising and would offer a good alternative to traditional
histological assessment.

6.4. Study limitations

Some limitations of the studies presented in the current thesis should be
acknowledged. As the cost of high-throughput technologies is relatively high,
the sample sizes used in all our studies have been rather small, thus the studies
are relatively underpowered to see small and subtle differences between
investigated tissues. Furthermore, the variance of individual measurements has
a larger effect in case of small study groups. It is known that different subtypes
of endometriosis with diverse malignant potential exist (Oral et al., 2003);
therefore, as Study | revealed no somatic alterations in lesions, we may assume
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populations from endometrial biopsies. We believe that this methodology can
be successfully transferred to endometriotic lesion studies to obtain sufficient
amounts of pure endometrial stromal and epithelial cells for down-stream
analysis. Only biological data from pure cell populations from lesions could
uncover the true molecular changes behind the disease and open the doors for
new ideas for development of diagnostic methods and disease-specific treatment.
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7. CONCLUSION

Based on the results, the following conclusions can be made:

1. No SCNAs were present in eutopic or ectopic endometria in our study group
and molecular mechanisms other than chromosomal rearrangements most likely
contribute to the initiation and progression of endometriosis.

2. The miRNA expression in surrounding peritoneal tissue masked most of the
mMiRNA expression differences that could originate from a small proportion of
endometrial cells inside the lesion and therefore only miRNAs with large
expression differences can be seen.

3. All upregulated miRNAs (mirR-34c, miR-449a, miR-200a, miR-200b and
miR-141) reflected the presence of endometrial epithelial cells in lesions and
thus were good markers to discriminate true endometriotic lesions from lesion-
like tissue structures. The expression signature of three miRNAs, miR-
449a/miR-200a/miR-200b offers a good alternative to routine histological
examination for the accurate assessment of endometriotic lesions.

4. Endometrial DNA methylation signature in women with and without
endometriosis was highly similar but largely influenced by the menstrual cycle
phase. Epigenetic modifications in endometrium are probably not the primary
contributor to endometriosis development.

5. Normal epigenetic changes occurring in endometrium across the menstrual

cycle phases should be considered when looking for disease-specific DNA
methylation markers.
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SUMMARY IN ESTONIAN

Endomeetriumi ja endometrioosikollete molekulaarse
profiili iseloomustamine

Endometrioos on tdsine ja sage giinekoloogiline haigus, mida iseloomustab endo-
meetriumi-laadse koe paiknemine ja toimimine véljaspool emakadont. Sarnaselt
normaalsele endomeetriumi koele, kus menstruaaltsiikli jooksult toimub koe
kasvamine ja irdumine, on ka kdhuddnes paiknevad endometrioosikolded
menstruaaltsiklist méjutatud. Kdhuddnes tstkliliselt veritsevad kolded kutsu-
vad esile pdletikulisi ja liitelisi protsesse, mis p6hjustavad alakGhuvalusid ning
sageli ka viljatust. Arvatakse, et ligikaudu pooltel viljatutest naistest v@ib vilja-
tus olla tingitud just endometrioosist. Endometrioosi diagnoosimiseks puuduvad
siiani mitte-invasiivsed meetodid ning korrektne diagnoos p6hineb laparos-
koopilisel operatsioonil ja kollete histoloogilisel uuringul. Seetdttu on baas-
teaduslikud uuringud, mis aitaksid leida haigust pdhjustavaid molekulaarseid
muutusi nii endometrioosikolletes kui endomeetriumis, véaga olulised.
Vaatamata ulatuslikele uuringutele ei ole siiani selge, kuidas endomeetriumi
rakud k6huddnde satuvad, miks nad seal kinnituvad ja hakkavad kasvama vales
kohas. Endometrioosi patogeneesimehhanismide uurimisele on oluliselt kaasa
aidanud mikrokiibi- ja sekveneerimistehnoloogiate Kiire areng, mis vdimaldab
korraga saada suurt hulka bioloogiliselt olulist informatsiooni. Té&naseks on
teostatud ligikaudu 50 erinevat molekulaarse profiili maaramise t66d, kus
kirjeldatakse endomeetriumis ja endometrioosikolletes toimunud muutusi. Nii
on vdlja toodud, et sarnaselt kasvajatele on ka endometrioosikoldeid moodus-
tavates rakkudes toimunud somaatilised DNA koopiaarvu muutused. Samuti on
endometrioosi kujunemisega seostatud muutusi llhikeste mittekodeerivate
mikroRNA (miRNA) molekulide ekspressioonis, mis omakorda mdjutab valke
kodeerivate geenide avaldumist transkriptsioonijérgselt. Hiljutised uuringud on
valja toonud DNA metilatsioonimustri muutuste v@imaliku rolli endometrioosi
tekkes. Kuigi molekulaarse profiili madramise uuringud on né&idanud muutusi
endometrioosikollete DNAs, miRNA-de tasemetes ja metulatsiooniprofiilis, on
erinevate uuringute tulemused siiski olnud sageli vastukdivad ning haiguse
vBimalikke patogeneesimehhanisme pole siiani suudetud selgitada. Varasemate
uuringute tulemuste véhene kattuvus viitab suure tGendosusega probleemidele
katsete disainis ja seetdttu on vdga oluline juba uuringut planeerides p6drata
tahelepanu vdimalikele kitsaskohtadele, mis vdiksid saadud tulemusi mdjutada.

Uurimistdo eesmargid

Kéesoleva uurimistdd eesmargiks oli tuvastada véimalikud endometrioosi kuju-
nemist pohjustavad genoomsed muutused nii endometrioosikolletes kui ka
endomeetriumis, kasutades selleks hoolikalt valitud katseskeemi ja mikrokiipi-
del ning slivasekveneerimisel pdhinevaid tehnoloogiaid.
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koega. Kolde ja endomeetriumi koeproovide v8rdlus nditas aga suurt erine-
vust, mis tulenes suuresti kollet imbritseva koe mdjudest. Sellest saame
jareldada, et haigusele iseloomulike miRNA tasemete muutuste tuvasta-
miseks tuleb arvesse votta iga koetiilibi normaalset miRNA profiili ja véltida
endometrioosikolde vdrdlemist endomeetriumiga, mis sisaldab suurel maéral
kudet, millel ta paikneb ja vaid vahesel hulgal endomeetriumi spetsiifilisi
rakke.

. Endometrioosikolletes kdrgemalt ekspresseeritud mMiRNA-d, (mirR-34c,
miR-449a, miR-200a, miR-200b ja miR-141) peegeldasid eelkbige endomeet-
riumist péarineva epiteeli rakkude olemasolu kolletes. Kuna histoloogilise
uuringu kaigus ei suudeta alati endometrioosikoldeid kolde-laadsetest
kudedest eristada, siis pakkusime vélja parimat sensitiivsust ja spetsiifilisust
ndidanud kolme miRNA kombinatsioonil (miR-449a/miR-200a/miR-200b)
pbhineva molekulaarse testi endometrioosikolde tuvastamiseks ja endomet-
rioosi diagnoosi kinnitamiseks. Véljapakutud endometrioosikolde moleku-
laarne test on hea alternatiiv praegu kasutuses olevale histoloogilisele
uuringule.

. Endomeetriumi DNA metilatsioonimuster endometrioosiga ja endomet-
rioosita naistel oli véga sarnane ja seetdttu vdib oletada, et endomeetriumi
epigeneetilised muutused ei oma haiguse kujunemises peamist rolli.

. Endomeetriumis toimuvad normaalsed epigeneetilised muutused kogu
menstruaaltsiikli jooksul ja seetdttu tuleb haiguseseoseliste DNA metilat-
siooni-markerite otsimisel seda kindlasti arvestada.
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