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Abstract

Endometriosis affects 10% of reproductive‐aged women. It is characterized by the

growth of the endometrium, outside the uterus and is associated with infertility and

chronic abdominal pain. Lack of noninvasive diagnostic tools and early screening tests

results in delayed treatment and subsequently increased disease severity. Endome-

triosis is a disease associated with a deregulated hormonal response, therefore,

understanding the molecular mechanisms that govern this hormonal interplay is of

paramount importance. DNA methylation is an epigenetic mark that regulates gene

expression and is often associated with genes that code for steroid receptors and

enzymes associated with estrogen synthesis and metabolism in endometriosis. DNA

hydroxymethylation, which is structurally similar to methylation but functionally

different, is a biologically critical mechanism that is also known to regulate gene

expression. Ten Eleven Translocation (TET) proteins mediate hydroxymethylation.

However, the role of DNA hydroxymethylation or TETs in the endometrium remains

relatively unexplored. Currently, the “gold standard” technique used to study

methylation patterns is bisulfite genomic sequencing. This technique also detects

hydroxymethylation but fails to distinguish between the two, thereby limiting our

understanding of these two processes. The presence of TETs in the male and female

reproductive tract and its contribution to endometrial cancer makes it an important

factor to study in endometriosis. This review summarizes the role of DNA

methylation in aberrant steroid hormone signaling and hypothesizes that

hydroxymethylation could be a factor influencing hormonal instability seen in

endometriosis.
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1 | BACKGROUND

Endometriosis is one of the most common gynecological disorders

that is known to reduce health‐related quality of life and affects

every 1 in 10 women of reproductive age (Eskenazi & Warner, 1997;

Hogg & Vyas, 2015; Kitawaki et al., 2002). Due to the societal stigma

associated with period pain and lack of noninvasive diagnostic

Abbreviations: 5ac, 5‐carboxylcytosine; 5hmC, 5 hydroxymethylcytosine; 5mC, 5‐methylcy-

tosine; 5fc, 5‐formylcytosine; COX2, cyclooxygenase 2; DHT, dihydrotestosterone; DNMT,

DNA methyltransferases; ERα, estrogen receptor α; ERβ, estrogen receptor β; GADD45,

DNA damage inducible protein; HOXA10, homeobox A10; HPG, hypothalamus pituitary
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techniques, the magnitude of this disease remains unknown and the

actual prevalence is presumed to be much higher (Meuleman et al.,

2009). The symptoms associated with endometriosis are commonly

seen in other disorders such as irritable bowel syndrome or

adenomyosis (Sinaii, Cleary, Ballweg, Nieman, & Stratton, 2002).

Additionally, some women may also be asymptomatic, which makes

diagnosing the disease an even bigger challenge (Hogg & Vyas, 2015).

A combination of all of these factors can lead to a staggering

8–11‐year delay in accurate diagnosis. Endometriosis is an inflam-

matory disease that is characterized by the growth or presence of

endometrial tissue outside the uterine cavity. These tissues are often

found in locations such as the ovaries, fallopian tubes, or the pelvic

sidewall (Burney & Giudice, 2012; Eskenazi & Warner, 1997; Giudice

& Kao, 2004; Sampson, 1921). This ectopic tissue responds to the

hormonal stimuli in a cyclic manner, mimicking the normal

endometrial tissue and can subsequently result in abdominal

bleeding, inflammation, development of scar tissue, and/or endome-

trioid cysts (Farquhar, 2000). Furthermore, 30–50% of women who

are infertile and/or have chronic pelvic pain are subsequently

diagnosed with endometriosis (Burney & Giudice, 2012; Eskenazi &

Warner, 1997; Hogg & Vyas, 2015; Meuleman et al., 2009).

Hormonal supplements are commonly used to manage endometrio-

sis, however, they do have limitations and can lead to women

developing resistance (Rafique & Decherney, 2017). This highlights

the need for better therapeutic interventions that can be used to

control endometriosis.

Endometriosis is regarded as an estrogen‐dependent disease,

because women with the condition, display an increased estrogenic

expression and activity (Bulun et al., 2002; Burney & Giudice, 2012;

Sampson, 1921). Steroid hormones mediate their action through

steroid receptors in the endometrium. The expression of these

receptors in the endometrium varies with the plasma hormonal levels

throughout the menstrual cycle (Hewitt & Korach, 2003; Mertens,

Heineman, Theunissen, de Jong, & Evers, 2001; Snijders et al., 1992).

Aberrations in the molecular pathways hinder with this hormonal

regulation favoring an overproduction of estrogen, prostaglandins, and

cytokines which could potentially lead to the onset of endometriosis

(Bulun, 2009; Bulun et al., 2002; Tseng et al., 1996; Wu, Strawn, Basir,

Halverson, & Guo, 2006). This paper aims to review the currently

available literature on the possible role of epigenetic deregulation in

endometriosis, mainly focusing on two epigenetic modifications—DNA

methylation and the newly discovered DNA hydroxymethylation and

their potential influence on steroid hormone signaling.

2 | DNA METHYLATION AND
HYDROXYMETHYLATION IN THE
ENDOMETRIUM

The endometrium is a dynamic tissue that is sensitive to hormonal

influences. The menstrual cycle involves a synchronous interplay of

steroid hormones namely estrogen and progesterone, allowing the

endometrium to undergo molecular and morphological changes of

proliferation, differentiation, degeneration, and regeneration every

month (Barbieri, 2014). Several mechanisms regulate the menstrual

cycle to maintain a healthy endometrium and one such mechanism is

epigenetics, which refers to the phenomenon influencing gene

expression without altering the underlying DNA sequence (Moore,

Le, & Fan, 2013). DNA methylation is a widely studied epigenetic

process where a methyl group is added to cytosine to form 5

methylcytosine (5mC) and is most often associated with repressing

gene activity. The role of DNA methylation in endometrial biology is

directly correlated with the expression of many implantation related

and progesterone regulated genes as described by Guo (2009a);

Houshdaran et al. (2016); Koukoura, Sifakis, and Spandidos (2016);

Naqvi, Ilagan, Krikun, and Taylor (2014). Similarly, the aberrant

establishment of methylation patterns have been linked to several

endometrial abnormalities such as endometrial cancer, implantation

failure, deviant endometrial pathologies, adenomyosis, and endome-

triosis (Guo, 2009a, 2009b; Ma & Gao, 2014; Tao & Freudenheim,

2010). Endometriosis is associated with significant estrogen and

progesterone imbalance. Many genes, including hormonal receptor

genes that are responsible for regulating the effects of estrogen and

progesterone, are under epigenetic control in the endometrial tissue

(Dyson et al., 2014; Hsiao, Wu, & Tsai, 2017; Munro, Farquhar,

Mitchell, & Ponnampalam, 2010). Promoters of genes associated with

estrogen‐metabolism are hypermethylated in endometriotic tissues,

correlating with their significant downregulation in endometriosis

(Table 1; Wu et al., 2005; Wu, Strawn, et al., 2006; Zanatta et al.,

2010). On the other hand, the promoters of genes associated with

estrogen biosynthesis are hypomethylated, associated with their

upregulation in endometriosis (Table 1; Buchweitz et al., 2006; Izawa

et al., 2011; Ota, Igarashi, Sasaki, & Tanaka, 2001; Wang, Chen,

Zhang, Ren, & Li, 2012; Xue, Lin, Yin, et al., 2007; Yamagata, Nishino,

et al., 2014). In addition, Dyson et al. (2014) report a significant

difference in methylation patterns of several genes as well as

transcriptional regulators, associated with the pathology of endome-

triosis and decidualisation. A possible correlation between altered

methylation patterns in GATA2 and GATA6 of the GATA family of

transcription factors is also suggested to control the progression of

endometriosis. Estrogen and progesterone receptors modulate

successful hormonal action during the normal menstrual cycle.

During the proliferative phase, estrogen significantly upregulates the

steroid hormone receptor levels priming and preparing it for

subsequent progesterone action (Barile, Sica, Montemurro, Iacobelli,

& Corradini, 1979).

Data suggest a discrepancy in methylation patterns during the

different menstrual cycle phases. Ghabreau et al. (2004) reported higher

DNA methylation during the proliferative phase, while Saare et al.

(2016), suggested maximum levels of fluctuations in the endometrial

methylome during mid to late secretory phase. These studies highlight

the importance of understanding DNA methylation in maintaining a

hormonal equilibrium in the endometrium and indicate a potential

correlation between aberrant methylation status, menstrual cycle, and

endometrial pathologies. In 2009, 5‐hydroxymethylcytosine (5hmC) was

identified as another important epigenetic modification that is related to
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DNA methylation but is associated with gene activation (Richa & Sinha,

2014; Shukla, Sehgal, & Singh, 2015; Tahiliani et al., 2009). Hydro-

xymethylated 5mC is an intermediate of the DNA demethylation

cascade, its presence in mammalian stem cells and differentiated tissues

make it an important developmental aspect to study. Studies that aimed

to look at DNA methyltransferases (DNMTs), enzymes that facilitate

DNA methylation, reported higher mRNA levels of DNMTs upon

estrogen treatment and lower mRNA levels during progesterone

treatment or a combined estrogen and progesterone treatment

(Vincent, Farquhar, Mitchell, & Ponnampalam, 2011; Yamagata, Asada,

et al., 2009; Zelenko, Aghajanova, Irwin, & Giudice, 2012). As far as

we know, there are no studies reporting the role of DNA demethylation

in endometrial biology. However, DNA damage‐inducible protein

(GADD45), a gene that is involved in DNA demethylation is reported

to be upregulated during the midsecretory phase (Aghajanova,

Hamilton, & Giudice, 2008; Vincent et al., 2011). The downregulation

of DNMT mRNA levels and the upregulation of GADD45 during the

secretory phase could be suggestive of a potential role that DNA

demethylation may play in regulating genes that maintain the successful

function of the endometrium.

Ten Eleven Translocation (TET) enzymes facilitate the conversion

of 5mC to 5hmC and subsequently to 5‐formylcytosine (5fc) and

5‐carboxylcytosine (5ac), that make up the demethylation cascade

(He et al., 2011; Ito et al., 2010; Tahiliani et al., 2009). TETs have been

previously implicated in breast and endometrial cancer as well as in

endometriosis (Ciesielski et al., 2017; Delhommeau et al., 2009; R. Li

et al., 2018; Morlans, 2015; Roca, Loomans, Wittman, Creighton, &

Hawkins, 2016; Wielscher et al., 2013). Nonetheless, the cellular

distribution of TETs in the endometrium is uncharacterized and the

contribution of DNA hydroxymethylation in activating genes associated

with hormonal regulation in the endometrium remains undetermined.

3 | THE ROLE OF METHYLATION
IN STEROID HORMONE RECEPTOR
DISTRIBUTION IN ENDOMETRIOSIS

There are two main types of estrogen receptors, which predomi-

nantly act as transcription factors: estrogen receptor α (ERα) and

estrogen receptor β (ERβ). They are encoded by two different genes,

ESR1 and ESR2, respectively (Greene & Press, 1986; Herynk & Fuqua,

2004). Progesterone receptor has two protein isoforms that are

translated from a single gene: Progesterone receptor‐A (PRA) and

progesterone receptor‐B (PRB), both are expressed in the endome-

trium and despite originating from a single gene, display distinctive

transcriptional activities (Conneely, Mulac‐Jericevic, & Lydon, 2003).

Women with endometriosis show an increased expression of ERβ and

a decreased expression of ERα in the eutopic endometrium and

primary stromal cells (Brandenberger et al., 1999; Bulun et al., 2006;

Fujimoto, Hirose, Sakaguchi, & Tamaya, 1999). It is noted that in

endometriosis, the absence of PRB contributes to overall decreased

mRNA levels of progesterone receptors (Attia et al., 2000). Several

other studies also report discrepancies in the PR‐isoforms in

endometriosis, suggesting untraceable levels of PRB in stromal cells

of the eutopic endometrium (Attia et al., 2000; S. Bulun et al., 2010;

Izawa, Taniguchi, Terakawa, & Harada, 2013). Women with endome-

triosis often present with progesterone resistance (Kim, Kurita, &

Bulun, 2013). The exact cause of this resistance is not entirely known,

however, high expression of ERβ and a lower concentration of ERα

could be responsible for an inadequate estrogen‐priming, contribut-

ing to the suppression of progesterone receptors and thus

progesterone resistance in women with endometriosis (Bergman

et al., 1992). Another theory suggests that high levels of ERβ

suppresses ERα and is involved in the regulation of cell cycle

progression thereby contributing to ectopic endometrial tissue

proliferation (S. Bulun et al., 2010). Since estrogen and its receptors

are imperative for mediating estrogen‐induced progesterone recep-

tors, understanding the various factors that are involved in its

regulation and expression in endometriosis is necessary.

Evidence supports that the failure to achieve an optimal

estrogen‐primed endometrium in the proliferative phase could

potentially result in aberrant steroid receptor distribution and lead

to subsequent progesterone resistance in endometriosis. This makes

steroid hormone regulation in endometriosis extremely crucial to

expand our understanding of the disease. Several genes including

genes coding for ERβ, PRB, and aromatase are under epigenetic

control in the endometrial tissue (Hsiao et al., 2017; Izawa et al.,

2011; Munro et al., 2010; Wu, Strawn, et al., 2006; Xue, Lin, Cheng

TABLE 1 List of genes that are differentially methylated and are associated with hormone imbalance seen in endometriosis

Genes Function Methylation pattern in endometriosis Reference

ESR2 Estrogen receptor Hypomethylated/active Xue, Lin, Cheng, et al. (2007)

ESR1 Estrogen receptor Hypermethylation/inactive Dyson et al. (2014)

CYP19A1 (Aromatase) Estrogen synthesis Hypomethylated/active Izawa et al., (2011)

COX2 Estrogen synthesis Hypomethylated/active Buchweitz et al. (2006); Wang et al. (2012)

SF‐1 Estrogen synthesis Hypomethylated/active Xue, Lin, Yin, et al. (2007); Yamagata et al. (2014)

HOXA10 Estrogen metabolism Hypermethylated/inactive Lee, Du, and Taylor (2009); Szczepańska, Wirstlein, Łuczak,

Jagodziński, and Skrzypczak (2010); Wu et al. (2005)

HSD17B2 Estrogen metabolism Hypermethylation/inactive Yamagata et al. (2014)

PRB Estrogen metabolism Hypermethylation/inactive Wu, Strawn, et al. (2006)
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et al., 2007). Additionally, as shown in Table 1, aberrant methylation

patterns of genes that regulate estrogen production and metabolism

in the endometrium such as Steroidogenic Factor‐1 (SF‐1), Homeobox

A10 (HOXA10), and Cyclooxygenase2 (COX2), have been reported

(Buchweitz et al., 2006; Ota et al., 2001; Wang et al., 2012; Wu et al.,

2005; Yamagata, Nishino, et al., 2014; Zanatta et al., 2010). The DNA

methylome varies the most during secretory to midsecretory phase

in endometriosis which corresponds to an anomalous progesterone

response (Houshdaran et al., 2016). Existing data imply that the two‐
way communication between epigenetic modulators and steroid

hormone receptors is disrupted in endometriosis and that generally

leads to progesterone resistance and thus contributes to the

development of resistance to hormone treatments.

These studies, however, come with significant limitations since

most of them do not consider differences at the cellular and cyclic

levels. Endometrial tissues comprise of two major cell types (luminal

and glandular epithelial and stromal cells) which are likely to have

their own cell‐specific methylation patterns, making it important to

study these individually as well as in conjunction (Logan, Yango, &

Tran, 2018; Saare et al., 2018). A recent study revealed that in

endometriosis, epithelial and stromal cells in the ectopic tissue

developed independently of each other, containing distinct clones

which makes them functionally different (Noë, Ayhan, Wang, & Shih,

2018). Several studies so far, that aimed to look at the methylation

status of genes that are associated with endometriosis consider

either the endometrial tissue as a whole or one of the two cell types

which could provide bias results (Buchweitz et al., 2006; Izawa et al.,

2011; Roca et al., 2016; Van Kaam et al., 2011; Wang et al., 2012; Wu

et al., 2005; Wu, Kajdacsy‐Balla, et al., 2006; Xue, Lin, Yin, et al.,

2007; Yamagata et al., 2014a). Furthermore, It has been suggested

that epigenetic patterns vary throughout the menstrual cycle making

it an essential covariate of methylation studies in the endometrium

(Houshdaran et al., 2016; Munro et al., 2010; Rahmioglu et al., 2017;

Saare et al., 2016). Lastly, aberrant hydroxymethylation patterns

could also potentially be contributing to the deregulation of genes

in disease states, making it important to understand its role and

correlation to progesterone resistance in endometriosis. As of now,

our understanding of DNA hydroxymethylation patterns or TET

gene expression in endometriosis is very limited.

4 | HYDROXYMETHYLATION AND TEN
ELEVEN TRANSLOCATION PROTEINS

DNA Methylation and hydroxymethylation are known to perform

contradictory functions whereas the former are involved in gene

silencing; the latter is associated with gene activation (Spruijt &

Vermeulen, 2014; Wu & Zhang, 2011). Currently, three types of TETs

are known to be expressed in mammalian cells which display distinct

as well as collaborative function: TET1, TET2, and TET3. Recent

studies suggest the involvement of TETs in the male as well as female

reproductive tracts (Kurian et al., 2016; Yosefzon et al., 2017). This

process is still not clearly understood and its potential role in

development, progression, and other abnormalities is yet to be

explored. Knockout studies have been widely used to provide insight

into the characteristics of these enzymes. Mice that lacked TET1,

displayed an abnormal follicular development and consequently

impaired fertility. Additionally, an abnormal TET1 isoform suppressed

the luteinizing hormone gene, suggestive of a critical role that these

proteins play in the female reproductive tract (Yosefzon et al., 2017).

Similarly, young adult male mice lacking TET2 in the neurons that

secrete gonadotropin‐releasing Hormone, displayed decreased levels

of plasma luteinizing hormone along with compromised fertility,

highlighting the involvement of TET2 in the neuroendocrine

regulation of reproduction in males (Kurian et al., 2016). The

hypothalamus–pituitarygonadal (HPG) Axis is pivotal in regulating

the production of estrogen and progesterone from the ovaries in

women (Barbieri, 2014). These studies demonstrate the ability of

TET1 and TET2 to disrupt the HPG axis, which could also potentially

be linked to the hormonal instability seen in endometriosis. Further

studies that examine the role of TETs in establishing a successful

HPG feedback loop and regulating steroid hormone production are

needed to understand its influence in endometriosis.

It was also noted that mice lacking either TET1 or TET2 were viable,

suggesting that the genes function in association and the absence of one

may be compensated by the other (Dawlaty et al., 2011, 2013; Moran‐
Crusio et al., 2011; Quivoron et al., 2011). Studies on the combined loss

of TET1 and TET2 in mice models revealed that while males had normal

gonads and were fertile, females displayed phenotypically smaller

ovaries and were subfertile (Dawlaty et al., 2011, 2013). Moreover,

these studies propose an overall increased level of 5mC and a

decreased level of 5hmC, indicating that lower hydroxymethylation

contributes to global hypermethylation (Dawlaty et al., 2013). TET1 and

TET2 combined loss not only reflected on the global hydroxymethyla-

tion patterns but also showed reduced levels of hydroxymethylated

5mC in specific tissue types such as adult tissues and a complete loss in

embryonic stem cells and germ cells (Dawlaty et al., 2013). Endome-

triosis is a disease of multifactorial origin however, studies such as

Bouquet De Jolinière et al. (2012) and Signorile et al. (2012), suggest an

embryologic origin of endometriosis. Failure of establishing successful

hydroxymethylation patterns during critical periods of embryologic

development could also be potentially associated with the pathogenesis

of endometriosis. Further studies assessing the correlation between

DNA hydroxymethylation patterns during embryo development and its

effect on the pathogenesis of endometriosis are needed.

The role of TETs is not only suggested in reproductive tracts but

is indicated in several other biological processes. TETs execute their

function through differential expression and in a cell‐specific manner.

TET1 is shown to be highly and specifically expressed in embryonic

stem cells (Ito et al., 2010; Koh et al., 2011). In addition, these

enzymes are also expressed in differentiated tissues of the brain and

central nervous system in adults (Kriaucionis & Heintz, 2009). TET2

mutations lead to abnormal methylation patterns and, loss of TET2 in

bone marrow mesenchymal stromal cells increases malignancies

(Delhommeau et al., 2009; R. Li et al., 2018). In comparison to TET1

and TET3, TET2 is reported to be significantly overexpressed in
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breast cancer cells. It was also proposed that the absence of TET2

from breast cancer cells, critically altered the expression of several

progesterone‐responsive genes which indicates the potential role

of TET2 in progesterone‐mediated gene expression (Morlans, 2015).

Concomitantly, another study stated lower levels of 5hmC in a tumor

suppressor gene (leucine zipper, putative tumor suppressor 1), asso-

ciated with metastasis in breast cancer. This finding was further

correlated with reduced expression of TET1 in breast cancer

samples suggesting its potential involvement in cancer progression

(Wielscher et al., 2013).

A genome‐wide analysis of individual TET deletion in an

embryonic carcinoma cell model by Putiri et al. (2014), revealed

that only the loss of TET1 leads to a widespread reduction of 5hmC.

Meanwhile, it was noted that while TETs work in a co‐dependent
manner to establish the successful conversion of 5mC to 5hmC, only

TET2 and TET3 are responsible for its removal during demethyla-

tion. Similarly, Gu et al. (2011) reported that hydroxymethylation

in mice zygotes is seen in the paternal genome where the male

pronucleus predominantly hosts TET3 proteins, mediating global

erasure of 5mC. Furthermore, knocking out TET3 in male zygotes

failed to achieve the 5mC to 5hmC conversion. In female mice,

TET3 deficiency in the germline reduced fertility. Additionally, the

mutant offspring, lacking maternal TET3, also showed the increased

developmental failure of the embryo suggesting a crucial role of

TET3 in the maternal germline (Gu et al., 2011). All the previously

mentioned studies highlight the involvement and varied functions

of the TET family members and the increasing need to understand

its contribution individually as well as in conjunction with other

factors in endometrial biology.

To our knowledge, there are three studies that have investigated

TET expression in endometrial pathologies (Ciesielski et al., 2017;

Roca et al., 2016; Szczepańska, Wirstlein, Zawadzka, Wender‐
Ożegowska, & Jagodziński, 2018). Ciesielski et al. (2017), suggest a

discrepancy in TET mRNA levels in endometrial cancer, when

compared to normal endometrium. They also suggest a correlation

between lower TET1 and TET2 mRNA expression with reduced

global 5hmC levels. This data in agreement with other studies,

confirming an association between global 5hmC levels and TET

expression (Ciesielski et al., 2017; Du et al., 2015; Murata et al.,

2015; Putiri et al., 2014). Other recent studies looking at the

involvement of TETs in endometriosis, reported TETs to be down-

regulated in an ectopic (Roca et al., 2016) and eutopic (Szczepańska

et al., 2018) endometrial tissues. Despite having a lower TET gene

expression, Roca et al. (2016) reported high global hydroxymethyla-

tion levels in the ectopic endometrium. Roca et al. (2016) aimed to

study TET gene expression in the whole tissue and further, in vitro

decidualized stromal fibroblast cells but do not report other

differences at the cellular level. Additionally, this study only aimed

to look at decidualized cells and does not factor in other menstrual

cycle phases, limiting a comprehensive understanding of the nature

of TETs in the endometrium and endometriosis. The above‐discussed
studies demonstrate the importance of understanding TET proteins

in the endometrium. However, further studies assessing the

contribution and association of TETs in hormonal deregulation seen

in endometriosis are required.

Apart from being involved in the DNA demethylation process

and in catalysing hydroxymethylation, TET family proteins also

display noncatalytic functions (Gao et al., 2016; Lian, Li, & Jin,

2016; Montagner et al., 2016; Tsai et al., 2014; Xu et al., 2012;

Zhang et al., 2015). Their ability as transcriptional coactivators/

corepressors, allows them to form complexes to regulate important

developmental processes. The involvement of TET2 in regulating

mast cell differentiation and proliferation as highlighted by

Montagner et al. (2016), and its ability to regulate inflammation

through HDAC2‐mediated IL‐6 inhibition, reported by Zhang et al.

(2015), suggested that TET2 exerts relevant noncatalytic functions.

TET1 is reported to negatively regulate Neuro2a (mouse neural

crest‐derived cell line) cells, independent of its enzymatic activity,

contributing to neuronal differentiation (Gao et al., 2016). Cell

proliferation and inflammation are both important aspects of

endometriosis. Along with its catalytic functions, understanding

the noncatalytic involvement of TETs in inflammation and cell

proliferation could help identify prominent targets for clinical

intervention of endometriosis.

5 | METHYLATION VERSUS
HYDROXYMETHYLYATION: AN OVERLAP

While quantifying the amount of methylation and hydroxymethyla-

tion in murine embryonic stem cells, Tahiliani et al. (2009),

discovered the presence of about 55–60% of 5mC and 4–6% of

5hmC. Additionally, 5hmC makes up for 0.6% and 0.2% of total

nucleotides in Purkinje cells and granule neurons, respectively, in

the mouse genome (Kriaucionis & Heintz, 2009; Tahiliani et al.,

2009). However, in mouse embryonic stem cells, global level of

methylation increases and hydroxymethylation decreases dynami-

cally during development, which corresponds to the rise in DNA

methyltransferases (DNMT)‐DNMT3a and DNMT3b expression and

a decline in TET1 expression (Kinney et al., 2011). Methylation and

hydroxymethylation are functionally distinct however, an overlap

between the two has been proposed (J. Li et al., 2018; Putiri

et al., 2014). It was also noted that in cancer, TET‐mediated

hydroxymethylation sites coincided with those that were aberrantly

methylated (Putiri et al., 2014). A close association between regions

that exhibit higher 5hmC and lower 5mC is also suggested by J. Li

et al. (2018). These findings further highlight a structural similarity

but a functional disparity between the two epigenetic modifications

suggesting that the data in the current literature that aims to look

at global methylation patterns in association to diseases could in

fact, be a combination of both. This makes it increasingly important

to conduct hydroxymethylation studies to understand its association

with methylation and to determine how much they respectively

influence disease pathogenesis.

Most studies that have aimed to study methylation patterns

use the “gold standard” bisulfite genomic sequencing technique
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(Chen et al., 2017; Darst, Pardo, Ai, Brown, & Kladde, 2010; Frommer

et al., 1992; Y. Li & Tollefsbol, 2011). This technique serves as a

quantitatively and qualitatively efficient method of assessing

methylation patterns (Figure 1). As shown in Figure 1, the traditional

technique involves treating the single stranded DNA with sodium

bisulfite which yields a sequence that allows to distinguish between

methylated and unmethylated cytosine (Y. Li & Tollefsbol, 2011).

However one of the major limitations of this technique is that it does

not differentiate between hydroxymethylation and methylation

(Hayatsu & Shiragami, 1979; Huang et al., 2010). Since methylation

and hydroxymethylation influence gene expression in opposing ways,

an inability to distinguish between these two marks restricts our

understanding of these processes resulting in an inaccurate measure

of which epigenetic mark is truly responsible for a particular

epigenetic alteration.

6 | FUTURE DIRECTIONS

The changes that the endometrium undergoes are orchestrated by

estrogen and progesterone in a cyclic and synchronous manner.

It has been suggested that epigenetic patterns vary throughout

the menstrual cycle making it an essential covariate of methylation

studies in the endometrium (Houshdaran et al., 2016; Munro

et al., 2010; Rahmioglu et al., 2017; Saare et al., 2016). Moreover,

significant changes in the expression of endometrial DNMTs during

the menstrual cycle have been reported (Liao et al., 2008; Vincent

et al., 2011; Yamagata, Asada, et al., 2009). Some studies revealed

that DNMT 1 and 3 are significantly downregulated in the secretory

phase than in the proliferative phase (Vincent et al., 2011; Yamagata,

Asada, et al., 2009; Zelenko et al., 2012). Conversely, another study

highlighted that DNMT1 expression was higher in the secretory

phase (van Kaam et al., 2011). Previous data by our lab depict that

DNMT3a expression was significantly downregulated in the early and

late secretory phases, and DNMT3b transcription was significantly

less abundant during the early, middle, and late secretory phases

when compared with the proliferative phase in human endometrium

(Vincent et al., 2011). Transcriptions of all three DNMTs were

significantly repressed in endometrial explants of proliferative phase

after a 48 hr combined treatment with estrogen and progesterone.

Similarly, progesterone treatment alone led to a significant down-

regulation of DNMT1 mRNA after 48 hr, and DNMT3b mRNA was

significantly downregulated after 48 hr of estrogen treatment

(Vincent et al., 2011). There has been conflicting data on the

expression and regulation of DNMTs in the endometrium, which

implies the need for additional studies. As mentioned previously,

studies by Ciesielski et al. (2017), Roca et al. (2016), and Szczepanska

et al. (2018), suggest the involvement of TETs in the onset of

endometrial pathologies. However, these are the only three studies

currently, that are indicative of a potential role of TETs in the

endometrium and warrants further investigation on its role in

endometriosis. Given the dynamic nature of this tissue, it is important

F IGURE 1 The “gold standard” identification technique used to detect methylation patterns. The first set of sequence represents a DNA strand
comprising of 4 bases (A: Adenine; C: Cytosine; T: Thymine; G: Guanine). DNMT‐mediated methylation and TET‐mediated hydroxymethylation are

two epigenetic modifications that execute their functions by tagging the sequence with a methyl group and a hydroxyl group, respectively. Bisulfite
treatment allows to distinguish between methylated and unmethylated sites by converting the unmethylated cytosines to a different base
(U: Uracil) and retaining all methylated cytosines as cytosines. This technique also picks up 5hmc (a mark for hydroxymethylation) as 5mc

(a mark for methylation), thereby failing to distinguish between the two [Color figure can be viewed at wileyonlinelibrary.com]
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to understand the role of TET‐mediated hydroxymethylation and

DNMT‐mediated methylation patterns in a cell‐specific as well as

cyclic manner which may help explaining complex diseases such as

endometriosis and help in the development of targeted epigenetic

therapies.

7 | CONCLUSION

To conclude, it is known that aberrant DNMT distribution and

methylation patterns contribute to abnormal endometrial health.

The discovery of TET‐mediated hydroxymethylation as an epige-

netic mark opened new horizons for molecular research. The

presence of TETs in germ cells and its suggested role in the male

and female reproductive tract as well as endometrial diseases,

imply its importance in reproductive and endometrial biology.

DNA hydroxymethylation is an epigenetic mark that works in close

association with methylation, possibly regulating it. The various

aspects through which it executes its function needs to be

assessed to understand its role in endometrial biology. We

speculate that abnormal methylation‐mediated silencing of genes

or/and abnormal hydroxymethylation‐mediated activation of

genes could be contributing to the hormonal instability seen in

endometriosis. Epigenetic alterations have been used for targeted

therapeutic interventions in diseases such as cancer and if its

role in endometriosis is established, it will help in the development

of better and effective treatment options.

CONFLICT OF INTERESTS

The authors declare that there is no conflict of interests.

AUTHOR CONTRIBUTIONS

V. M. was the primary and major contributor in writing the

manuscript. A. P. conceived the idea, provided insightful comments

on drafts and approved the content of the manuscript. All authors

read and approved the final manuscript.

ORCID

Vishakha Mahajan http://orcid.org/0000-0003-4747-2075

REFERENCES

Aghajanova, L., Hamilton, A. E., & Giudice, L. C. (2008). Uterine receptivity

to human embryonic implantation: Histology, biomarkers, and

transcriptomics. Seminars in Cell & Developmental Biology, 19(2),

204–211. https://doi.org/10.1016/J.SEMCDB.2007.10.008

Attia, G. R., Zeitoun, K., Edwards, D., Johns, A., Carr, B. R., & Bulun, S. E.

(2000). Progesterone receptor isoform A but not B is expressed

in endometriosis. The. The Journal of Clinical Endocrinology and

Metabolism, 85(8), 2897–2902. https://doi.org/10.1210/jcem.85.8.

6739.

Barbieri, R. L. (2014). The endocrinology of the menstrual cycle. Methods

in Molecular Biology (Clifton, N.J.), 1154, 145–169. https://doi.org/10.

1007/978‐1‐4939‐0659‐8_7
Barile, G., Sica, G., Montemurro, A., Iacobelli, S., & Corradini, M. (1979).

Levels of estrogen and progesterone receptor in human endometrium

during the menstrual cycle. European Journal of Obstetrics & Gynecology

and Reproductive Biology, 9(4), 243–246.

Bergman, M. D., Schachter, B. S., Karelus, K., Combatsiaris, E. P., Garcia, T.,

& Nelson, J. F. (1992). Up‐regulation of the uterine estrogen receptor

and its messenger ribonucleic acid during the mouse estrous cycle:

The role of estradiol. Endocrinology, 130(4), 1923–1930. https://doi.

org/10.1210/endo.130.4.1547720

Bouquet De Jolinière, J., Ayoubi, J. M., Lesec, G., Validire, P., Goguin, A.,

Gianaroli, L., & De Francesco, F. (2012). Identification of displaced

endometrial glands and embryonic duct remnants in female fetal

reproductive tract: Possible pathogenetic role in endometriotic and

pelvic neoplastic processes. Frontiers in Physiology, 3, 444. https://doi.

org/10.3389/fphys.2012.00444

Brandenberger, A. W., Lebovic, D. I., Tee, M. K., Ryan, I. P., Tseng, J. F.,

Jaffe, R. B., & Taylor, R. N. (1999). Oestrogen receptor (ER)‐
alpha and ER‐ isoforms in normal endometrial and endometriosis‐
derived stromal cells. Molecular Human Reproduction, 5(7),

651–655.

Buchweitz, O., Staebler, A., Wülfing, P., Hauzman, E., Greb, R., &

Kiesel, L. (2006). COX‐2 overexpression in peritoneal lesions is

correlated with nonmenstrual chronic pelvic pain. European Journal of

Obstetrics, Gynecology, and Reproductive Biology, 124(2), 216–221.

https://doi.org/10.1016/j.ejogrb.2005.09.016

Bulun, S., Cheng, Y. ‐H., Pavone, M., Xue, Q., Attar, E., Trukhacheva, E., &

Kim, J. (2010). Estrogen receptor‐β, estrogen receptor‐α, and

progesterone resistance in endometriosis. Seminars in Reproductive

Medicine, 28(1), 036–043. https://doi.org/10.1055/s‐0029‐1242991
Bulun, S. E. (2009). Endometriosis. New England Journal of Medicine, 360(3),

268–279. https://doi.org/10.1056/NEJMra0804690

Bulun, S. E., Yang, S., Fang, Z., Gurates, B., Tamura, M., & Sebastian, S.

(2002). Estrogen production and metabolism in endometriosis. Annals

of the New York Academy of Sciences, 955, 75–85.

Bulun, S. E., Cheng, Y. ‐H., Yin, P., Imir, G., Utsunomiya, H., Attar, E., & Julie

Kim, J. (2006). Progesterone resistance in endometriosis: Link to

failure to metabolize estradiol. Molecular and Cellular Endocrinology,

248(1–2), 94–103. https://doi.org/10.1016/j.mce.2005.11.041

Burney, R. O., & Giudice, L. C. (2012). Pathogenesis and pathophysiology

of endometriosis. Fertility and Sterility, 98(3), 511–519. https://doi.org/

10.1016/j.fertnstert.2012.06.029

Chen, G. G., Gross, J. A., Lutz, P. ‐E., Vaillancourt, K., Maussion, G.,

Bramoulle, A., & Ernst, C. (2017). Medium throughput bisulfite

sequencing for accurate detection of 5‐methylcytosine and 5‐
hydroxymethylcytosine. BMC Genomics, 18(1), 96. https://doi.org/10.

1186/s12864‐017‐3489‐9
Ciesielski, P., Jóźwiak, P., Wójcik‐Krowiranda, K., Forma, E., Cwonda, Ł.,

Szczepaniec, S., & Krześlak, A. (2017). Differential expression

of ten‐eleven translocation genes in endometrial cancers. Tumor Biology,

39(3), 101042831769501. https://doi.org/10.1177/1010428317695017

Conneely, O. M., Mulac‐Jericevic, B., & Lydon, J. P. (2003). Progesterone‐
dependent regulation of female reproductive activity by two

distinct progesterone receptor isoforms. Steroids, 68(10–13),

771–778.

Darst, R. P., Pardo, C. E., Ai, L., Brown, K. D., & Kladde, M. P. (2010). Bisulfite

Sequencing of DNA. Current Protocols in Molecular Biology, 91(1),

7.9.1–7.9.17. https://doi.org/10.1002/0471142727.mb0709s91

Dawlaty, M. M., Ganz, K., Powell, B. E., Hu, Y. ‐C., Markoulaki, S., Cheng, A.

W., & Jaenisch, R. (2011). Tet1 is dispensable for maintaining

pluripotency and its loss is compatible with embryonic and postnatal

development. Cell Stem Cell, 9(2), 166–175. https://doi.org/10.1016/j.

stem.2011.07.010

MAHAJAN ET AL. | 7

http://orcid.org/0000-0003-4747-2075
https://doi.org/10.1016/J.SEMCDB.2007.10.008
https://doi.org/10.1210/jcem.85.8.6739
https://doi.org/10.1210/jcem.85.8.6739
https://doi.org/10.1007/978-1-4939-0659-8_7
https://doi.org/10.1007/978-1-4939-0659-8_7
https://doi.org/10.1210/endo.130.4.1547720
https://doi.org/10.1210/endo.130.4.1547720
https://doi.org/10.3389/fphys.2012.00444
https://doi.org/10.3389/fphys.2012.00444
https://doi.org/10.1016/j.ejogrb.2005.09.016
https://doi.org/10.1055/s-0029-1242991
https://doi.org/10.1056/NEJMra0804690
https://doi.org/10.1016/j.mce.2005.11.041
https://doi.org/10.1016/j.fertnstert.2012.06.029
https://doi.org/10.1016/j.fertnstert.2012.06.029
https://doi.org/10.1186/s12864-017-3489-9
https://doi.org/10.1186/s12864-017-3489-9
https://doi.org/10.1177/1010428317695017
https://doi.org/10.1002/0471142727.mb0709s91
https://doi.org/10.1016/j.stem.2011.07.010
https://doi.org/10.1016/j.stem.2011.07.010


Dawlaty, M. M., Breiling, A., Le, T., Raddatz, G., Barrasa, M. I., Cheng, A. W.,

& Jaenisch, R. (2013). Combined deficiency of Tet1 and Tet2 causes

epigenetic abnormalities but is compatible with postnatal develop-

ment. Developmental Cell, 24(3), 310–323. https://doi.org/10.1016/j.

devcel.2012.12.015

Delhommeau, F., Dupont, S., Valle, V., Della, James, C., Trannoy, S., …

Bernard, O. A. (2009). Mutation in TET2 in Myeloid Cancers. New

England Journal of Medicine, 360(22), 2289–2301. https://doi.org/10.

1056/NEJMoa0810069

Du, C., Kurabe, N., Matsushima, Y., Suzuki, M., Kahyo, T., Ohnishi, I., &

Sugimura, H. (2015). Robust quantitative assessments of cytosine

modifications and changes in the expressions of related enzymes in

gastric cancer. Gastric Cancer, 18(3), 516–525. https://doi.org/10.

1007/s10120‐014‐0409‐4
Dyson, M. T., Roqueiro, D., Monsivais, D., Ercan, C. M., Pavone, M. E.,

Brooks, D. C., & Bulun, S. E. (2014). Genome‐wide DNA methylation

analysis predicts an epigenetic switch for GATA factor expression in

endometriosis. PLOS Genetics, 10(3), e1004158. https://doi.org/10.

1371/journal.pgen.1004158

Eskenazi, B., & Warner, M. L. (1997). Epidemiology of endometriosis.

Obstetrics and Gynecology Clinics of North America, 24(2), 235–258.

https://doi.org/10.1016/S0889‐8545(05)70302‐8
Farquhar, C. M. (2000). Extracts from the "clinical evidence&quot.

BMJ (Clinical Research Ed.), 320(7247), 1449–1452.

Frommer, M., McDonald, L. E., Millar, D. S., Collis, C. M., Watt, F.,

Grigg, G. W., & Paul, C. L. (1992). A genomic sequencing protocol that

yields a positive display of 5‐methylcytosine residues in individual

DNA strands. Proceedings of the National Academy of Sciences, 89(5),

1827–1831.

Fujimoto, J., Hirose, R., Sakaguchi, H., & Tamaya, T. (1999). Expression of

oestrogen receptor‐alpha and ‐beta in ovarian endometriomata.

Molecular Human Reproduction, 5(8), 742–747. https://doi.org/10.

1093/molehr/5.8.742

Gao, J., Ma, Y., Fu, H. ‐L., Luo, Q., Wang, Z., Xiao, Y. ‐H., & Jin, W. ‐L. (2016).
Non‐catalytic roles for TET1 protein negatively regulating

neuronal differentiation through srGAP3 in neuroblastoma cells.

Protein & cell, 7(5), 351–361. https://doi.org/10.1007/s13238‐016‐
0267‐4

Ghabreau, L., Roux, J., Niveleau, A., Fontanire, B., Mahe, C., Mokni, M., &

Frappart, L. (2004). Correlation between the DNA global methylation

status and progesterone receptor expression in normal endometrium,

endometrioid adenocarcinoma and precursors. Virchows Archiv,

445(2), 129–134. https://doi.org/10.1007/s00428‐004‐1059‐4
Giudice, L. C., & Kao, L. C. (2004). Endometriosis. The Lancet, 364(9447),

1789–1799. https://doi.org/10.1016/S0140‐6736(04)17403‐5
Greene, G. L., & Press, M. F. (1986). Structure and dynamics of the

estrogen receptor. Journal of Steroid Biochemistry, 24(1), 1–7. https://

doi.org/10.1016/0022‐4731(86)90024‐5
Gu, T. ‐P., Guo, F., Yang, H., Wu, H. ‐P., Xu, G. ‐F., Liu, W., & Xu, G. ‐L.

(2011). The role of Tet3 DNA dioxygenase in epigenetic reprogram-

ming by oocytes. Nature, 477(7366), 606–610. https://doi.org/10.

1038/nature10443

Guo, S. ‐W. (2009a). Epigenetics of endometriosis. Molecular Human

Reproduction, 15(10), 587–607. https://doi.org/10.1093/molehr/

gap064

Guo, S.‐W. (2009b). Recurrence of endometriosis and its control. Human

Reproduction Update, 15(4), 441–461. https://doi.org/10.1093/

humupd/dmp007

Hayatsu, H., & Shiragami, M. (1979). Reaction of bisulfite with the 5‐
hydroxymethyl group in pyrimidines and in phage DNAs. Biochemistry,

18(4), 632–637. https://doi.org/10.1021/bi00571a013

He, Y. ‐F., Li, B. ‐Z., Li, Z., Liu, P., Wang, Y., Tang, Q., & Xu, G. ‐L. (2011). Tet‐
mediated formation of 5‐carboxylcytosine and its excision by TDG in

mammalian DNA. Science, 333(6047), 1303–1307. https://doi.org/10.

1126/science.1210944

Herynk, M. H., & Fuqua, S. A. W. (2004). Estrogen receptor mutations in

human disease. Endocrine Reviews, 25(6), 869–898. https://doi.org/10.

1210/er.2003‐0010
Hewitt, S. C., & Korach, K. S. (2003). Oestrogen receptor knockout mice:

Roles for oestrogen receptors alpha and beta in reproductive tissues.

Reproduction (Cambridge, England), 125(2), 143–149. https://doi.org/

10.1530/REP.0.1250143

Hogg, S., & Vyas, S. (2015). Endometriosis. Obstetrics, Gynaecology &

Reproductive Medicine, 25(5), 133–141. https://doi.org/10.1016/j.

ogrm.2015.02.001

Houshdaran, S., Nezhat, C. R., Vo, K. C., Zelenko, Z., Irwin, J. C., & Giudice,

L. C. (2016). Aberrant endometrial DNA methylome and associated

gene expression in women with endometriosis. Biology of Reproduction,

95(5), 93–93. https://doi.org/10.1095/biolreprod.116.140434

Hsiao, K.‐Y., Wu, M.‐H., & Tsai, S ‐J. (2017). Epigenetic regulation of the

pathological process in endometriosis. Reproductive Medicine and

Biology, 16(4), 314–319. https://doi.org/10.1002/rmb2.12047

Huang, Y., Pastor, W. A., Shen, Y., Tahiliani, M., Liu, D. R., & Rao, A. (2010).

The behaviour of 5‐hydroxymethylcytosine in bisulfite sequencing.

PLOS One, 5(1), e8888. https://doi.org/10.1371/journal.pone.0008888

Ito, S., D’Alessio, A. C., Taranova, O. V., Hong, K., Sowers, L. C., & Zhang, Y.

(2010). Role of Tet proteins in 5mC to 5hmC conversion, ES‐cell
self‐renewal and inner cell mass specification. Nature, 466(7310),

1129–1133. https://doi.org/10.1038/nature09303

Izawa, M., Taniguchi, F., Terakawa, N., & Harada, T. (2013). Epigenetic

aberration of gene expression in endometriosis. Frontiers in Bioscience,

5, 900–910.

Izawa, M., Taniguchi, F., Uegaki, T., Takai, E., Iwabe, T., Terakawa, N., &

Harada, T. (2011). Demethylation of a nonpromoter cytosine‐
phosphate‐guanine island in the aromatase gene may cause the

aberrant up‐regulation in endometriotic tissues. Fertility and Sterility,

95(1), 33–39. https://doi.org/10.1016/j.fertnstert.2010.06.024

Kim, J. J., Kurita, T., & Bulun, S. E. (2013). Progesterone action in

endometrial cancer, endometriosis, uterine fibroids, and breast

cancer. Endocrine Reviews, 34(1), 130–162. https://doi.org/10.1210/

er.2012‐1043
Kinney, S. M., Chin, H. G., Vaisvila, R., Bitinaite, J., Zheng, Y., Estève, P. ‐O.,

& Pradhan, S. (2011). Tissue‐specific distribution and dynamic

changes of 5‐hydroxymethylcytosine in mammalian genomes. Journal

of Biological Chemistry, 286(28), 24685–24693. https://doi.org/10.

1074/jbc.M110.217083

Kitawaki, J., Kado, N., Ishihara, H., Koshiba, H., Kitaoka, Y., & Honjo, H.

(2002). Endometriosis: The pathophysiology as an estrogen‐depen-
dent disease. The Journal of Steroid Biochemistry and Molecular Biology,

83(1–5), 149–155.

Koh, K. P., Yabuuchi, A., Rao, S., Huang, Y., Cunniff, K., Nardone, J., & Rao,

A. (2011). Tet1 and Tet2 regulate 5‐hydroxymethylcytosine produc-

tion and cell lineage specification in mouse embryonic stem cells. Cell

Stem Cell, 8(2), 200–213. https://doi.org/10.1016/j.stem.2011.01.008

Koukoura, O., Sifakis, S., & Spandidos, D. A. (2016). DNA methylation

in endometriosis (Review). Molecular Medicine Reports, 13(4),

2939–2948. https://doi.org/10.3892/mmr.2016.4925

Kriaucionis, S., & Heintz, N. (2009). The nuclear DNA base 5‐hydro-
xymethylcytosine is present in purkinje neurons and the brain. Science,

324(5929), 929–930. https://doi.org/10.1126/science.1169786

Kurian, J. R., Louis, S., Keen, K. L., Wolfe, A., Terasawa, E., & Levine, J. E.

(2016). The methylcytosine dioxygenase ten‐eleven translocase‐2
(tet2) enables elevated GnRH gene expression and maintenance of

male reproductive function. Endocrinology, 157(9), 3588–3603.

https://doi.org/10.1210/en.2016‐1087
Lee, B., Du, H., & Taylor, H. (2009). Experimental murine endometriosis

induces DNA methylation and altered gene expression in eutopic

endometrium. Biology of Reproduction, 80(1), 79–85.

Li, J., Wu, X., Zhou, Y., Lee, M., Guo, L., Han, W., & Huang, Y. (2018).

Decoding the dynamic DNA methylation and hydroxymethylation

8 | MAHAJAN ET AL.

https://doi.org/10.1016/j.devcel.2012.12.015
https://doi.org/10.1016/j.devcel.2012.12.015
https://doi.org/10.1056/NEJMoa0810069
https://doi.org/10.1056/NEJMoa0810069
https://doi.org/10.1007/s10120-014-0409-4
https://doi.org/10.1007/s10120-014-0409-4
https://doi.org/10.1371/journal.pgen.1004158
https://doi.org/10.1371/journal.pgen.1004158
https://doi.org/10.1016/S0889-8545(05)70302-8
https://doi.org/10.1093/molehr/5.8.742
https://doi.org/10.1093/molehr/5.8.742
https://doi.org/10.1007/s13238-016-0267-4
https://doi.org/10.1007/s13238-016-0267-4
https://doi.org/10.1007/s00428-004-1059-4
https://doi.org/10.1016/S0140-6736(04)17403-5
https://doi.org/10.1016/0022-4731(86)90024-5
https://doi.org/10.1016/0022-4731(86)90024-5
https://doi.org/10.1038/nature10443
https://doi.org/10.1038/nature10443
https://doi.org/10.1093/molehr/gap064
https://doi.org/10.1093/molehr/gap064
https://doi.org/10.1093/humupd/dmp007
https://doi.org/10.1093/humupd/dmp007
https://doi.org/10.1021/bi00571a013
https://doi.org/10.1126/science.1210944
https://doi.org/10.1126/science.1210944
https://doi.org/10.1210/er.2003-0010
https://doi.org/10.1210/er.2003-0010
https://doi.org/10.1530/REP.0.1250143
https://doi.org/10.1530/REP.0.1250143
https://doi.org/10.1016/j.ogrm.2015.02.001
https://doi.org/10.1016/j.ogrm.2015.02.001
https://doi.org/10.1095/biolreprod.116.140434
https://doi.org/10.1002/rmb2.12047
https://doi.org/10.1371/journal.pone.0008888
https://doi.org/10.1038/nature09303
https://doi.org/10.1016/j.fertnstert.2010.06.024
https://doi.org/10.1210/er.2012-1043
https://doi.org/10.1210/er.2012-1043
https://doi.org/10.1074/jbc.M110.217083
https://doi.org/10.1074/jbc.M110.217083
https://doi.org/10.1016/j.stem.2011.01.008
https://doi.org/10.3892/mmr.2016.4925
https://doi.org/10.1126/science.1169786
https://doi.org/10.1210/en.2016-1087


landscapes in endodermal lineage intermediates during pancreatic

differentiation of hESC. Nucleic Acids Research, 46(6), 2883–2900.

https://doi.org/10.1093/nar/gky063

Li, R., Zhou, Y., Cao, Z., Liu, L., Wang, J., Chen, Z., & Zhao, Z. (2018). TET2

loss dysregulates the behavior of bone marrow mesenchymal stromal

cells and accelerates tet2 −/− ‐driven myeloid malignancy progres-

sion. Stem Cell Reports, 10(1), 166–179. https://doi.org/10.1016/j.

stemcr.2017.11.019

Li, Y., & Tollefsbol, T. O. (2011). DNA methylation detection: Bisulfite

genomic sequencing analysis. Methods in Molecular Biology (Clifton,

N.J.), 791, 11–21. https://doi.org/10.1007/978‐1‐61779‐316‐5_2
Lian, H., Li, W.‐B., & Jin, W.‐L. (2016). The emerging insights into catalytic

or non‐catalytic roles of TET proteins in tumors and neural

development. Oncotarget, 7(39), 64512–64525. https://doi.org/10.

18632/oncotarget.11412

Liao, X., Siu, M. K. ‐Y., Chan, K. Y. ‐K., Wong, E. S. ‐Y., Ngan, H. Y. ‐S., Chan,
Q. K. ‐Y., & Cheung, A. N. ‐Y. (2008). Hypermethylation of RAS

effector related genes and DNA methyltransferase 1 expression in

endometrial carcinogenesis. International Journal of Cancer, 123(2),

296–302. https://doi.org/10.1002/ijc.23494

Logan, P. C., Yango, P., & Tran, N. D. (2018). Endometrial stromal and

epithelial cells exhibit unique aberrant molecular defects in

patients with endometriosis. Reproductive Sciences, 25(1), 140–159.

https://doi.org/10.1177/1933719117704905

Morlans, M. (2015). Hydroxymethylation (Characterization of the role of DNA

methylation, hydroxymethylation and TET proteins in progesterone‐
mediated signaling in breast cancer cells). |Report Summary|Hydro-

xyMethylation|FP7|CORDIS|European Com. Retrieved from https://

cordis.europa.eu/result/rcn/171138_en.html

Ma, X., & Gao, X. (2014). Epigenetic modifications and carcinogenesis of

human endometrial cancer. Austin Journal of Clinical Pathology, 1(1),

1014–3.

Mertens, H. J., Heineman, M. J., Theunissen, P. H., de Jong, F. H., & Evers,

J. L. (2001). Androgen, estrogen and progesterone receptor expres-

sion in the human uterus during the menstrual cycle. European Journal

of Obstetrics & Gynecology and Reproductive Biology, 98(1), 58–65.

Meuleman, C., Vandenabeele, B., Fieuws, S., Spiessens, C., Timmerman, D.,

& D’Hooghe, T. (2009). High prevalence of endometriosis in infertile

women with normal ovulation and normospermic partners. Fertility

and Sterility, 92(1), 68–74. https://doi.org/10.1016/j.fertnstert.2008.

04.056

Montagner, S., Leoni, C., Emming, S., Della Chiara, G., Balestrieri, C.,

Barozzi, I., & Monticelli, S. (2016). TET2 regulates mast cell

differentiation and proliferation through catalytic and non‐catalytic
activities. Cell Reports, 15(7), 1566–1579. https://doi.org/10.1016/J.

CELREP.2016.04.044

Moore, L. D., Le, T., & Fan, G. (2013). DNA methylation and its basic

function. Neuropsychopharmacology, 38(1), 23–38. https://doi.org/10.

1038/npp.2012.112

Moran‐Crusio, K., Reavie, L., Shih, A., Abdel‐Wahab, O., Ndiaye‐Lobry, D.,

Lobry, C., & Levine, R. L. (2011). Tet2 loss leads to increased

hematopoietic stem cell self‐renewal and myeloid transformation.

Cancer Cell, 20(1), 11–24. https://doi.org/10.1016/j.ccr.2011.06.001

Munro, S. K., Farquhar, C. M., Mitchell, M. D., & Ponnampalam, A. P.

(2010). Epigenetic regulation of endometrium during the menstrual

cycle. Molecular Human Reproduction, 16(5), 297–310. https://doi.org/

10.1093/molehr/gaq010

Murata, A., Baba, Y., Ishimoto, T., Miyake, K., Kosumi, K., Harada, K., &

Baba, H. (2015). TET family proteins and 5‐hydroxymethylcytosine

in esophageal squamous cell carcinoma. Oncotarget, 6(27),

23372–23382. https://doi.org/10.18632/oncotarget.4281

Naqvi, H., Ilagan, Y., Krikun, G., & Taylor, H. S. (2014). Altered genome‐
wide methylation in endometriosis. Reproductive Sciences, 21(10),

1237–1243. https://doi.org/10.1177/1933719114532841

Noë, M., Ayhan, A., Wang, T.‐L., & Shih, I.‐M. (2018). Independent

development of endometrial epithelium and stroma within the same

endometriosis. The Journal of Pathology, 245, 265–269. https://doi.org/

10.1002/path.5082.

Ota, H., Igarashi, S., Sasaki, M., & Tanaka, T. (2001). Distribution of

cyclooxygenase‐2 in eutopic and ectopic endometrium in endome-

triosis and adenomyosis. Human Reproduction, 16(3), 561–566.

Putiri, E. L., Tiedemann, R. L., Thompson, J. J., Liu, C., Ho, T., Choi, J.‐H., &

Robertson, K. D. (2014). Distinct and overlapping control of

5‐methylcytosine and 5‐hydroxymethylcytosine by the TET proteins

in human cancer cells. Genome Biology, 15(6), R81. https://doi.org/10.

1186/gb‐2014‐15‐6‐r81
Quivoron, C., Couronné, L., Della Valle, V., Lopez, C. K., Plo, I., Wagner‐

Ballon, O., & Bernard, O. A. (2011). TET2 inactivation results in

pleiotropic hematopoietic abnormalities in mouse and is a recurrent

event during human lymphomagenesis. Cancer Cell, 20(1), 25–38.

https://doi.org/10.1016/j.ccr.2011.06.003

Rafique, S., & Decherney, A. H. (2017). Medical management of

endometriosis. Clinical Obstetrics and Gynecology, 60(3), 485–496.

https://doi.org/10.1097/GRF.0000000000000292

Rahmioglu, N., Drong, A. W., Lockstone, H., Tapmeier, T., Hellner, K.,

Saare, M., & Zondervan, K. T. (2017). Variability of genome‐wide DNA

methylation and mRNA expression profiles in reproductive and

endocrine disease related tissues. Epigenetics, 12(10), 897–908.

https://doi.org/10.1080/15592294.2017.1367475

Richa, R., & Sinha, R. P. (2014). Hydroxymethylation of DNA: An

epigenetic marker. EXCLI Journal, 13, 592–610.

Roca, F. J., Loomans, H. A., Wittman, A. T., Creighton, C. J., & Hawkins, S.

M. (2016). Ten‐Eleven Translocation Genes are Downregulated in

Endometriosis. Current Molecular Medicine, 16(3), 288–298. https://

www.ingentaconnect.com/contentone/ben/cmm/2016/00000016/

00000003/art00009

Saare, M., Modhukur, V., Suhorutshenko, M., Rajashekar, B., Rekker, K.,

Sõritsa, D., & Peters, M. (2016). The influence of menstrual cycle and

endometriosis on endometrial methylome. Clinical Epigenetics, 8(1), 2.

https://doi.org/10.1186/s13148‐015‐0168‐z
Saare, M., Krigul, K. L., Laisk‐Podar, T., Ponandai‐Srinivasan, S., Rahmioglu,

N., Lalit Kumar, P. G., & Peters, M. (2018). DNA methylation

alterations‐potential cause of endometriosis pathogenesis or a

reflection of tissue heterogeneity? Biology of Reproduction, 99,

273–282. https://doi.org/10.1093/biolre/ioy067

Sampson, J. A. (1921). Perforating hemorrhagic (chocolate) cysts of the

ovary: their importance and especially their relation to pelvic

adenomas of endometrial type ("adenomyoma" of the uterus,

rectovaginal septum, sigmoid, etc.). Archives of Surgery, 3(2), 245.

https://doi.org/10.1001/archsurg.1921.01110080003001

Shukla, A., Sehgal, M., & Singh, T. R. (2015). Hydroxymethylation and its

potential implication in DNA repair system: A review and future

perspectives. Gene, 564(2), 109–118. https://doi.org/10.1016/j.gene.

2015.03.075

Signorile, P. G., Baldi, F., Bussani, R., Viceconte, R., Bulzomi, P.,

D’Armiento, M., & Baldi, A. (2012). Embryologic origin of endome-

triosis: Analysis of 101 human female fetuses. Journal of Cellular

Physiology, 227(4), 1653–1656. https://doi.org/10.1002/jcp.22888

Sinaii, N., Cleary, S. D., Ballweg, M. L., Nieman, L. K., & Stratton, P. (2002).

High rates of autoimmune and endocrine disorders, fibromyalgia,

chronic fatigue syndrome and atopic diseases among women with

endometriosis: A survey analysis. Human Reproduction (Oxford,

England), 17, 2715–2724.

Snijders, M. P., de Goeij, A. F., Debets‐Te Baerts, M. J., Rousch, M. J.,

Koudstaal, J., & Bosman, F. T. (1992). Immunocytochemical analysis

of oestrogen receptors and progesterone receptors in the human

uterus throughout the menstrual cycle and after the menopause.

Reproduction, 94(2), 363–371.

MAHAJAN ET AL. | 9

https://doi.org/10.1093/nar/gky063
https://doi.org/10.1016/j.stemcr.2017.11.019
https://doi.org/10.1016/j.stemcr.2017.11.019
https://doi.org/10.1007/978-1-61779-316-5_2
https://doi.org/10.18632/oncotarget.11412
https://doi.org/10.18632/oncotarget.11412
https://doi.org/10.1002/ijc.23494
https://doi.org/10.1177/1933719117704905
https://cordis.europa.eu/result/rcn/171138_en.html
https://cordis.europa.eu/result/rcn/171138_en.html
https://doi.org/10.1016/j.fertnstert.2008.04.056
https://doi.org/10.1016/j.fertnstert.2008.04.056
https://doi.org/10.1016/J.CELREP.2016.04.044
https://doi.org/10.1016/J.CELREP.2016.04.044
https://doi.org/10.1038/npp.2012.112
https://doi.org/10.1038/npp.2012.112
https://doi.org/10.1016/j.ccr.2011.06.001
https://doi.org/10.1093/molehr/gaq010
https://doi.org/10.1093/molehr/gaq010
https://doi.org/10.18632/oncotarget.4281
https://doi.org/10.1177/1933719114532841
https://doi.org/10.1002/path.5082
https://doi.org/10.1002/path.5082
https://doi.org/10.1186/gb-2014-15-6-r81
https://doi.org/10.1186/gb-2014-15-6-r81
https://doi.org/10.1016/j.ccr.2011.06.003
https://doi.org/10.1097/GRF.0000000000000292
https://doi.org/10.1080/15592294.2017.1367475
https://www.ingentaconnect.com/contentone/ben/cmm/2016/00000016/00000003/art00009
https://www.ingentaconnect.com/contentone/ben/cmm/2016/00000016/00000003/art00009
https://www.ingentaconnect.com/contentone/ben/cmm/2016/00000016/00000003/art00009
https://doi.org/10.1186/s13148-015-0168-z
https://doi.org/10.1093/biolre/ioy067
https://doi.org/10.1001/archsurg.1921.01110080003001
https://doi.org/10.1016/j.gene.2015.03.075
https://doi.org/10.1016/j.gene.2015.03.075
https://doi.org/10.1002/jcp.22888


Spruijt, C. G., & Vermeulen, M. (2014). DNA methylation: Old dog, new

tricks? Nature structural & molecular biology, 21(11), 949–954. https://

doi.org/10.1038/nsmb.2910

Szczepańska, M., Wirstlein, P., Łuczak, M., Jagodziński, P., & Skrzypczak, J.

(2010). Reduced expression of HOXA10 in the midluteal endome-

trium from infertile women with minimal endometriosis. Biomedicine &

Pharmacotherapy, 64(10), 697–705.

Szczepańska, M., Wirstlein, P., Zawadzka, M., Wender‐Ożegowska, E., &

Jagodziński, P. P. (2018). Alternation of ten‐eleven translocation 1, 2,

and 3 expression in eutopic endometrium of women with endome-

triosis‐associated infertility. Gynecological Endocrinology, 34(12),

1084–1090. https://doi.org/10.1080/09513590.2018.1490403

Tahiliani, M., Koh, K. P., Shen, Y., Pastor, W. A., Bandukwala, H., Brudno, Y.,

& Rao, A. (2009). Conversion of 5‐methylcytosine to 5‐hydroxy-
methylcytosine in mammalian DNA by MLL partner TET1. Science,

324(5929), 930–935. https://doi.org/10.1126/science.1170116

Tao, M. H., & Freudenheim, J. L. (2010). DNA methylation in endometrial

cancer. Epigenetics, 5(6), 491–498. https://doi.org/10.4161/EPI.5.6.12431

Tsai, Y.‐P., Chen, H.‐F., Chen, S.‐Y., Cheng, W.‐C., Wang, H.‐W., Shen,

Z.‐J., & Wu, K.‐J. (2014). TET1 regulates hypoxia‐induced epithelial‐
mesenchymal transition by acting as a co‐activator. Genome Biology,

15(12), 513. https://doi.org/10.1186/s13059‐014‐0513‐0
Tseng, J. F., Ryan, I. P., Milam, T. D., Murai, J. T., Schriock, E. D., Landers, D. V.,

& Taylor, R. N. (1996). Interleukin‐6 secretion in vitro is up‐regulated in

ectopic and eutopic endometrial stromal cells from women with

endometriosis. The Journal of Clinical Endocrinology and Metabolism,

81(3), 1118–1122. https://doi.org/10.1210/jcem.81.3.8772585

van Kaam, K. J. A. F., Delvoux, B., Romano, A., D’Hooghe, T., Dunselman,

G. A. J., & Groothuis, P. G. (2011). Deoxyribonucleic acid methyl-

transferases and methyl‐CpG‐binding domain proteins in human

endometrium and endometriosis. Fertility and Sterility, 95(4),

1421–1427. https://doi.org/10.1016/j.fertnstert.2011.01.031

Vincent, Z. L., Farquhar, C. M., Mitchell, M. D., & Ponnampalam, A. P.

(2011). Expression and regulation of DNA methyltransferases in

human endometrium. Fertility and Sterility, 95(4), 1522–1525. https://

doi.org/10.1016/j.fertnstert.2010.09.030

Wang, D., Chen, Q., Zhang, C., Ren, F., & Li, T. (2012). DNA hypomethyla-

tion of the COX‐2 gene promoter is associated with up‐regulation of

its mRNA expression in eutopic endometrium of endometriosis.

European Journal of Medical Research, 17(1), 12. https://doi.org/10.

1186/2047‐783X‐17‐12
Wielscher, M., Liou, W., Pulverer, W., Singer, C. F., Rappaport‐Fuerhauser,

C., Kandioler, D., & Weinhäusel, A. (2013). Cytosine 5‐hydroxymethy-

lation of the LZTS1 gene is reduced in breast cancer. Translational

Oncology, 6(6), 715–721.

Wu, H., & Zhang, Y. (2011). Mechanisms and functions of Tet protein‐
mediated 5‐methylcytosine oxidation. Genes & Development, 25(23),

2436–2452. https://doi.org/10.1101/gad.179184.111

Wu, Y., Strawn, E., Basir, Z., Halverson, G., & Guo, S. ‐W. (2006). Promoter

hypermethylation of progesterone receptor isoform B (PR‐B) in endome-

triosis. Epigenetics, 1(2), 106–111. https://doi.org/10.4161/epi.1.2.2766

Wu, Y., Halverson, G., Basir, Z., Strawn, E., Yan, P., & Guo, S. ‐W. (2005).

Aberrant methylation at HOXA10 may be responsible for its aberrant

expression in the endometrium of patients with endometriosis.

American Journal of Obstetrics and Gynecology, 193(2), 371–380.

https://doi.org/10.1016/j.ajog.2005.01.034

Wu, Y., Kajdacsy‐Balla, A., Strawn, E., Basir, Z., Halverson, G., Jailwala, P.,

& Guo, S. ‐W. (2006). Transcriptional characterizations of differences

between eutopic and ectopic endometrium. Endocrinology, 147(1),

232–246. https://doi.org/10.1210/en.2005‐0426
Xu, Y., Xu, C., Kato, A., Tempel, W., Abreu, J. G., Bian, C., & Shi, Y. G.

(2012). Tet3 CXXC domain and dioxygenase activity cooperatively

regulate key genes for xenopus eye and neural development.

Cell, 151(6), 1200–1213. https://doi.org/10.1016/J.CELL.2012.11.014

Xue, Q., Lin, Z., Cheng, Y. ‐H., Huang, C. ‐C., Marsh, E., Yin, P., & Bulun, S. E.

(2007). Promoter methylation regulates estrogen receptor 2 in human

endometrium and endometriosis1. Biology of Reproduction, 77(4),

681–687. https://doi.org/10.1095/biolreprod.107.061804

Xue, Q., Lin, Z., Yin, P., Milad, M. P., Cheng, Y. ‐H., Confino, E., & Bulun, S. E.

(2007). Transcriptional activation of steroidogenic factor‐1 by

hypomethylation of the 5′ CpG island in endometriosis. The Journal

of Clinical Endocrinology & Metabolism, 92(8), 3261–3267. https://doi.

org/10.1210/jc.2007‐0494
Yamagata, Y., Asada, H., Tamura, I., Lee, L., Maekawa, R., Taniguchi, K., &

Sugino, N. (2009). DNA methyltransferase expression in the human

endometrium: Down‐regulation by progesterone and estrogen. Hu-

man Reproduction, 24(5), 1126–1132. https://doi.org/10.1093/

humrep/dep015

Yamagata, Y., Nishino, K., Takaki, E., Sato, S., Maekawa, R., Nakai, A., &

Sugino, N. (2014). Genome‐wide DNA methylation profiling in

cultured eutopic and ectopic endometrial stromal cells. PLOS One,

9(1):e83612. https://doi.org/10.1371/journal.pone.0083612

Yosefzon, Y., David, C., Tsukerman, A., Pnueli, L., Qiao, S., Boehm, U., &

Melamed, P. (2017). An epigenetic switch repressing Tet1 in

gonadotropes activates the reproductive axis. Proceedings of the

National Academy of Sciences, 114(38), 10131–10136. https://doi.org/

10.1073/pnas.1704393114

Zanatta, A., Rocha, A. M., Carvalho, F. M., Pereira, R. M. A., Taylor, H. S.,

Motta, E. L. A., & Serafini, P. C. (2010). The role of the Hoxa10/

HOXA10 gene in the etiology of endometriosis and its related

infertility: A review. Journal Of Assisted Reproduction And Genetics,

27(12), 701–710. https://doi.org/10.1007/s10815‐010‐9471‐y
Zelenko, Z., Aghajanova, L., Irwin, J. C., & Giudice, L. C. (2012). Nuclear

receptor, coregulator signaling, and chromatin remodeling pathways

suggest involvement of the epigenome in the steroid hormone

response of endometrium and abnormalities in endometriosis.

Reproductive Sciences, 19(2), 152–162. https://doi.org/10.1177/

1933719111415546

Zhang, Q., Zhao, K., Shen, Q., Han, Y., Gu, Y., Li, X., & Cao, X. (2015). Tet2 is

required to resolve inflammation by recruiting Hdac2 to specifically

repress IL‐6. Nature, 525(7569), 389–393. https://doi.org/10.1038/
nature15252

How to cite this article: Mahajan V, Farquhar C,

Ponnampalam AP. Could DNA hydroxymethylation be crucial

in influencing steroid hormone signaling in endometrial

biology and endometriosis? Mol Reprod Dev. 2019;1–10.

https://doi.org/10.1002/mrd.23299

10 | MAHAJAN ET AL.

https://doi.org/10.1038/nsmb.2910
https://doi.org/10.1038/nsmb.2910
https://doi.org/10.1080/09513590.2018.1490403
https://doi.org/10.1126/science.1170116
https://doi.org/10.4161/EPI.5.6.12431
https://doi.org/10.1186/s13059-014-0513-0
https://doi.org/10.1210/jcem.81.3.8772585
https://doi.org/10.1016/j.fertnstert.2011.01.031
https://doi.org/10.1016/j.fertnstert.2010.09.030
https://doi.org/10.1016/j.fertnstert.2010.09.030
https://doi.org/10.1186/2047-783X-17-12
https://doi.org/10.1186/2047-783X-17-12
https://doi.org/10.1101/gad.179184.111
https://doi.org/10.4161/epi.1.2.2766
https://doi.org/10.1016/j.ajog.2005.01.034
https://doi.org/10.1210/en.2005-0426
https://doi.org/10.1016/J.CELL.2012.11.014
https://doi.org/10.1095/biolreprod.107.061804
https://doi.org/10.1210/jc.2007-0494
https://doi.org/10.1210/jc.2007-0494
https://doi.org/10.1093/humrep/dep015
https://doi.org/10.1093/humrep/dep015
https://doi.org/10.1371/journal.pone.0083612
https://doi.org/10.1073/pnas.1704393114
https://doi.org/10.1073/pnas.1704393114
https://doi.org/10.1007/s10815-010-9471-y
https://doi.org/10.1177/1933719111415546
https://doi.org/10.1177/1933719111415546
https://doi.org/10.1038/nature15252
https://doi.org/10.1038/nature15252
https://doi.org/10.1002/mrd.23299



