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Abstract

Objective—To define the expression and function of DNA methyltransferases (DNMTS) in
response to decidualizing stimuli in endometriotic cells compared with healthy endometrial
stroma.

Design—ABasic science.
Setting—University research center.
Patients—Premenopausal women with or without endometriosis.

Interventions—Primary cultures of stromal cells from healthy endometrium (E-1UM) or
endometriomas (E-OSIS) were subjected to in vitro decidualization (VD) using 1 pM
medroxyprogesterone acetate, 35 nM 17p3-estradiol, and 0.05 mM 8-Br-cAMP.

Main Outcome Measure(s)—DNMT1, DNMT3A, and DNMT3B expression in E-IUM and E-
OSIS were assessed by gRT-PCR and immunoblotting. DNMT3B recruitment to the promoters of
steroidogenic factor 1 (SF-1) and estrogen receptor a (ESR1) was examined by chromatin
immunoprecipitation

Results—IVD treatment reduced DNMT3B mRNA (74%) and protein levels (81%) only in E-
IUM. DNMT1 and DNMT3A were unchanged in both cell types. Significantly more DNMT3B
bound to the SF-1 promoter in E-IUM compared with E-OSIS, and 1D treatment reduced binding
in E-1UM to levels similar to those in E-OSIS. DNMT3B enrichment across three ESR1 promoters
was reduced in E-IUM after IVD, although the more distal promoter showed increased DNMT3B
enrichment in E-OSIS after IVD.
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Conclusions—The inability to downregulate DNMT3B expression in E-OSIS may contribute to
an aberrant epigenetic fingerprint that misdirects gene expression in endometriosis and contributes
to its altered response to steroid hormones.
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INTRODUCTION

The human endometrium consists primarily of epithelial and stromal cells that undergo
continued cycles of growth and shedding in order to maintain fertility. This cycle requires
remarkable plasticity in the endometrial stroma, which must renew as well as differentiate in
response to the sex steroids. The differentiation of estrogen-primed, uterine stromal cells
into the stromal cells of pregnancy is termed decidualization, and is a feature common to
most placental mammals (1). However, in humans and menstruating primates
decidualization is initiated in response to ovarian hormones independently of an implanting
blastocyst (2). Full differentiation and maintenance of the decidua is contingent upon
pregnancy, since the absence of a conceptus provokes shedding of the pre-decidualized
endometrial layer and menstruation, and it has been suggested that the evolution of
spontaneous decidualization necessitated menstruation (3). This intriguing observation led
us to propose that the gene regulatory pathways that coordinate spontaneous decidualization
in menstruating primates are the key pathways dysregulated in endometriosis (4).

Endometriosis affects 5-10% of women of reproductive age. It is a chronic and recurrent
disease characterized by the presence of endometrium-like tissue outside the uterine cavity,
primarily on the ovaries and pelvic peritoneum (5, 6). The main symptoms are severe
dysmenorrhea, chronic pelvic pain, dyspareunia, and it is a common cause of infertility (5,
6). While estrogen is crucial for the establishment and maintenance of endometriosis, the
exact origin of the disease remains enigmatic (6—8). Most evidence supports Sampson’s
model of endometriosis, suggesting that the disease arises from innate or acquired defects in
endometrial tissue that has been shed to distal sites by retrograde menstruation (9-11).
However, many cases of the disease cannot be explained by an endometrial origin, and it is
difficult reconcile the fact that nearly all women experience retrograde menstruation, while
only a fraction develop the disease (12, 13). Recent studies characterizing epigenetic defects
in endometriosis may help explain this link. There has been explosive growth in the
identification of genes whose expression is correlated with aberrant DNA methylation in
endometriotic cells (4, 14-23), including many of the nuclear hormone receptors such as
estrogen receptor alpha and beta (ESR1 and ESR2) and steroidogenic factor-1 (SF-1). In
addition to supporting a role for epigenetic defects in the pathogenesis of endometriosis, it is
remarkable that many of these genes serve key roles during decidualization (4, 24, 25).

DNA methylation is initiated and maintained by three DNA methyltransferases—DNMT1,
DNMT3A, and DNMT3B—which catalyze the addition of methyl groups to the 5’ carbon of
cytosine in targeted cytosine-phosphate-guanine dinucleotides (CpGs) (26). Unlike cancer,
where the frequent hypermethylation of CpG islands (CGls) are observed against a backdrop
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of global hypomethylation, experiments comparing global methylation in healthy
endometrium and endometriosis identified more focused deviations in methylation (4, 27).
Our recent work demonstrated that CpGs near transcriptional start sites but distal to classical
CpG islands were significantly altered in endometriotic cells; however, the mechanism by
which specific CpGs are altered is unknown. Studies examining the DNMTs and their
binding partners in the endometrium have identified highly variable expression levels
throughout the menstrual cycle, but there is a lack of consensus on the levels of functional
protein in decidualizing stroma (28-32). Additionally, few genome-wide changes in
methylation have been observed during decidualization, thus the effects of the DNMTSs in
the endometrium may be more tightly coordinated across key genes affecting stromal cell
function (14, 32). Ovarian steroids have also been reported to alter the expression of
DNMTs in both the eutopic endometrium of women with endometriosis, and in
endometriotic lesions. There is again no consensus on how the DNMTS are expressed in the
diseased stromal cells, but we and others have suggested that these DNMTs might affect key
targets associated with disease progression (33).

We hypothesize that hormonally driven changes in DNMTSs expression alter their genomic
distribution in endometriotic cells, which may underlie the pathologic epigenetic defects
observed in diseased tissues. Without prior knowledge of how DNMTs affect early stages of
the disease, we sought to characterize DNMTs in stromal cells that were clearly healthy or
diseased, and compared normal eutopic endometrium (E-1UM) to established endometriosis
(E-OSIS). Herein we characterized the expression of all three DNMTs expression in vitro,
identifying altered DNMT3B expression in E-OSIS. The functional outcomes of these
findings were explored by defining DNMT3B occupation at known differentially methylated
loci in two key genes affecting endometriosis: ESR1 and SF-1.

MATERIALS AND METHODS

Tissue acquisition

The Northwestern Institutional Review Board for Human Research approved this study
(1375-005). Written, informed consent from each subject was obtained before surgery.
Eutopic endometrium was obtained from subjects without surgically confirmed
endometriosis (average age 43.8 + 4.2 years) undergoing hysterectomy for benign conditions
(cervical dysplasia or uterine leiomyoma). Ectopic endometriotic tissue from the cyst walls
of surgically diagnosed ovarian endometriomas was obtained immediately after surgery
from subjects with an average age of 40.5 + 2.4 years. No subject received any preoperative
hormonal therapy and all surgeries were performed during the proliferative stage of the
patients’ menstrual cycle. Endometriosis was confirmed in the E-OSIS samples by
histological examination.

Isolation and culture of primary stromal cells

Unless specified, all chemicals and reagents were obtained from Sigma (St. Louis, MO,
USA). E-IUM and E-OSIS stromal cells were isolated from normal endometrium and
endometriotic lesions as previously described, with minor modifications (34, 35). Tissues
were first dissected by a pathologist. Following pathological evaluation of tissues, the
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stromal and glandular tissues were carefully dissected from surrounding uterine (for E-IUM)
or ovarian endometriotic (for E-OSIS) tissues. Tissues were minced and digested first with
collagenase and DNase at 37°C for 30 min, then with collagenase, DNase, pronase and
hyaluronidase for an additional 30 min. Stromal cells were separated from epithelial cells by
progressive filtration through 70- and 20-um sieves. Cells were then dispensed for adherent
growth and maintained in DMEM/F12 1:1 (GIBCO/BRL, Grand Island, NY, USA)
supplemented with 10% fetal bovine serum, 1,000 units/mL penicillin G, 0.1 mg/mL
streptomycin sulfate, and 0.25 pg/mL Amphotericin B. Adherent cells were grown in a
humidified atmosphere with 5% CO, at 37°C.

In vitro decidualization

In vitro decidualization (1'\VD) treatments were performed as previously described (36).
Briefly, both normal and diseased stromal cells were grown to ~75% confluency, and then
switched to DMEM/F12 1:1 media containing 2% charcoal-dextran-stripped FBS. Cells
were then stimulated with media containing 1 UM medroxyprogesterone acetate (MPA), 35
nM 17pB-estradiol (E2) and 0.05 mM 8-Br-cAMP (BIOLOG Life Science Institute, Bremen
Germany). The medium was replenished every other day for 14 days.

Cell imaging
Stromal cells were cultured on sterile #1 glass coverslips, and subjected to 1\VD. Cells were
fixed in 4% paraformaldehyde and then stained as described previously (37). Cells were
examined with a Zeiss Axiovert 200 with a 20x LDPlan-NEOFLUAR objective and images
were acquired using an Axiocam HRc.

Preparation of total RNA and quantitative analysis by gRTPCR

The preparation of cDNA for PCR was performed on 1 ug of total RNA (RNeasy Mini Kit,
QIAGEN, Valencia, CA) using Q-script cDNA SuperMix (Quanta Biosciences,
Gaithersburg, MD, USA) (38). Real-time gPCR was performed using SYBR green Tag in an
ABI 7900 (Applied Biosystems, Foster City, CA, USA). The mRNA levels of target genes
were quantified relative to 18S mRNA and beta-actin using the comparative threshold
(AACT) method as described previously (39). Primer documentation is provided in
Supplemental table 1.

Preparation of protein and immunoblotting

Whole cell lysates from E-ITUM and E-OSIS were prepared by washing the cells with ice-
cold PBS and scraping the cells in RIPA buffer (50 mM Tris pH 7.6, 150 mM NaCl, 0.1%
SDS, 0.5% sodium deoxycholate, 1% NP-40) supplemented with protease inhibitors.
Lysates were cleared by centrifugation at 14,000 x g for 10 min. Equal amounts of protein
(20 pg) were resolved on 4-12% Bis-Tris Gels (Invitrogen, Carlsbad, CA, USA) for 90 min
at 100 V, transferred to PVDF membranes, and blocked with 4% nonfat milk. The
antibodies used are documented in Supplemental table 2. Protein bands were detected by
chemiluminescence, and quantified using ImageJ software (http://rsbweb.nih.gov/ij/) (40).
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Chromatin immunoprecipitation (ChlP) assay

The in situ binding of DNMT3B to the promoter regions of the ESR1 and SF1 genes was
analyzed using ChlP as previously described (41). E-IUM and E-OSIS were cultured in 15-
cm plates and subjected to VD or vehicle treatment for 14 days. The cells were then cross-
linked with 1% formaldehyde at 37°C for 10 min. Cross-linking reactions were stopped by
the addition of a 1/10 volume of 1.5 M glycine and incubation at room temperature for 10
minutes. The cross-linked chromatin was sheared on ice using a Branson sonifier 250 (G.
Heinemann, Schwabish Gmiind, Germany; average DNA length < 0.5 kb). The soluble
chromatin fraction was immunoprecipitated with an equal amount of either mouse 1gG or
DNMT3B antibody overnight. The immunoprecipitated chromatin was purified (42) and
analyzed by gPCR as described above. PCR data was quantified as the fold enrichment of
ChIPped DNA relative to IgG. ChIP primers were designed using the Primer3 Software
(http://frodo.wi.mit.edu/primer3/input.htm) and documented in Supplemental table 1 (43).

Statistical analysis

RESULTS

Results are expressed as mean + SEM. Statistical significance was determined by one-way
ANOVA followed by Tukey’s test. Significance was accepted for P-values < 0.05.

In vitro decidualization of human E-IEM and E-OSIS stromal cells

Both groups of untreated cells retained a spindle-like appearance that was lost during 1VD.
Following IVD, both E-IUM and E-OSIS stromal cells developed into large polygonal cells
with increased intracellular spaces (Fig. 1A-D). Morphological differences were apparent
between E-IUM and E-OSIS cells after IVD, with E-OSIS displaying irregularly-shaped cell
membranes, characterized by more numerous and sharper cellular extensions (Fig. 1B, D).
After 1\VVD, the nuclei of E-IUM, but not E-OSIS, showed slightly increased eosin staining.
We further characterized E-IUM and E-OSIS by measuring mRNA levels of the decidual
stromal markers IGFBP1 and PRL after IVD. Consistent with previous reports, IGFBP1 and
PRL were expressed in both cell types after IVD treatment; however, the induction of these
markers in E-OSIS cells was significantly lower than in E-IUM cells (Fig. 1E, F) (44). This
indicated that our time course and 1D treatment were sufficient to induce the
differentiation characteristics of decidualization.

DNMT expression during IVD

IVD-induced changes in DNMT1, DNMT3A, and DNMT3B mRNA expression in E-IUM
and E-OSIS are shown in Fig. 2. Detectable levels of all three genes were observed in
untreated E-IUM and E-OSIS cells. While DNMT1 and DNMT3A were unchanged in E-
IUM and E-OSIS after IVD (Fig. 2A, B). expression of DNMT3B decreased by 59% (P <
0.05) in E-IUM cells within 24 h of IVD treatment. The levels of DNMT3B progressively
fell for the duration of the VD treatment, and were reduced by 74% on day 14 of IVD
relative to controls. In E-OSIS, DNMT3B expression remained unchanged in response to
IVD (Fig. 2C).
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Immunoblot analysis was performed to measure DNMT1, DNMT3A, and DNMT3B protein
expression in E-ITUM and E-OSIS stromal cells in response to VD (Fig. 2D-G). Similar to
the MRNA data, all three isoforms of DNMT were detectable in both E-IUM and E-OSIS.
Comparable basal expression was observed with respect to each isoform in both normal and
diseased cells. The pattern of change in protein expression for the DNMT isoforms was
similar to that seen for mRNA, with DNMT1 and DNMT3A protein levels in E-IUM and E-
OSIS remaining unchanged in response to IVD (Fig. 2D-F). While DNMT3B expression
decreased in E-1UM, significant differences were not observed until after day 6 of IVD (P <
0.05). By day 14 of VD, DNMT3B protein levels were 19% of the controls. No change in
DNMT3B protein level was observed in E-OSIS (Fig. 2D, G).

ChlIP analysis of DNMT3B binding to the SF-1 and ESR1 genes

DNMT3B is conventionally thought to induce de novo DNA methylation. Its
downregulation in E-ITUM during IVD suggested that DNMT3B might affect gene
methylation in normal endometrium throughout decidualization. Similarly, the expression of
DNMT3B in E-OSIS independent of steroid signaling during 1VD may correlate with the
aberrant gene methylation observed in endometriotic tissues. To explore this, we performed
DNMT3B ChlP analysis at regions near the promoters of S--1 and ESRL1. Specific regions
of these two genes are differentially expressed in E-IUM and E-OSIS, and we have
previously characterized the patterns of differential methylated DNA across these genes (4,
6, 15, 45). ChIP was performed with and without 1\VVD.

Tissue-specific SF-1 expression is strongly affected by the methylation of both its basal
promoter as well as multiple intronic regions (15, 46). Two primer pairs were used for ChIP
analysis of the SF-1 gene in untreated and treated stromal cells (Fig. 3A). The first amplicon
included CpGs near the transcriptional start site (TSS) of S--1 that are methylated in E-IUM
but not E-OSIS, and which contribute to pathologic SF-1 expression in the diseased cells.
The second primer pair amplified the intronic region downstream of exon 3, and is also
differentially methylated, being methylated in E-OSIS but not E-IUM. DNMT occupancy
near the TSS was reduced by 71% in E-IUM cells following IVD (Fig. 3B, P < 0.01). A
lower level of DNMT3B recruitment was seen in untreated E-OSIS cells (E-IUM vs. E-
OSIS, P < 0.05), and remained low after I\VD. With the second primer pair, while DNMT3B
enrichment trended downward relative to untreated E-IUM, there was no statistical
difference across the groups (Fig. 3C).

The effect of DNA methylation on ESR1 expression in the endometrium is poorly
understood. Hypomethylation of ESR1 in breast cancers correlates with increased
expression, and more recently, DNMT3B was hypothesized to target ESR1 in the
endometrium during the estrous cycle (47-49). Our previous work characterizing ESR1
expression in the same cell types revealed that promoter A is primarily responsible for
steroid-regulated expression in E-IUM. Promoters A and C are utilized in E-OSIS (Fig. 4A),
although with significantly less activity compared to healthy cells (43). More recently we
discovered several differentially methylated regions clustered near the ESR1 promoters (4).
ChIP analysis of these same regions revealed that DNMT3B enrichment was reduced (by
approximately 50%, P < 0.05) at all three ESR1 promoters in E-IUM cells after VD relative
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to untreated E-1UM cells (Fig. 4B-D). In contrast, DNMT3B enrichment at promoters A and
B remained unchanged in E-OSIS cells after IVD, compared to either untreated E-OSIS or
untreated E-IUM cells. Promoter C was unique, as DNMT3B enrichment was 54% lower (P
< 0.05) in untreated E-OSIS cells relative to untreated E-IUM cells, and then increased to
levels equal to those of untreated E-IUM cells after 1\VD.

DISCUSSION

The altered phenotype of endometriotic cells has a strong epigenetic component, and
variation in DNMT is a putative mechanism affecting DNA methylation in diseased cells
(29-32, 50-52). Here we demonstrated that EIUM and E-OSIS express all three DNMT
isoforms, but that 1VD treatment reduced DNMT3B only in healthy stromal cells. This
decrease correlated with reduced DNMT3B occupancy of key regions of ESR1 and SF-1 that
are differentially methylated and associated with aberrant expression in diseased cells (4, 6).

Several groups have examined DNMT1 expression in whole tissue isolates of the
endometrium, producing conflicting reports (29-31, 53). The greatest discrepancies occur at
the MRNA level. Several groups report decreased expression of DNMT1 in whole
endometrium during the secretory phase, whereas van Kaam et al found increased DNMT1
at similar time points. Additionally, DNMT1 levels appear reduced in endometrial explants
treated with estradiol and progesterone (30, 31), and Grimaldi et al showed DNMT1 is
transiently repressed by I\VVD in isolated healthy stromal cells (32). We observed little
change in DNMT1 expression after VD of isolated stromal cells, consistent with Yamagata
et al. While difficult to resolve completely, it is possible that DNMT1 expression in the
endometrial epithelium is more sensitive to steroid hormones, and as van Kaam points out,
the epithelial response to steroids would be affected by the presence or absence of stromal
cells. Notably, the previous reports found little change in DNMT1 protein levels throughout
the menstrual cycle by immunohistochemistry (IHC), although staining appeared stronger in
the epithelium. This supports our finding that stromal DNMT1 expression is unchanged by
IVD. Fewer reports have examined DNMT1 in endometriosis. Wu et al found elevated
DNMT1 mRNA levels in endometriosis, but only looked only in epithelium (33).
Additionally, DNMT1 appeared to be low in whole tissue taken from endometriotic lesions
during the proliferative phase, but little change was observed in protein levels by IHC (30).
As before, it seems likely that DNMT1 expression varies in the diseased epithelium more
significantly than in the stroma, where detectable protein levels remain unchanged.

Unlike DNMT1, which is thought to maintain existing methylation patterns, the DNMT3
isoforms are thought to coordinate de novo methylation (54, 55). Both endometrial explants
and isolated stromal cells have been shown to express decreased levels of DNMT3A and
DNMT3B mRNA in response to IVD treatment; however, no change has been previously
shown at the protein level (29, 31, 32). Similarly, mRNA levels of DNMT3A and DNMT3B
trend downward during the secretory phase of the menstrual cycle, but IHC of the
endometrium throughout the cycle does not reveal detectable differences in protein levels
(29). In women with endometriosis, Wu et al. showed increased DNMT3A and DNMT3B
MRNA in ectopic endometriotic epithelium (33). More recently Szczepanka described
elevated DNMT3A mRNA expression in the eutopic endometrium from women with
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endometriosis, although the other DNMTs remained unchanged (56). In contrast, Van Kaam
observed little change in DNMT3B in whole tissue explants (30). Our data helps clarify
previous findings, and shows that both DNMT3A and DNMT3B are readily detectable at the
protein level in normal and diseased stromal cells. Taken alongside the many observations
from other groups, we would generalize this and suggest that decreased DNMT expression
is characteristic of secretory phase endometrium; however, the epigenetic machinery in the
epithelium and the stroma appear to be regulated through unique hormone-dependent
pathways. It is likely that many of the conflicting reports result from the dynamic and
variable proportions of cell types making up the endometrium throughout the menstrual
cycle. Such inherent heterogeneity commonly cofounds gene expression studies when used
to examine whole tissue (57).

Cell differentiation and cell fate decisions are commonly governed by specific changes in
DNA methylation, and it is suggested that changes in DNA methylation could underlie the
differentiation of stromal cells during decidualization (58). Evidence indicates that global
patterns of DNA methylation remain unchanged in response to IVD (4, 32). It is more likely
that focused changes in methylation arise in the endometrium as DNMTSs target specific
CpGs. In contrast, it is striking that endometriotic cells maintain a fixed expression of
DNMTs. DNA methylation in endometriotic cells changes very little in response to IVD,
and we suspect that aberrant DNA methylation is a defining feature of endometriosis that
limits the differentiation potential of the cells once the disease becomes established. The loss
of fidelity in the patterns of tissue-specific methylation pattern is now linked to a wide
number of diseases (59). In malignancies, the deregulation of DNA methylation leads to
hypermethylation of CpG islands, but a loss of methylation elsewhere (60-62). However,
endometriosis is characterized by unchanging DNMT expression, and the mechanism by
which the DNMTSs cooperate to affect gene expression in the endometrium is not fully
understood (26). DNMT3B binding has been reported to affect gene expression in instances
both dependent and independent of the methylation status of the DNA to which it is bound
(63, 64). Consequently, we were very interested in the recruitment pattern of DNMTSs in E-
IUM and E-OSIS to regions of the chromatin where the methylation pattern is already
established to be different between the cell types (4, 15, 45, 65).

The cycling availability of DNMT3B in E-IUM contrasted with its constant expression in
OSIS, and this observation was largely recapitulated in our ChlP data. Generally, DNMT3B
recruitment to SF-1 was reduced in correspondence with its expression levels in healthy
stromal cells. However, DNMT3B was poorly recruited to the promoter of SF-1 in E-OSIS,
despite its consistent abundance. This underscores the complex mechanisms that direct
DNMT recruitment to the chromatin. Transcription factors, polycomb-group proteins,
microRNAs, and histone modifications all interact with the DNMTs in directing DNA
methylation (66—69). In this context, unmethylated elements of the S--1 promoter are
inaccessible to DNMT3B in E-OSIS, but not in E-ITUM, where DNMT3B recruitment and
hypermethylation correlate with gene silencing. In contrast, recruitment of DNMT3B to the
intronic region of S~-1 is not significantly affected by availability, yet this region is fully
methylated in only the diseased cells. Prolonged occupancy of this region by the DNMTs
may be necessary to maintain the continued expression of SF-1.
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The role of DNMT3B in regulating ESR1 appears reversed, since increased DNMT3B
recruitment was not observed across ESR1 promoters in E-OSIS. One possibility is that
other DNMT isoforms are responsible for ESR1 methylation. Notably, DNMT1 is associated
with ESR1 silencing in breast cancer (70). Alternatively, the methylation of distal enhancers
may be more important in governing the ESR1 expression. A simple interpretation of our
findings is that DNMT3B maintains the methylation of SF-1 in healthy tissue while
repressing ESR1 in diseased tissue. However, the exact role of DNMT3B in governing these
promoters is likely to be more complex, and complimentary studies of DNMT1 and
DNMTS3A recruitment to these promoters along with bisulfite sequencing of these genes will
undoubtedly shed more light on how they are specifically methylated.

We predict the bias for developing endometriosis arises when cells susceptible to aberrant
DNA methylation are either shed or develop in the peritoneum. One possibility is that a
defective methylation signature in eutopic endometrial cells predisposes them to persisting
as endometriosis in the peritoneal environment. Should this defective epigenetic fingerprint
arise or develop in other tissues, it is plausible that they too could develop into
endometriosis-like lesions. Alternatively, the endometrium may retain a population of
epigenetically naive cells, possibly stem cells, that maintain endometrial regenerative
capacity, but when shed to distal sites possess the ability to differentiate aberrantly into
endometriosis. Supporting this concept, the success rates for using menstrual tissue to
surgically induce endometriosis in non-human primates approaches 100%, suggesting that
the endometrium naturally harbors the cells that give rise to endometriosis, but that they are
not typically shed in sufficient quantities to initiate the disease (71). Research has yet to
fully define the characteristics of endometrial stem cells, but emerging evidence suggests
these cells are pivotal for maintaining the endometrium’s ability to regenerate (72). Further
work exploring epigenetic controls in the endometrium’s stem/progenitor cell populations
will likely provide a deeper understanding of how stromal cell plasticity is maintained
through each menstrual cycle.

The present findings set the stage for several key future studies. Our use of homogenous
cultured primary stromal cells allowed strongly reduced the confounding effects that arise
when examining complex tissues. However, the interpretations of our findings are tempered
by this in vitro model, and need to be evaluated in vivo. The next critical experiment will be
to determine if altered DNMT recruitment and aberrant DNA methylation are present in the
eutopic endometrium of women with endometriosis. This presents an enormous challenge as
the cells bearing an aberrant epigenetic fingerprint may not comprise a significant
percentage of the cells in the endometrium, and dissecting this signal will be challenging.
Moreover, many of the changes in DNA methylation that are observed in ectopic tissue are
likely to arise during or after its transplantation to the pelvic peritoneum. Recent studies
demonstrated that the altered uterine environment caused by endometriosis potently alters
gene expression in both eutopic endometrial tissue and in the developing lesions (73). We
anticipate the results presented here along with future studies profiling the DNA methylation
in diseased cells will allow us to prioritize the most likely targets underlying the disease, and
will provide a foundation for accurately determining how the epigenetic differences defining
endometriosis arise.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

In vitro decidualization of E-IUM and E-OSIS stromal cells. Changes in cellular
morphology were visualized by H&E staining of (A) untreated E-IUM and (B) E-IUM cells
following 14-day 1VD. Changes were also observed in (C) untreated E-OSIS and (D) E-
OSIS cells after 14-day IVD (%20 objective). Spindle-shape morphology was lost in both
cell types, but membrane ruffling was more apparent in E-OSIS than E-IUM cells following
IVD. Expression of IGFBP1 (E) and PRL (F) mRNA were measured in E-IUM and E-OSIS

Fertil Seril. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Dyson et al.

cells as markers of decidualization. Error bars are SEM, n=6, *P<0.01 compared to
untreated controls.
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Figure 2.
IVD changes DNMT1, DNMT3A, and DNMT3B expression in E-IUM and E-OSIS stromal

cells. E-IUM and E-OSIS cells underwent 1\VVD treatment for 14 days. Changes in mRNA
expression of (A) DNMT1, (B) DNMT3A, and (C) DNMTS3B at successive time points were
analyzed by gRTPCR. Error bars are SEM, n=6 *P<0.05 compared to E-IUM untreated
controls. DNMT immunoblots of matching IVVD time courses are shown for (D) E-IUM and
E-OSIS. Beta actin was used as a loading control. (E) DNMT1, (F) DNMT3A, and (G)
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DNMT3B proteins were quantified using ImageJ software. Error bars are SEM, n=4,
*P<0.05 compared to E-IUM untreated controls.
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Figure 3.

ChlIP assay of DNMT3B enrichment at SF-1 in E-IUM and E-OSIS stromal cells. (A)
Organization of the SF-1 gene, showing primer binding sites used for ChIP in relation to the
promoter and intron 3. ChlP for DNMT3B was performed on chromatin from E-IUM and E-
OSIS cells with or without 14-day IVD treatments. Data shows average fold-enrichment of
DNMTS3B relative to 1gG for four independent ChIP experiments at the S=-1 (B) promoter
and (C) intron 3. Error bars are SEM. Statistical differences were detected by ANOVA
followed by Tukey’s test. *P<0.05, **P<0.01.
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Figure 4.

ChIP assay of DNMT3B enrichment across ESR1 promoters in E-IUM and E-OSIS stromal
cells. (A) Organization of the ESR1 gene, showing primer binding sites used for ChlP.
Promoters A, B, and C are depicted as previously described (43). ChlP for DNMT3B was
performed on chromatin from E-ITUM and E-OSIS cells with or without 14-day IVD
treatments. Data shows average fold-enrichment of DNMT3B relative to 19G for four
independent ChIP experiments at ESR1 (B) promoter A, (C) promoter B, and (D) promoter
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C regions. Error bars are SEM. Statistical differences were detected by ANOVA followed
by Tukey’s test. *P<0.05, **P<0.01.
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