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Abstract
Endometriosis is an estrogen-dependent disease. Steroidogenic factor 1 (SF-1), a transcription factor, is essential for the activation
of multiple steroidogenic genes for estrogen biosynthesis in endometriosis-derived stromal cells. Objective: Unravel the
mechanism for differential SF-1 expression in endometrial and endometriotic stromal cells. DESIGN: We identified a novel CpG
island in the SF-1 gene, which spans from exon II to intron III. We evaluated the methylation status of this CpG island. PATIENTS:
Eutopic endometrium from disease-free participants (n ¼ 8) and the walls of cystic endometriosis lesions of the ovaries (n ¼ 8).
None of the patients had received any preoperative hormonal therapy. Stromal cells were isolated from these 2 types of tissues.
Results: SF-1 messenger RNA (mRNA) levels in endometriotic stromal cells were significantly higher than those in endometrial
stromal cells. Bisulfite sequencing showed strikingly increased methylation in endometriotic cells compared with endometrial
cells (P < .001). A strong correlation between mRNA levels and percentage methylation of the exon II/intron III are observed.
Specifically, the Pearson correlation coefficient was .98 (P < .001) for this association. Conclusions: We demonstrated that
methylation of a coding exon/intron sequence in the SF-1 gene positively regulated its expression in endometriosis, whereas its
hypomethylation in normal endometrium was associated with drastically lower SF-1 levels.
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Introduction

Endometriosis is an estrogen-dependent disease that affects

10% of women of reproductive age and is the most common

cause of chronic pelvic pain.1,2 Endometriosis is a systemic dis-

order that is characterized by the presence of endometrium-like

tissue in ectopic sites outside the uterus, primarily on pelvic

peritoneum and ovaries. Only 50% of women with endometrio-

sis achieve pain relief in response to existing hormonal treat-

ments or conservative surgery.2 Thus, there is a clear need to

understand the underlying mechanisms and develop novel and

effective therapies for endometriosis.

The significance of estrogen biosynthesis in endometriosis

is exemplified by the clinical observations that estrogen is

essential for the growth of endometriosis. We and others

demonstrated abundant aromatase expression and local estro-

gen production in endometriotic tissue.3-6 Aromatase catalyzes

the final step of estrogen production via conversion of C19

steroids to estrogens7 and is expressed in the stromal cell com-

partment of endometriosis, whereas they are undetectable in

eutopic endometrial stromal cells from disease-free women.8,9

Aromatase and some of the other key steroidogenic enzymes

are regulated by a nuclear receptor termed steroidogenic factor

1 (SF-1), also called Ad4BP or NR5A1, which is a member of

the nuclear receptor superfamily.10 In contrast to other nuclear

receptors, which are activated by ligands, nuclear receptors 5A
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are orphan receptors because the existence of their ligands is

still under debate.11,12 Steroidogenic factor 1 is a key regulator

for steroid biosynthesis. Steroid hormones are synthesized in

steroidogenic tissues such as adrenal gland, gonad, placenta,

and brain. Steroidogenic factor 1 is involved in the regulation

of adrenal and testicular steroidogenic genes such as StAR,

hydroxysteroid dehydrogenase genes (HSD3B and HSD11B),

MC2R, and those in the CYP family encoding cytochrome

P450 enzymes.13 Steroidogenic factor 1, which is expressed

in endometriosis but not in its normal counterpart tissue, euto-

pic endometrium, is the key activator of the aromatase gene

promoter in endometriotic stromal cells.4

CpG islands are areas rich in CG dinucleotides that are

found in the genome-wide scale. Abnormal CpG island methy-

lation seems to be a frequent event in most malignancies.14,15

Hypermethylation of CpG islands in the 5’ regulatory region

and first exon of genes is a potential mechanism for the loss

of gene expression.

We previously reported that DNA methylation of promo-

ter and first exon region is a major mechanism of SF-1 silen-

cing in normal endometrial cells and its aberrant expression

in endometriotic cells.16 Here, we characterize another CpG

island, this time, in the coding region of the gene. We iden-

tified an approximately 600-bp CpG island that spans from

exon II to intron III. Our results below are suggestive of a

unique role of this new CpG island in differentially regulat-

ing SF-1 expression in endometriotic versus endometrial

stromal cells.

Materials and Methods

Isolation and Culture of Endometrial and Endometriotic
Stromal Cells

Eutopic endometrium from disease-free participants (n ¼ 8)

and ectoic endometrium from the walls of ovarian endome-

triomas (containing a dense brown chocolate-like fluid, n ¼ 8)

were obtained at the time of laparoscopy. Written informed

consent was obtained before surgeries, including a consent

form and protocol approved by the institutional review board

at the Northwestern University. The average age of partici-

pants was 40.75 + 3.37 year (endometrium) and 38.88 +
2.95 year (endometriosis), and there were no statistically sig-

nificant differences between the 2 groups with respect to age.

None of the patients had received any preoperative hormonal

therapy. All samples were histologically confirmed. Eutopic

endometrial samples were obtained from premenopausal

women undergoing hysterectomy for cervical dysplasia or

uterine leiomyoma. The phase of the menstrual cycle was

determined by preoperative history and histological examina-

tion. Half of the tissue samples were in the proliferative phase

and the other half in the secretory phase in both groups. Stromal

cells were isolated from these 2 types of tissues using a protocol

previously reported by Ryan et al with minor modification8,17

and suspended in DMEM/F12 1:1 (GIBCO/BRL, Grand

Island, New York) containing 10% fetal bovine serum.

RNA Extraction and Quantitative Analysis by Real-time
Reverse Transcriptase Polymerase Chain Reaction

Total RNA was isolated from stromal cells with TRIzol (Sigma,

St. Louis, MO), according to the manufacturer’s protocol. One

microgram of total RNA was used to generate complementary

DNA (cDNA) with the Superscript III first-strand synthesis sys-

tem (Invitrogen, Carlsbad, California). Real-time quantitative

polymerase chain reaction (PCR) was performed using the ABI

7900 Sequence Detection system and the ABI Taqman Gene

Expression system (Applied Biosystems, Foster City, California)

to quantify SF-1 and human 18S RNA; 18S values were used for

normalization. Relative quantification for all transcripts was

analyzed by the comparative threshold cycle method described

previously.18 The following primers were used for the SF-1

coding region: forward: 50-CTGGAGCCGGATGAGGAC-30,
reverse: 50-ACC TGGCGGTAGATGTGGT-30. 18S primers

were forward: 50-AGGAATTCCCAGTAAGTGCG-30, reverse:

50-GCCTCACTAAACCATCCAA-30.

Bisulfite Modification and Sequencing Analysis

Genomic DNA from all samples (500 ng) was subjected to

sodium bisulfite modification using EZ DNA methylation—

Gold kit following the manufacturer’s protocol (Zymo Research,

Orange, California). The manufacturer’s recommended alterna-

tive reaction conditions were chosen for the modification reac-

tion (98�C for 10 minutes, 53�C for 30 minutes, followed by 8

cycles at 53�C for 6 minutes and 37�C for 30 minutes).

Bisulfite DNA Sequencing Analysis

The bisulfite sequencing primers (forward: 50-GAAGGTT

AATGGTATTATTTTTTTAG-30, and reverse: 50-CACRTAT

AAAAACTACAAAATAAAC-30) for SF-1 can amplify a 333

base pair (bp) product flanking 29 CpG dinucleotides. Poly-

merase chain reaction was carried out in a thermocycler with

the following conditions: 95�C for 10 minutes followed by

40 cycles of denaturation at 95�C 30 seconds, annealing at

50�C for 2 minutes, and elongation at 72�C for 2 minutes, fol-

lowed by an extension at 72�C for 7 minutes. Amplified PCR

products were separated by electrophoresis employing 1.5%
agarose gels and visualized by ethidium bromide staining.

Then, 1 mL of PCR products were subcloned using the

pGEM-Teasy vector (Promega, Madison, Wisconsin). After

transformation, we randomly selected 10 to 20 individual clones

for each sample assessed. Plasmid DNA was directly amplified

without bacterial culture. Six to eight plasmids containing the

right insert were then sequenced using an Applied Biosystems

377 instrument. The sequence data were compared with the

University of California at Santa Cruz genome Ref sequence

in order to assess the methylation status of each CpG site.

Statistical Analysis

Percentage methylation of each clone obtained from each of the

8 patients in each group was treated as a single value for the
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statistical analysis of bisulfite sequencing. The data were

analyzed using Student t test with statistical significance at the

level of P < .05 when comparing percentage methylation

between the 2 groups of cells. Pearson coefficient was calculated

for the correlation between SF-1 messenger RNA (mRNA) lev-

els and percentage methylation.

Results

SF-1 Exon II to Intron III Region DNA Hypermethylation
in the Endometriotic Stromal Cells

Methylation status of a total of 29 CpGs across this 333-bp

region containing exon II, intron II, exon III, and intron III of

the SF-1 gene (Figure 1) was characterized by bisulfite geno-

mic sequencing, which is the gold standard for mapping methy-

lation across CpG sites. In Figure 2, at the top, the first

nucleotide (cystosine) of each CpG sequence located in the

dense island between þ4085 bp and þ4337 bp is listed. After

subcloning of PCR products generated from bisulfite-treated

DNA using a pGEM-Teasy vector, sequencing of each selected

clone provided the precise methylation status for 29 CpG sites

in the CpG island of SF-1 gene (Figure 2). The endometriotic

stromal cells that express high levels of SF-1 showed a dense

methylation pattern at this region of SF-1 gene. In contrast, the

majority of the CpG sites were not methylated in endometrial

stromal cells, which do not express SF-1. There was a signifi-

cant difference (P < .001, Student t test) in methylation status

between the 2 groups of cells (Figure 3).

Correlation Between SF-1 mRNA Levels and Percentage
Methylation

Previously, we reported a striking and statistically significant

difference between endometrial and endometriotic stromal

cells with respect to SF-1 mRNA levels, which were much

higher in endometriotic stromal cells.16 Here, in order to char-

acterize the effects of DNA methtylation specifically at the

exon II/intron III region on SF-1 gene expression, we analyzed

the correlation between SF-1 mRNA levels and percentage

methylation of this region in endometriotic stromal cells. As

shown in Figure 4, a remarkably strong and significant correla-

tion between SF-1 mRNA levels and percentage methylation in

the exon II/intron III region was observed. Specifically,

Pearson correlation coefficient was .98 (P < .001) for this region.

These data are suggestive that DNA methylation at this specific

CpG island may suppress a silencer element that possibly

regulates SF-1 expression.

Discussion

Recently, a number of pioneering publications revolutionized

our understanding of gene expression and transcriptional factor

binding sites.19 Using chromatin immunoprecipitation-on-chip,

these groups found that the majority of the binding sites

of transcription factors such as estrogen receptor-a (ERa) were

remarkably distant from the transcriptional start sites of

regulated genes.20 In fact, many functionally relevant binding

sites for transcription factors likely exist in regions outside

of gene promoters, particularly in introns.21-23 The binding sites

located distal to genes or within introns might function through

long-range interactions that involve looping of chromatin to bring

the regulatory elements within proximity of gene promoters.21,24

Recent reports about intronic binding of other transcriptional fac-

tors, such as cyclic adenosine monophosphate cAMP-responsive

element binding protein and BARX2 homeobox protein, provide

further support that intronic binding may be an important

mechanism of gene regulation.24,25 Our data also showed that

the methylation status in exonic and intronic sequences within

the coding region of the SF-1 gene was strongly associated with

mRNA levels and possible regulation of gene transcription.

Data presented here are unique to define a mechanism

whereby SF-1 gene expression is activated in endometriotic

stromal cells. First, SF-1 is expressed in endometriosis, but

not in its normal counterpart tissue, eutopic endometrium.

Applying the EMBOSS CpG Plot identification analysis to

the human SF-1 coding region (Figure 1), we demonstrated

a positive association between increased methylation of the

CpG island at the exon II/intron III region and SF-1 expres-

sion in endometriosis because this exact sequence is signifi-

cantly hypomethylated in normal endometrial stromal cells

that do not express SF-1.

Intriguingly, hypermethylation of this exon/intron region

activates SF-1 mRNA expression in endometriotic cells, which

is distinct from the 50 promoter sequence, hypermethylation

which classically silences gene expression. We previously

demonstrated that differential methylation of a CpG island at

the promoter and exon I region regulates SF-1 transcriptional

activity in endometriosis or endometrium-derived stromal

cells.16 This is consistent with a large body of literature show-

ing that DNA methylation at the promoter region is generally

associated with gene silencing.

Our results are consistent with other reports indicating that

methylation outside the promoter lead to increased gene

expression.26-28 We speculate that the CpG island at the exon

II/intron III region may contain a silencer element. It follows

then that the methylation of this element would suppress its

silencer function giving rise to increased SF-1 expression.

The significance of this CpG island in regulating SF-1 expres-

sion in the hypothalamus, adrenal, and gonads remains to be

elucidated.

Figure1. A schematic diagram indicating the CpG island in SF-1 intron
region. The transcription start site (TSS) is indicated as þ1. Upper
black bar predicted CpG island; lower black bar predicted bisulfite
sequencing fragment containing the promoter region.
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Figure 2. DNA methylation status of 29 CpG sites in the CpG island flanking exon II to intron III region of SF-1 gene in endometrial and endo-
metriotic stromal cells. Open and filled circles represent unmethylated and methylated cytosines, respectively. The numbers on the top indicate
the positions of cytosine residues of CpGs relative to the transcription start site (þ1); and the numbers 1 to 8 on each side represent parti-
cipants, from whom primary stromal cells were obtained. Cells were obtained from a total of 16 participants.

Figure 3. Percentage methylation of SF-1 intron region in endometrial
and endometriotic cells. *P < .001.
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Figure 4. Significant correlation (Pearson correlation coefficient
is .98; P < .001) between percentage methylation of SF-1 intron region
and SF-1 mRNA expression (in logarithmc scale) among 8 endome-
triotic stromal cells.
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