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Abstract 
Objectives: Estrogens significantly contribute toward the growth and development of 
endometrial cancers. Two principal pathways have been implicated in the final steps of 
estrogen synthesis: the steroid sulfatase (STS) and aromatase pathways. In this study, 
we aimed to evaluate the possible effects of tumor-stromal interactions on local estro-
gen biosynthesis in endometrial cancer. We also assessed the biological effects of inhi-
bitors of steroid sulfatase and aromatase in the co-culture system compared with usual 
monocultures. Methods/Materials: We isolated stromal cells from endometrial cancer 
patients to examine local biosynthesis of estrogens and tumor-stromal interactions. 
Next we examined the effects of steroid sulfatase inhibitor and aromatase inhibitor in 
monoculture of endometrial cancer cell line (Ishikawa) and in a co-culture system in-
volving an Ishikawa cells and stromal cells. Results: Estrogen receptor and steroid sul-
fatase mRNA levels in cancer cells were significantly higher in the co-cultures com-
pared with the monocultures of endometrial cancer cells. Estradiol and androstenediol 
concentrations were also significantly higher in the co-cultured cells. Proliferation of 
the cancer cells was significantly increased through the steroid sulfatase pathway, 
which metabolizes androgens, estrone sulfate, and estradiol sulfate as its substrates. 
However, its proliferation was significantly decreased by the treatment of steroid sulfa-
tase or aromatase inhibitors. The significant growth inhibition by the steroid sulfatase 
and aromatase inhibitors were also observed in the co-culture system. Conclusions: 
We evaluated the effects of STS inhibitor and aromatase inhibitors on the proliferation 
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of estrogen-dependent endometrial cancer cells. Considering that intratumoral estro-
gen metabolism plays an important role, our co-culture systems provide an environ-
ment similar to that of the tumor in living patients in terms of metabolism and synthe-
sis of intratumoral estrogens. The results of this study may aid in achieving improved 
clinical responses from patients treated with STS inhibitors. 
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1. Introduction 

The incidence of endometrial cancer has increased rapidly, and it is now one of the most 
common gynecologic malignancies in developed countries [1]. It is a paradox that most 
endometrial cancers are diagnosed in menopausal women, who have low concentrations 
of circulating estrogen, despite the estrogen dependency in many of endometrial cancer 
cells [1]. Several studies have focused on intratumoral estrogen metabolism and biosyn-
thesis and reported that estradiol (E2), estrone (E1), and testosterone levels are several 
times higher in tumor tissues than in serum [2]-[4]. This finding indicates that in situ es-
trogen metabolism, including its biosynthesis and degradation, plays a very important 
role in the development of endometrial proliferative disorders, such as endometrial hy- 
perplasia [5], and in furthering the progression to endometrial cancer [2] [3] [6]-[13]. 

Two principal pathways, the aromatase and steroid sulfatase (STS) pathways, have 
been implicated in the critical steps of estrogen biosynthesis (reviewed in Figure 1). 
The enzyme 17β-hydroxysteroid dehydrogenase (17β-HSD) catalyzes the reversible in-
terconversion of E1 and E2. There are two subtypes of 17β-HSD: type 1 catalyzes E1 to 
E2, and type 2 preferentially catalyzes the oxidation of E2 to E1 [3] [4] [14]. STS is 
widely expressed in many organs and responsible for the hydrolysis of dehydroepian- 
drosterone sulfate (DHEAS), estrone sulfate (E1S), and estradiol sulfate (E2S) into their  
unconjugated forms. E1S, E2S and DHEAS are the major circulating forms of plasma 
estrogens and androgens. They are the biologically inactive forms of steroids and have 
relatively long half-lives in peripheral blood. In breast cancer, it has been reported that 
in situ estrogen activity may be regulated primarily by intratumoral STS [15] [16]. 

Furthermore, estrogen signals in tumor cells are greatly affected by their interaction 
with stromal cells in vivo. Although STS and Estrogen sulfotransferase (EST) activities 
have been examined in estrogen-dependent neoplasms [17] [18], STS-mediated regula-
tion of tumor-stromal interactions has not been elucidated fully. We previously estab-
lished a co-culture system involving an endometrial cancer cell line and primary cul-
tured stromal cells [19] [20]. In this study, we aimed to evaluate the possible effects of 
tumor-stromal interactions on local estrogen biosynthesis in endometrial cancer and to 
assess the biological effects of inhibitors of STS and aromatase in the co-culture system 
compared with usual monocultures. 
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Figure 1. The sketch of the intratumoral estrogen production. Two principal pathways, steroid 
sulfatase (STS) pathway and aromatase pathway are implicated in the crucial steps of estrogen 
synthesis. The enzyme 17β-hydroxysteroid dehydrogenase (17β-HSD) catalyzes reversible inter- 
conversion of E1 and E2. STS is responsible for the hydrolysis of dehydroepiandrosterone sulfate 
(DHEAS), Androstenediol (Adiol)-sulfate, estrone sulfate (E1S), and estradiol sulfate (E2S) into 
their unconjugated forms. Estrogen sulfotransferase (EST) is a member of the superfamily of 
steroid-sulfotransferases and sulfonates estrogens to estrogen sulfates. DHEAS also converts to 
Adiol-sulfate, but the contribution of this pathway remains to be unresolved. Adiol also binds to 
the estrogen receptor (ER) although Adiol is androgen. 

2. Materials and Methods 
2.1. Tissue Preparation and Cell Culture Conditions 

This study was approved by the Ethics Committee of Tohoku University School of  
Medicine, Sendai, Japan (No. 2009-75), and the required informed consent forms were 
obtained. We isolated stromal cells from three patients who underwent hysterectomy 
under the diagnosis as endometrial cancer at the Department of Obstetrics and Gyne-
cology in Tohoku University Hospital, Sendai, Japan. The pathological diagnosis was 
endometrioid adenocarcinoma in all cases. All of the examined patients had not re-
ceived irradiation or chemotherapy prior to surgery. The procedures used to isolate 
stromal cells have been described previously [19] [21]. The human endometrial cancer 
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cell line Ishikawa, which is a representative estrogen-dependent cell line of endometrial 
cancer, was kindly provided by Dr. Nishida (Tokyo Medical University Kasumigaura 
Hospital, Ibaragi, Japan). These cells were maintained in DMEM/F12 supplemented with 
10% FBS, antibiotic-antimycotic solution (100 μg/ml), and GlutaMAXTM (100 μg/ml). 

2.2. Co-Culture System 

To separate stromal cells and endometrial cancer cells physically, transwell cultures 
were established in 6-well plates using Transwell permeable supports (0.4-µm pore size; 
Corning Incorporated, Corning, NY, USA). First, Ishikawa cells and tumor-derived 
stromal cells were cultured separately in 100-mm dishes until they reached approx-
imately 80% confluency. Second, Ishikawa cells (4 × 104/ml) were cultured in transwell 
chambers either with or without stromal cells (6 × 104/ml), which were seeded at the 
bottom of the 6-well plates. We designated this as the co-culture system, as described 
previously [19] [20] [22]. The culture medium used was 10% phenol red-free DMEM/ 
F12 supplemented with 10% dextran-coated charcoal-treated FBS (DCC-FBS). Finally, 
after 72 h of co-culturing, Ishikawa and stromal cells were separated again, and each 
cell type was examined by real-time quantitative RT-PCR, a hormone production assay, 
and a cell proliferation assay. 

2.3. RNA Extraction, cDNA Synthesis, and Real-Time RT-PCR 

RNA extraction was performed using ISOGEN II (Nippon Gene Co. Ltd, Saitama, Japan). 
To synthesize cDNA, we used the QuantiTect Reverse Transcription Kit (Qiagen, Co. Ltd, 
Tokyo, Japan). Both procedures were performed per the manufacturers’ protocols. 
Real-time RT-PCR was performed using the Taq Man method (Applied Biosystems by 
Life Technologies, Tokyo, Japan) with the following thermal cycler parameters: 40 ampli-
fication cycles at 95˚C for 15 s and 60˚C for 60 s. The primers used in this study were de-
signed against GAPDH (Hs02758991), ERα (00174860), and STS (NM0096676). To 
quantify the target cDNA amplicons, known cDNA amounts of the target genes and the 
GAPDH housekeeping gene were used to generate standard curves for real-time RT-PCR. 
Target mRNA levels were expressed relative to the GAPDH mRNA level. 

2.4. Hormone Production Assay Using Liquid Chromatography-Tandem 
Mass Spectrometry (LC-MS/MS) 

To determine the potential effects of tumor-stromal interactions on local hormone bio- 
synthesis in endometrial cancer, E2 and androstenediol concentrations in both co-cul- 
ture and monoculture systems were determined by LC-MS/MS analysis at ASKA Pharma 
Medical, as described previously [20] [23]. All cells were treated with DHEAS (10 - 5 
mol/l; Sigma-Aldrich, Co., Ltd, Tokyo, Japan), used as the substrate, for 72 h and were 
quantified by the trypan blue exclusion method. E2 and androstenediol concentrations 
in the absence of cells were used as controls. 

2.5. Cell Proliferation Assay 

Ishikawa cells (2 × 104/ml) were seeded in phenol red-and FBS-free DMEM/F12 me-
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dium in 96-well plates. After 16 h of starvation, the culture medium was exchanged 
with DCC-FBS DMEM/F12 medium, and E1S (10 - 7 mol/l; Sigma-Aldrich), E2S (10 - 7 
mol/l; Sigma-Aldrich), DHEAS (10 - 5 mol/l; Sigma-Aldrich), a STS inhibitor (STX64; 
10 - 7 mol/l; Sigma-Aldrich), or aromatase inhibitors (letrozole, 10 - 7 mol/l; exemes-
tane, 10 - 7 mol/l; Sigma-Aldrich) were added, as described previously [15] [24]. Cell 
proliferation was assessed using the WST method (Cell Counting Kit-8; Dojindo Mo-
lecular Technologies, Kumamoto, Japan) at 8 days. After co-culture with stromal cells 
for 72 h, Ishikawa cells (2 × 104 cells/ml) were trypsinized and seeded in 96-well plates 
in DCC-FBC DMEM/F12 medium. After 24 h, we added substrate to each well. After 
16 h of starvation, the culture medium was exchanged with DCC-FBS DMEM/F12 me-
dium, and DHEAS (10 - 5 mol/l), the STS inhibitor STX64 (10 - 7 mol/l), or the aro-
matase inhibitors letrozole (10 - 7 mol/l) and exemestane (10 - 7 mol/l) were added. 
Cell proliferation was assessed by WST assay at 6 and 8 days. 

2.6. Statistical Analysis  

The results from the two groups were compared by Student’s t-test using the JMP Pro 9 
software program (SAS Institute Inc., Tokyo, Japan). 

3. Results 
3.1. ERα and STS mRNA Expression Levels in Cell Monocultures and 

Co-Cultures 

We examined ERα and STS expression in Ishikawa cells using the monoculture and 
co-culture systems. For the co-culture system, we used three independent stromal cell 
lines, which were isolated from each patient. Average ERα and STS expression levels 
(Figure 2(a) and Figure 2(b), respectively) in the co-culture system were significantly 
higher than those in the monocultures. There was no significant difference among the 
stromal cells regardless of their original epithelial differentiation stage. 
 

 
(a)                                          (b) 

Figure 2. ERα and STS mRNA expression levels in cell monoculture and co-culture systems. 

To evaluate the possible effects of tumor-stromal interactions, we examined ERα (a) and STS 

(b) expression in Ishikawa cells using monoculture and co-culture systems. Representative 

results from three independent experiments are shown. **P < 0.01. 
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3.2. E2 and Androstenediol Concentrations in DHEAS-Treated Cells 

To determine the potential effects of tumor-stromal interactions on local estrogen bio- 
synthesis in endometrial cancer, we measured E2 and androstenediol concentrations in 
the co-cultures and monocultures using LC-MS/MS. Significantly high concentrations 
of E2 and androstenediol were produced in the co-cultures compared with the mono-
cultures (Figure 3(a) and Figure 3(b), respectively). 

3.3. Cell Proliferation Assays in the Monocultures 

To estimate the inhibitory effects of an STS inhibitor on endometrial cancer growth, we 
first performed a cell proliferation assay using the monocultured cells and the STS inhi-
bitor, STX64. Cell proliferation was significantly induced after addition of E1S and E2S 
together or DHEAS, as the substrates; however, this effect was completely prevented by 
treatment with STX64 (Figure 4(a) and Figure 4(b), respectively). Then, we performed 
cell proliferation assays after treatment with STX64 or the aromatase inhibitors letro-
zole and exemestane to determine which form of inhibition was more effective for inhi-
biting endometrial cancer cell growth. Each inhibitor inhibited cell proliferation to the 
same extent when only DHEAS was used as the substrate Figure 4(c). However, when 
E1S and E2S were added together with DHEAS, inhibition of cell growth by the STS in-
hibitor was much stronger than that by the aromatase inhibitor Figure 4(d). 

3.4. Cell Proliferation Assays in the Co-Culture System 

We next employed co-culture systems using Ishikawa and stromal cells. Cells were 
treated with STX64 and aromatase inhibitors. Significant cell proliferation was induced 
after adding DHEAS as the substrate, while it was inhibited significantly by both STX64 
and aromatase inhibitors, to the same extent Figure 5. 

4. Discussion 

High-dose progestin is currently the main hormonal therapeutic drug of choice used for  
 

 
(a)                                        (b) 

Figure 3. E2 and androstenediol concentrations in cells treated with DHEAS as the sub-
strate. To estimate the possible effects of tumor-stromal interactions on local estrogen bio-
synthesis in endometrial cancer, we measured E2 (a) and androstenediol (b) concentrations 
in co-culture and monoculture systems using LC-MS/MS. We used DHEAS (10 - 5 mol/l) as 
the substrate. *P < 0.05. 
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(a)                                          (b) 

 
(c)                                    (d) 

Figure 4. Cell proliferation assays in a monoculture system. We performed cell proliferation 
assays to estimate the effects of the substrates E1S and E2S (a) or DHEAS (b) with or without STS 
inhibitor on endometrial cancer growth. We also compared the cell proliferation in the presence 
of a STS or aromatase inhibitor to determine which inhibitor was more effective in inhibiting 
endometrial cancer growth (c) (d). Ishikawa cells (2 × 104/ml) were seeded in 96-well plates for 16 
h. After starvation, E1S (10 - 7 mol/l), E2S (10 - 7 mol/l), DHEAS (10 - 5 mol/l), a STS inhibitor 
(STX64; 10 - 7 mol/l), or aromatase inhibitors (letrozole, 10 - 7 mol/l; exemestane, 10 - 7 mol/l) 
were added. Cell proliferation was assessed using the WST method at 8 days. Representative 
results from three independent experiments are shown. *P < 0.05, **P < 0.01. 

 

endometrial cancer treatment, but its response rate is relatively limited [25] [26]. An 
aromatase localization study demonstrated that aromatase immunoreactivity and mRNA 
were detected mainly in the stromal cells or fibroblasts of endometrial cancer tissue, but 
not in normal or hyperplastic endometrium [27]. Aromatase inhibitors are widely used 
for breast cancer patients as endocrine therapy, but their therapeutic value for endome-
trial cancer has been reported to have only small or minimal effects [28] [29]. Here, we 
focused attention on in situ estrogen metabolism in endometrial cancer and employed a 
co-culture system to evaluate the biological significance of STS and aromatase inhibi-
tors in the presence of tumor-stromal interactions.  

STS inhibitor has been previously reported as a potential novel endocrine treatment 
for breast cancer [4] [30]-[34], with a phase I trial reporting it as safe and promising 
[35]. We previously demonstrated that increased STS and decreased EST expression le-
vels resulted in increased in situ estrogen activity in endometrial cancers, and there was 
a significant correlation between the STS/EST expression ratio and the clinical out-
comes of these patients [18]. STS inhibitors affect the STS pathway, which is responsi-  
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Figure 5. Cell proliferation assays in co-culture systems. After co- 
culturing with stromal cells for 72 h, Ishikawa cells (2 × 104/ml) 
were trypsinized and seeded in 96-well plates in DCC-FBC DMEM/ 
F12 medium. After 24 h, we added substrate to each well. Cell 
proliferation was assessed by WST assay at 6 and 8 days. Repre- 
sentative results from three independent experiments are shown. 
*P < 0.05. 

 
ble for hydrolysis of E1S, E2S, DHEAS and adiol-sulfate into their unconjugated forms. 
E1S, E2S and DHEAS are the major circulating forms of plasma estrogens and andro- 
gen, respectively. They are biologically inactive steroid forms that have relatively long 
half-lives in peripheral blood [24] [36] [37]. DHEAS and its unconjugated metabolite, 
dehydroepiandrosterone (DHEA), serve as precursors for the formation of steroids 
with estrogenic properties, such as E2 and androstenediol [38]. In fact, DHEAS, DHEA, 
and androstenediol stimulated the proliferation of breast cancer cells in vitro and in-
duced mammary tumors in vivo [38]. In postmenopausal women, the major source of 
androstenediol is derived from DHEAS and DHEA in peripheral tissues. It has been 
reported that androstenediol, although an androgen, can bind to ERα, and that andros-
tenediol can stimulate the proliferation of ERα+ breast cancer cells and induce mam-
mary tumors in vivo [38]. Co-incubation of DHEAS with aromatase inhibitors did not 
block its ability to activate ERα+ breast cancer cells [38].  

In this study, we employed a co-culture system to obtain important information re-
garding the intratumoral microenvironment. ERα and STS expression levels in our 
co-culture system were significantly higher than those in the monoculture of endome-
trial cancer cells, and significantly more E2 and androstenediol were produced in the 
co-cultures compared with the monocultures. To evaluate the efficacy of STS and aro-
matase inhibitors for endometrial cancer, we examined cell proliferation in the pres-
ence of the substrates E1S, E2S and DHEAS.  

There are some limitations in our study. First, we used only one cell line type, Ishi-
kawa cells in this study. Although Ishikawa is a representative estrogen-dependent en-
dometrial cancer cell line, those cancers have an over 90% 5 year survival rate and not 
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often recur or cause metastasis. Expansion of the effects of SDS inhibitors on more cells 
lines with different estrogen dependency will benefit patients with endometrial cancer. 
Second, it is unclear how much co-cultures can reflect the real tumor micro-environ- 
ment. However, we think our results indicate that STS inhibitors might be a novel 
treatment of option for endometrial cancer in addition to aromatase inhibitors, partic-
ularly for postmenopausal women in whom intratumoral estrogen metabolism plays an 
important role. The expression of those enzymes needs careful consideration, and per-
sonalized treatment regimens may be needed. Further investigation is needed to eluci-
date their role in endometrial cancer. 

5. Conclusion 

In conclusion, we evaluated the effects of STS inhibitor and aromatase inhibitors on the 
proliferation of estrogen-dependent endometrial cancer cells. Considering that intra-
tumoral estrogen metabolism plays an important role, our co-culture systems provide 
an environment similar to that of the tumor in living patients in terms of metabolism 
and synthesis of intratumoral estrogens. The results of this study may aid in achieving 
improved clinical responses from patients treated with STS inhibitors. 
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