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Abstract. Obesity increases the incidence, progression 
and mortality of breast cancer among postmenopausal 
females. This is partly due to excessive estrogen production 
in the adipose tissue of obese females. Aromatase is a key 
enzyme in estrogen biosynthesis. In the current study, the 
tensional force‑triggered inducibility of aromatase expres-
sion was observed to vary in ASCs isolated from different 
disease‑free individuals. In addition, this phenomenon was 
associated with the activation of the aromatase PII promoter 
and its DNA methylation load. These findings highlight the 
impact of tensional forces on estrogen biosynthesis in obese 
females.

Introduction

Excessive estrogen exposure is a critical risk factor for breast 
cancer  (1). While the ovary is the major site for estrogen 
biosynthesis in premenopausal females, adipose stromal cells 
(ASCs) in the breast are a significant source for local estrogen 
production. Estrogens produced in distal adipose tissues and 
within the breast tissues affect the growth of breast epithelial 
cells (2). Notably, excessive local estrogen production in the 

breast promotes estrogen‑dependent breast cancer. At the 
molecular level, tumor cell‑derived soluble factors, including 
cytokines and prostaglandin E2, stimulate the stromal expres-
sion of aromatase, a key enzyme in estrogen biosynthesis (3). 
Breast quadrants bearing malignant tumors consistently 
exhibit high levels of aromatase activity  (4), and breast 
adipose tissue adjacent to the tumor has a marked increase in 
aromatase expression and activity (5‑7). The clinically proven 
efficacy of aromatase inhibitors (AIs) in treating estrogen 
receptor‑positive post‑menopausal breast cancer indicates the 
important role of excessive local estrogen production in breast 
cancer development.

The transcription of the aromatase gene is controlled 
by a number of tissue and cell type‑specific promoters that 
are located upstream of the aromatase coding region. In 
cancer‑free breast adipose tissue, aromatase mRNA contri-
butions are mainly from the relatively weak I.4 promoter, 
with a small amount of aromatase mRNA arising from the 
ovary‑specific promoters, I.3 and PII. However, in ASCs 
adjacent to breast tumors, aromatase expression is activated by 
the proximally‑located promoters, I.3 and PI (2). The switch 
in promoter utilization from weak I.4 to strong I.3 and PII 
promoters results in elevated aromatase expression and exces-
sive production of local estrogen (8‑9).

It has been shown that mechanical changes, including 
elevated extracellular matrix (ECM) stiffness and increased 
interstitial pressures, are associated with epithelial carci-
nomas. Furthermore, mechanical force due to altered 
architecture in the tissue microenvironment can affect the 
gene expression pattern (10‑14). In the case of breast cancer, 
mechanical force significantly affects the invasive behaviors 
of breast tumor cells, as well as breast cancer incidence and 
mortality (15‑18). The current study, aimed to assess whether 
ASCs from varying individuals have differential induction 
levels of aromatase expression responding to mechanical 
force.
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Materials and methods

Cell culture. Primary human ASCs were isolated from 
individuals undergoing elective surgical procedures at the 
University of Virginia (Charlottesville, VA, USA), using 
methods previously published and approved by the University 
of Virginia's Human Investigation Committee (21). The cells 
were cultured in Dulbecco's modified Eagle's medium/F12 
medium (Gibco, Big Cabin, OK, USA) with 10% fetal bovine 
serum (HyClone, Lawrenceville, GA, USA) and 1% antibiotic-
antimycotic solution (Gibco), using these previously described 
methods. Forskolin was purchased from Sigma‑Aldrich (St. 
Louis, MO, USA) and used at a final concentration of 25 µM. 
5‑Aza‑2'‑deoxycytidine (AZA; Sigma‑Aldrich) was used at a 
final concentration of 10 µM.

3D cultures were conducted in 24‑well plates using 
collagen (collagen bovine type I; BD Bioscience, Franklin 
Lakes, NJ, USA). Briefly, 2x105 cells were suspended in 125 µl 
medium and mixed with 125 µl collagen. Following gel‑like 
3D structure formation, medium was added to the top.

Aromatase activity assay. Aromatase activity was 
measured using a tritiated water-release assay as previously 
described (22). Aromatase activity was determined by the 
rate of conversion of (1β-3H)‑androstenedione to estrone by 
aromatase. The quantity of 3H in extracts of medium was 
determined by liquid scintillation counting.

DNA methylation assay. Genomic DNA was obtained using 
the GenElute Mammalian Genomic DNA Miniprep kit from 
Sigma‑Aldrich. BiSulfite conversion of genomic DNA was 
performed using the EpiTect Bisulfite kit (Qiagen, Hilden, 
Germany). PCR, TOPO TA cloning and sequencing (Beckman 
Coulter Genomics, Danvers, MA, USA) were performed.

Quantitative and semi‑quantitative reverse transcription 
PCR (RT‑PCR). Total RNA was isolated using TRIzol reagent 
(Invitrogen Life Technologies, Carlsbad, CA, USA) according 
to the manufacturer's instructions. The concentration of RNA 
was measured and the RNA was reverse‑transcribed using 
the ImPrompII kit (Promega Corporation, Madison, WI, 
USA). Real‑time PCR was performed using the SYBR‑Green 
fluorescent dye and an ABI7900 Real‑Time PCR System 
(Applied Biosystems, Foster City, CA, USA). The forward 
primer was 5'‑TGGAATTATGAGGGCACATCC‑3' and the 
reverse primer was 5'‑GTCCAATTCCCATGCAGTAGC‑3'. 
Semi‑quantitative RT‑PCR was performed using pairs of 
primers for aromatase transcripts that are specific from 
promoters I.4, I.3 or PII. GAPDH served as internal control. 
The PCR conditions were as follows: 94˚C for 2 min, 94˚C for 
30 sec, 56˚C for 30 sec, 72˚C for 1 min (35 cycles), 72˚C for 
10 min and then a hold at 4˚C. The forward primer sequence 
for promoter I.3 was 5'‑CCTTGTTTTGACTTGTAACCA‑3', 
for promoter I.4 was 5'‑GTAGAACGTGACCAACTGG‑3' and 
for promoter II was 5'‑GCAACAGGAGCTATAGAT‑3'. The 
reverse primer sequence for all three promoters was 5'‑ATT 
CCCATGCAGTAGCCAGG‑3'. The GAPDH forward primer 
sequence was 5'‑CCATCAATGACCCCTTCATTG‑3' and 
the reverse primer sequence was 5'‑GACGGTGCCATGGAA 
TTT‑3'.

Statistical and data analysis. A paired t‑test was used to 
analyze pairwise comparisons of collagen 3D‑cultured cells 
with control cells. Data from independent measurements were 
collected for analysis. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Differential expression of mechanical force‑induced aroma‑
tase in ASCs of different individuals. The aim of the current 
study was to determine whether individuals respond to 
mechanical force differently in terms of aromatase induction.

Stromal cells were isolated from the fat tissue excised 
from cancer‑free individuals. Once growing confluently in 
regular growth medium, the ASCs were seeded in a 2D or 
collagen 3D system. The data of the aromatase activity assay 
showed that there was differential expression of mechanical 
force‑induced aromatase in the different individuals 
(Fig. 1A). Aromatase mRNA was induced in response to 
mechanical force (Fig.  1B). In addition, the induction of 
aromatase expression was regulated by promoter I.3/PII 
(Fig. 1C).

Higher DNA methylation load of certain CpG sites of the PII 
promoter corresponds to the lower aromatase activation. 
Next, the mechanism of differential expression in various 
individuals was determined. A DNA methylation assay 
was performed to test the methylation status of aromatase 
promoter PII (Fig. 2A). The differential induction of aroma-
tase expression is associated with the DNA methylation load 

Figure 1. Differential expression of mechanical force‑induced aromatase in 
ASCs of various individuals. (A) Aromatase activity assay in ASCs from 
11 individuals. Sample names are listed along the X axis, while aromatase 
activity is presented on the Y axis. (B) Collagen-induced aromatase expres-
sion in adipose stromal cells. *P<0.05, collagen vs subcon. (C) Promoter 
utilization was tested by semi‑quantitative RT‑PCR using the presence of 
collagen. ASCs, adipose stromal cells; RT‑PCR, reverse transcription PCR.
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of the promoter region. The higher DNA methylation load of 
PII promoter is associated with the lower aromatase activation 
(Fig. 2B‑E).

Reduction of DNA methylation load by AZA treatment restores 
aromatase activation. The cells were treated with AZA for 
4 (Fig. 3A and B) or 8 weeks (Fig. 3C and D). Aromatase 
expression and DNA methylation status were analyzed. Along 
with reduction of the DNA methylation load, aromatase activa-
tion was restored.

Discussion

The current literature on the mechanical properties of tumors 
is almost exclusively focused on tumor cells (10,12). As altered 
mechanical homeostasis in breast tumors affects the epithelial 
and stromal compartments of the same tumor microenviron-
ment, it is necessary to look beyond the ‘box’ of tumor cells by 
examining the impact of mechanical forces on the surrounding 
stroma. Furthermore, ASCs from different individuals may 
respond to mechanical forces differently, thus, individuals 

Figure 2. Correlation between DNA methylation status of aromatase promoter region and aromatase inducibility in ASCs of various individuals. (A) CpG sites 
of aromatase promoter. (B‑E) DNA methylation analysis of CpG sites. ASCs, adipose stromal cells.

Figure 3. Reduction of DNA methylation load by AZA treatment restores aromatase activation. (A) mRNA level of aromatase in response to forskolin (FSK) 
induction following AZA treatment for 4 weeks. (B) DNA methylation assay following AZA treatment for 4 weeks. (C) mRNA level of aromatase in response 
to forskolin induction following AZA treatment for 8 weeks. (D) DNA methylation assay following AZA treatment for 8 weeks. AZA, 5‑Aza‑2'‑deoxycytidine.
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respond differently to risk factors of breast cancer. The current 
study data showed that there was differential expression of 
mechanical force‑induced aromatase in differing individuals. 
It also showed that mechanical force activates the PII promoter 
and that the DNA methylation status of the PII promoter plays 
an important role in aromatase induction when ASCs respond 
to mechanical forces.

The efficacy of AIs in treating breast cancer has been clini-
cally proven. However, AIs indiscriminately reduce estrogen 
synthesis throughout the body, causing major side‑effects, 
including bone loss, increased fracture rates and abnormal 
lipid metabolism (21). Thus, it is worthwhile to develop inhibi-
tors that selectively block aromatase and estrogen production 
in breast cancer. By contrast, aromatase I.3/PII promoters have 
been reported to be activated in tumors, but not in normal 
tissues (2). Logically, the specific inhibition of signals that lead 
to activation of promoter I.3/II is likely to inhibit aromatase 
expression specifically in tumor tissues. The current study 
data enhance our understanding of the regulation of aromatase 
expression in an epigenetic manner. These findings may lead 
to the identification of novel AIs.
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