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Introduction

Despite the decreased mortality rates attributable to breast cancer in women, the
number of cases diagnosed has steadily increased over the past 30 years. This is
believed to be due, at least in part, to an increased prevalence of obesity not only in
the Western world, but also in other parts of the world where obesity has only
recently reached epidemic proportions. The risk of breast cancer increases with
age and a strong correlation between obesity and the risk of breast cancer in
postmenopausal women is well established. The majority of postmenopausal
breast cancers are hormone receptor positive and rely heavily on estrogens
produced from the adipose tissue for growth. The enzyme responsible for the final
and key step in estrogen biosynthesis, aromatase, is increased in the adipose tissue
in response to factors produced in obesity, including adipokines, inflammatory
cytokines, and prostaglandins, as well as insulin. Novel therapies are now being
considered in light of evidence suggesting that obesity may affect current
endocrine therapy, as well as the identification of novel pathways involved in
estrogen regulation, including metabolic pathways that can be targeted by drugs
currently used for the treatment of other obesity-related diseases. The current work
aims to provide a comprehensive view of the relationship between obesity and
breast cancer with particular emphasis on the role of dysregulated estrogen
metabolism.
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Chapter 1
Estrogens, Adiposity and the Menopause

A woman’s reproductive years are characterized by finely tuned waves of circu-
lating sex hormones which are dictated by her menstrual cycle and in turn, influence
many, if not all, of her physiological functions. During the menopausal transition,
ovarian steroid biosynthesis ceases leading to whole body effects including bone
loss, a change in fat deposition and weight gain. These effects are believed to be
largely due to deficiencies in circulating estrogens, although androgens are also
suspected of being involved. Evidence to support this hypothesis has come from
studies using animal models. Estrogen receptor a (ERa) knockout female mice have
increased fat pad weights, adipocyte size and number [1]. Similarly, aromatase
knockout mice, where estrogen biosynthesis is abolished, progressively accumulate
intra-abdominal fat compared to wild type littermates with increased adipocyte
volume [2]. As proof-of-principle, replacement of estrogens in these animals
reduces omental and infrarenal adipose tissue weights [3]. Both animal models also
display impaired glucose tolerance and insulin resistance. Studies in women have
demonstrated that the menopausal transition, where estrogen levels decrease rap-
idly and androgen levels remain steady, is associated with the accumulation of
intra-abdominal fat (Fig. 1.1) [4], believed to be due to a decrease in resting
metabolic rate and physical activity [5]. Estrogens act to regulate adiposity both
centrally and within the periphery. Knockout of ERa in the central nervous system,
specifically in the ventromedial nucleus, leads obesity and the metabolic syndrome
due to changes in energy expenditure [6]. Estrogens have also been shown to inhibit
food intake and loss of gonadal steroids is associated with hyperphagia and weight
gain [7]. In the periphery, estrogens play an important role in muscle and adipose
tissue metabolism. Adipocytes express ERa [8] and estrogens have been shown to
reduce adipocyte volume by inhibiting the expression of genes involved in fatty
acid uptake and lipogenesis [9–12]. In the muscle, estrogens stimulate the oxidation
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Estrogens

Androgens

PostmenopausalPremenopausal

Lean “pear-shaped”
Premenopausal woman

Obese “apple-shaped”
Postmenopausal woman

Fig. 1.1 Change in body shape during the menopausal transition. A decrease in estrogens after
menopause, coupled to an increased ratio of androgens to estrogens, has been suggested to impact
fat accumulation and accumulation of fat at specific depots (shaded). Namely, premenopausal
women tend to accumulate fat subcutaneously around the buttocks and thighs whereas
postmenopausal women tend to accumulate fat intra-abdominally
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of fatty acids and lipolysis [13]. Interestingly, the loss of ovarian steroids has also
been associated with an increase in adipose tissue inflammation [14], a phenome-
non that is reversed in the presence of estrogens [15].

1 Estrogens, Adiposity and the Menopause 3



Chapter 2
The Link Between Obesity and Breast
Cancer Risk: Epidemiological Evidence

2.1 BMI and Breast Cancer Risk

BMI is routinely used to qualify an individual’s adiposity, yet it is simply a
measure of an individual’s mass (kg) divided by their height2 (m2). According to
the WHO international classification, individuals with a BMI between 18.5 and
24.99 are considered healthy, whereas those with a BMI between 25 and 29.99 or
of 30 and above are considered overweight or obese, respectively. Recently and
due to the growing number of individuals with BMI values above 30, it has also
become necessary to further subdivide the obese category into three classes; obese
class I (BMI 30–34.99), obese class II (BMI 35–39.99) and obese class III
(BMI C 40) [16].

Obesity rates have doubled since 1980 and in 2008, were estimated at 300
million for adult women [17]. A BMI above 25 increases the risk of a number of
diseases, including heart disease and stroke, diabetes, musculoskeletal disorders,
as well as cancers of the endometrium, colon and breast. An exponential increase
in the number of publications examining the association between BMI and breast
cancer has occurred over the last two decades (Fig. 2.1). As of July 1st, 2013,
using the search terms ‘‘body mass index’’ and ‘‘breast cancer’’ in Pubmed
returned 2221 publications, 232 were published in 2012 alone. This highlights the
burden of these co-morbidities as well as the advances made in recent years, in
particular with regards to understanding the epidemiological link and effect of
obesity on breast cancer management.

Obesity is associated with an increased risk of breast cancer, and is also
positively associated with tumor size and a higher probability of having positive
axillary lymph nodes and faster growing tumors [18–20]. Interestingly, higher
energy intake also increases the risk of breast cancer [21]. It is well accepted that
obesity increases the risk of developing breast cancer after menopause, and it has
even been suggested that up to 50 % of postmenopausal breast cancers are
attributable to obesity [22]. However, the degree of increased relative risk and
whether or not this also holds true for premenopausal women is contentious.
A number of meta-analyses have been performed in recent years examining the
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Fig. 2.1 Number of publications on BMI and breast cancer over the last 3 decades. A Pubmed
search was performed using search terms ‘‘body mass index’’ and ‘‘breast cancer’’ and plotted as
number of articles per year
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effect of BMI on breast cancer with age (Table 2.1). In 2012, Cheraghi et al.
performed a meta-analysis of 50 studies, 15 cohort studies and 35 case-control
studies involving 2,104,203 and 71,216 participants, respectively [23]. There was
no significant effect of BMI on breast cancer risk in premenopausal women, but a
direct and significant correlation was observed between BMI and breast cancer
risk in postmenopausal women. This was consistent with findings from
Bergstrom et al. who demonstrated that a one unit increase in BMI was asso-
ciated with a 2 % increased risk of developing breast cancer in postmenopausal
women [24], a relationship that was not found in the premenopausal group. A
number of studies have also described obesity as strongly protective against
breast cancer in premenopausal women [25–28]. This has been attributed, at least
in part, to a greater number of anovulatory menstrual cycles and hence, decreased
lifetime exposure to estrogens. Nevertheless, a study Biglia et al. demonstrated
that high BMI was significantly associated with larger sized tumors in both
pre- and postmenopausal women [20]. In this case, obese premenopausal women
displayed more vascular infiltration and metastasis to axillary lymph nodes
compared to healthy weight women. Moreover, a meta-analysis by Pierobon et al.
revealed that obesity is a significant risk factor for triple negative breast cancers
in pre- but not postmenopausal women [29]. Interestingly, there is also evidence
for an association of BRCA1 mutations and BMI with breast cancer risk in
premenopausal women (P = 0.045) [30].

2.2 BMI and Breast Tumor Hormone Receptor Status

The types of tumors which occur in obese pre- and postmenopausal women have
also been examined. In Japanese women, and consistent with the study of Pierobon
et al., obesity is associated with an increased risk of triple negative tumors prior to
menopause [32]. Conversely, the majority of luminal B breast cancers tended to
occur in obese postmenopausal women. In the study by Biglia et al., BMI was not
associated with tumor type in premenopausal women, however, there was a sig-
nificant association between BMI and estrogen receptor (ER)/progesterone

Table 2.1 Effect of high BMI on breast cancer risk with respect to menopausal status

Type of study Menopausal status RR (95 % CI) Reference

Meta-analysis Premenopausal 0.93 (0.86–1.02) Cheraghi et al. [23]
Postmenopausal 1.15 (1.07–1.24)

Meta-analysis Premenopausal 0.98 (0.97–0.99)a Bergström et al. [24]
Postmenopausal 1.02 (1.02–1.03)a

Meta-analysis Premenopausal 1.43 (1.23–1.65) Pierobon et al. [29]
(Triple negative) Postmenopausal 0.99 (0.79–1.24)
Meta-analysis Postmenopausal 1.19 (1.05–1.34) Key et al. [31]
a per unit increase in BMI

2.1 BMI and Breast Cancer Risk 7



receptor (PgR)-positive tumors in postmenopausal women [20]. A recent case-
control study by John et al. demonstrated that weight gain of C30 kg between
early adulthood and menopause was associated with a 1.53-fold increased risk of
developing hormone receptor-positive breast cancer amongst all women studied,
while non-hispanic white women were 3.82-fold more likely to develop breast
cancer compared to women who’s weight remained stable [33]. A similar study
was undertaken by Krishnan et al. who demonstrated that while weight at
18–21 years was not associated with risk of breast cancer after menopause, an
increase in weight during adulthood was positively associated with the increased
risk of PgR-positive breast cancers after menopause (HR per 5 kg/m2 gain in BMI:
1.43; 95 % CI: 1.23–1.66) [34]. Taken together, these studies demonstrate that
obesity-related postmenopausal tumors are largely dependent on steroid hormones
for growth. Conversely, obese premenopausal women tend to develop triple
negative tumors, suggesting that other obesity-associated factors may play pivotal
roles in tumor development.

2.3 Obesity and Mammographic Density

Mammographic density is one of the strongest predictors of breast cancer risk and
reflects the relationship between dense epithelial and non-epithelial cell abun-
dance, as well as acellular components including collagen [reviewed in 35]. The
relationship between obesity, mammographic density and breast cancer, however,
is still unresolved. This is largely due to the fact that obese women tend to have
less dense breasts, as measured by percentage breast volume and absolute dense
breast volume [36]. There are some key findings, however, that suggest that the
relationship is more complex [37]. There is considerable heterogeneity of dense
and non-dense areas within the breast and this reflects important differences in
tissue composition, including the presence of estrogen-producing stromal cells.
Indeed, aromatase expression [38] and the ratio of parent estrogen compounds
(estrone and estradiol) to estrogen metabolites [39] are higher in dense areas of the
breast compared to non-dense areas. Therefore, additional studies examining the
differences in these areas are warranted in order to elucidate whether a relationship
between obesity, mammographic density and breast cancer risk exists.

2.4 Waist-to-Hip Ratio and Breast Cancer

The often reported inverse association between BMI and breast cancer risk in
premenopausal women has caused much controversy. This is largely due to the fact
that BMI reflects overall adiposity rather than specific sites of adipose depots. More
recently, waist-to-hip ratio has gained popularity as a measure of unhealthy weight

8 2 The Link Between Obesity and Breast Cancer Risk



gain and a study by Amadou et al. demonstrated that each 0.1 unit increase in waist-
to-hip ratio was associated with an increased relative risk of 1.19 (95 % CI:
1.15–1.24) of premenopausal breast cancer irrespective of ethnicity [40]. Addi-
tional studies, however, are required in order to determine whether waist-to-hip
ratio should be used in assessing a premenopausal woman’s risk of breast cancer.

2.5 The Metabolic Syndrome, Diabetes Mellitus
and Breast Cancer

Overweight and obesity significantly increases the risk of developing type 2 dia-
betes mellitus (T2DM). Namely, an overweight individual carries a threefold
increased risk of T2DM whereas obese individuals are seven times more likely to
develop T2DM [41]. With increased obesity rates has come an increase in the
prevalence of T2DM. It is now estimated that approximately 7 % of Americans
have T2DM as a consequence of the development of insulin resistance (reviewed
in [42]). This figure is not only characteristic of US populations but also represents
a growing trend in other developed and developing countries. The risk of death in
individuals with T2DM is twofold [43] and occurs as a result of a number of
diabetes-related complications including heart disease and stroke, as well as
infectious diseases, degenerative disorders and several types of cancers [44].

Several studies have examined the association between diabetes and breast
cancer risk and a meta-analysis was recently performed [45]. From observational
studies, the summary relative risk of developing breast cancer in women with T2DM
compared to those without was 1.17 (95 % CI: 1.13–1.63), whereas prospective and
retrospective studies had a summary relative risk of 1.23 (95 % CI: 1.12–1.35) and
1.36 (95 % CI: 1.13–1.63), respectively. Of interest, studies that adjusted for BMI
had a lower summary relative risk than those that didn’t (1.16 vs. 1.33, respectively).
This suggests that BMI itself is a risk factor for breast cancer, but the remaining
increased risk also supports a role for diabetes independent of BMI. Indeed, a study
of women in Eastern China demonstrated that women with a history of diabetes
were 3.5 times more likely to develop breast cancer than women who didn’t (odds
ratio: 3.556; 95 % CI: 0.904–13.994), whereas having a high BMI index was
associated with a 1.5-fold increased risk of developing the disease (odds ratio:
1.528; 95 % CI: 1.083–2.155) [46].

The relationship between the metabolic syndrome and breast cancer risk has
also been examined in a recent meta-analysis [47]. Nine studies were included in
the meta-analysis and overall metabolic syndrome was shown to be associated
with a 52 % increase in breast cancer risk. This study also examined associations
between BMI, hyperglycemia, blood pressure, triglycerides and cholesterol in
relation to breast cancer risk.

2.4 Waist-to-Hip Ratio and Breast Cancer 9



2.6 Breast Size and Breast Cancer

Few studies have examined whether or not an association exists between breast
size and breast cancer risk. In 2006, a prospective study examining breast size and
premenopausal breast cancer incidence demonstrated that healthy weight women
with a bra cup size of ‘‘D or larger’’ had a significantly higher incidence of breast
cancer than women who reported ‘‘A or smaller’’ [48]. The association was lost in
women with a higher BMI. In a study by Markkula et al., a prospective breast
cancer cohort study (n = 772) examined the characteristics of women with breast
cancer who had a larger breast size [49]. Findings demonstrate that breast that
were larger than 850 ml in volume tended to have larger tumor size, more
advanced histological grade and more axillary node involvement. Much debate
relating to whether increased risk of breast cancer in larger breasted women is in
fact due to most women with larger breasts having a higher BMI. Nevertheless,
after adjusting for BMI, this study demonstrated that in patients with ER-positive
tumors, breast size was an independent predictor of disease-free and distant
metastasis-free survival.

2.7 Effect of Obesity on Disease-Free Survival

A number of studies have examined the impact of BMI on breast cancer recurrence
and death. A retrospective cohort study by Kamineni et al. demonstrated that obese
women with early-stage breast cancer had a significantly increased risk of recur-
rence (HR 2.42; 95 % CI: 1.34–4.41) and breast cancer-related death (HR 2.41;
95 % CI: 1.00–5.81) within 10 years of diagnosis compared to healthy-weight
women [19].

Druesne-Pecollo et al. performed a meta-analysis of clinical studies whereby
they examined the impact of excess body weight on second primary cancer risk
after breast cancer across thirteen prospective, five cohort and eight nested case-
control studies [50]. Findings demonstrate that obesity increases the relative risk of
developing breast, contralateral breast, endometrial and colon second primary
cancers. Elevated serum total cholesterol, triglycerides, low-density lipoprotein
cholesterol and the ratio between low-density and high density lipoprotein cho-
lesterol, known to occur in obesity and the metabolic syndrome, have also been
shown to be associated with a significantly higher distant metastasis rate [51]. A
study by Forsythe et al. demonstrated that breast cancer survivors who were
overweight or obese also had higher pain compared to healthy weight women and
when examined longitudinally, weight gain above 5 % was positively associated
with above-average pain [52]. Finally, diabetes has also been shown to be posi-
tively associated with risk of breast cancer-associated death after controlling for
BMI (relative risk: 1.16; 95 % CI: 1.03–1.29) [53].

10 2 The Link Between Obesity and Breast Cancer Risk



Chapter 3
Adipose-Derived and Obesity-Related
Factors and Breast Cancer

3.1 Adipokines

It is now clear that the adipose is an important endocrine organ. Considering the
vast evidence demonstrating a link between obesity and breast cancer, it is not
surprising that attention has turned to the role of factors produced by the adipose,
termed adipokines, as major drivers of breast cancer growth via direct effects on
cell proliferation and indirect effects on estrogen biosynthesis (Fig. 3.1). These
adipokines include hormones, growth factors and cytokines and recent evidence
suggests that over 250 different adipokines are secreted by adipocytes [54]. The
most widely studied adipokines are leptin and adiponectin, which are peptide
hormones that are differentially regulated depending on whole body energy states.

Adiponectin is produced by healthy mature adipocytes and its levels are
inversely associated with obesity [55]. Many reports have suggested that adipo-
nectin is protective against breast cancer development and progression [reviewed
in 56]. In a study by Gulcelik et al., serum adiponectin levels were evaluated in 87
breast cancer patients and compared to cancer-free women [57]. Circulating
adiponectin levels were found to be significantly lower in affected individuals
compared to healthy controls (8,583 ± 2,095 ng/ml vs. 13,905 ± 3,263). The
anti-cancer effects of adiponectin are hypothesized to be mainly due to the effect of
adiponectin to reduce inflammation and increase insulin sensitivity [58]. However,
effects of adiponectin on hormone biosynthesis and direct effects of adiponectin on
cancer growth have also been described.

Conversely, leptin levels are higher in obese individuals, and higher leptin levels
are significantly associated with an increase in breast cancer risk [59, 60]. More-
over, a prospective observational study by Macciò et al. demonstrated that leptin
was also an independent predictor of tumor classification and TNM stage in
postmenopausal women [61]. Leptin receptor expression is common in breast
cancer [62], suggesting that leptin can act directly on tumor cells to modulate tumor
growth. Leptin has been shown to activate a number of mitogenic pathways in
cancer cells, including phosphoinositide 3-kinase/protein kinase B (PI3 K/AKT),
mitogen-activated protein kinase (MAPK), mammalian target of rapamycin

K. A. Brown and E. R. Simpson, Obesity and Breast Cancer,
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(mTOR) and signal transducer and activator of transcription 3 (STAT3) [63, 64]. In
vitro, leptin has been shown to increase heat shock protein 70 (HSP70) expression
in MCF-7 breast cancer cells [65], which in turn is known to increase cell prolif-
eration [66]. In mouse models, leptin was shown to be responsible for the increase
in expression of cyclin D1, a cell-cycle control protein necessary for mammary
gland development, in MMTV-Wnt1 transgenic mice [67].

A less well characterized adipokine, nicotinamide phosphoribosyl-transferase
(Nampt), also known as visfatin, has also been implicated in cancer [reviewed in
68]. This pleiotropic hormone has been shown to be secreted from visceral adipose
depots and acts to regulate a number of metabolic processes including NAD bio-
synthesis. It has been shown to promote cell proliferation, inflammation and
angiogenesis, and inhibit apoptosis. Nampt has also been shown to be secreted from
tumor cells where it can act in an autocrine manner. Similarly, resistin, involved in
stimulating low density lipoprotein production from the liver, has been shown to be
positively associated with tumor size and stage, as well as ER status [69].

Breast levels of the adipokines leptin and adiponectin, and their relationship to
blood levels have also been examined [70]. There was a strong positive correlation
between blood and breast leptin in healthy weight women, whereas the strongest
association between blood and breast adiponectin was seen in obese women.
Interestingly, leptin levels increased more substantially with increasing BMI in the
breast than in plasma, suggesting that small increases in weight may be associated
with more important pro-proliferative effects in the breast.

3.2 Inflammatory Factors

Obesity is a recognized state of low grade chronic inflammation and inflammatory
factors, including cytokines and prostaglandins, have been implicated in the
development and progression of breast cancer, again via direct and indirect
mechanisms (Fig. 3.1). Cytokines produced in obesity include interleukin (IL)-1b,
IL-6, IL-8, tumor necrosis factor a (TNFa), and a number of chemokines. This
causes the increased recruitment of immune cells which then further drives
inflammation.

Inflammation has also been shown to inhibit adipocyte differentiation and
inflammatory factors stimulate leptin secretion from preadipocytes [71]. More-
over, leptin stimulates macrophage maturation further enhancing the pool of local
inflammatory and angiogenic factors, including TNFa, fibroblast growth factor
(FGF), epidermal growth factor (EGF), VEGF, IL-6 and IL-8 within the obese
adipose [72, 73]. High levels of circulating inflammatory factors are associated
with a worse prognosis in women who develop breast cancer.

In addition to systemic changes in inflammatory factors, obesity is also asso-
ciated with changes within the breast. Recent studies have demonstrated that
macrophage infiltration into the obese breast leads to the formation of crown-like
structures associated with an increase in prostaglandin E2 (PGE2) and nuclear
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factor jB (NF-jB) [74, 75]. Inflammation also occurs at the site of tumor growth
and inflammatory mediator expression at the site of primary breast tumors is
associated with poor patient outcome. Possible mechanisms explaining the pro-
proliferative effects of these inflammatory mediators have been proposed. Similar
to leptin, cytokines act to increase cancer cell proliferation via the activation of a
number of mitogenic signaling pathways, including PI3 K, MAPK, mTOR and
STAT3 [76]. These inflammatory mediators also stimulate tumor growth by
inducing estrogen biosynthesis from preadipocytes or adipose stromal cells and
this relationship will be explored in more detail in Chap. 4.

3.3 Insulin and Insulin-Like Growth Factor-1 (IGF-1)

Obesity is often associated with hyperinsulinemia and high circulating insulin
levels are believed to play a role in driving tumor growth (Fig. 3.1). The peptide
hormones insulin and insulin-like growth factor-I (IGF-I) have been shown to
mediate metabolic and mitogenic effects via binding to their cognate receptors, the
insulin receptor (IR) and the IGF-I receptor (IGF-IR), although actions via hybrid
receptors (insulin/IGF-I receptor) have also been described.

Changes in receptor abundance and the increased formation of hybrid receptors
on tumor cells have been associated with decreased patient survival. Insulin has
been shown to increase the proliferation of breast cancer cells, perhaps via acti-
vation of the hybrid receptors. Interestingly, the increased growth of tumor cells in
T2DM appears to be independent of obesity. A lipoatrophic model of T2D, the
A-ZIP/F-1 mouse, has been demonstrated to have increased tumor incidence
despite having no white fat. Moreover, another model of T2DM, the MKR mouse,
is hyperinsulinemic, insulin-resistant and glucose-intolerant and displays increased
growth of orthotopically inoculated mouse mammary carcinoma cells compared to
control mice, despite not being obese [reviewed in 77]. The relationship between
fasting insulin levels and breast cancer risk has also been explored. After cor-
recting for obesity, elevated fasting insulin levels were positively associated with
breast cancer risk. Interestingly, IGF-I is also found to be expressed at higher
levels in ER-positive tumors when compared to ER-negative breast tumors [78].
Moreover, higher IGF-1 has been shown to be associated with higher percent
mammographic density in postmenopausal women with a healthy BMI, an asso-
ciation not seen in premenopausal women or women with a higher BMI [79].

3.4 Estrogens

Considering that the majority of obesity-related postmenopausal breast cancers are
estrogen-dependent, it is not surprising that considerable effort has been devoted to
understanding the regulation of this postmenopausally adipose-derived steroid
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hormone. Consequently, Chap. 4 is devoted to a comprehensive overview of the
regulation of estrogens in adipose tissue and of the enzyme responsible for the key
and final step in estrogen biosynthesis, aromatase.
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Chapter 4
Estrogen Biosynthesis

4.1 Source of Estrogens in Pre-versus Postmenopausal
Women

In the premenopausal woman, the main site of estrogen production is the ovaries,
and with every menstrual cycle, rising follicle stimulating hormone levels induce
estrogen biosynthesis from granulosa cells of the developing follicles [80].
Estrogens produced from the ovaries act in an endocrine fashion to modulate
gonadotrophin secretion, growth of the uterine lining, as well as maintain normal
function of a wide range of tissues, including the breast, bone and brain (Fig. 4.1).
In pregnancy, the main site of estrogen production becomes the placenta, and more
precisely in the syncytiotrophoblast [81]. After menopause, however, estrogens are
not found at high levels in circulation and until recently were barely detectable in
human plasma. Nevertheless, estrogens continue to play a vital role in maintaining
organ function after menopause and this is possible via the local production of
estrogens that then act in an autocrine and paracrine manner (Fig. 4.1). The most
important source of estrogens in these women is also one of the largest endocrine
organs, the adipose, and this production of estrogens increases as a function of
obesity and aging [82–84]. Interestingly, breast tissue estrogen levels in post-
menopausal women are similar to those found in premenopausal women, despite
10–15-fold higher levels of circulating estrogens in premenopausal women [85].
Of importance, breast adipose tissue also has the capacity to aromatize androgens
and is the basis for much of the current work aimed at devising breast-specific
aromatase inhibitors that will inhibit breast cancer growth without affecting the
bone and brain, where estrogens have beneficial effects [86].

4.2 The Aromatase Enzyme

The aromatization of C19-androgens into C18-estrogens is the key and final step in
estrogen biosynthesis and this reaction is uniquely catalyzed by the aromatase
enzyme. Aromatase is a member of the cytochrome P450 superfamily of

K. A. Brown and E. R. Simpson, Obesity and Breast Cancer,
SpringerBriefs in Cancer Research, DOI: 10.1007/978-1-4899-8002-1_4,
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Lean “pear-shaped”
Premenopausal woman

Obese “apple-shaped”
Postmenopausal woman

Fig. 4.1 Source of estrogens in lean premenopausal and obese postmenopausal women. In
premenopausal women, the main source of estrogens is the ovaries. Estrogens then act in an
endocrine fashion to regulate function of tissues including the brain (blue), bone (green) and
uterus (black). After menopause, extragonadal tissues produce low levels of estrogens which then
act in an autocrine and paracrine fashion. In obese postmenopausal women, the adipose becomes
the predominant site of estrogen biosynthesis contributing to an increase in the risk of developing
estrogen-dependent breast tumors
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hemeproteins which contains over 6,000 members. Aromatase belongs to gene
family CYP19 and is the family member CYP19A1. Most members of this
superfamily have molecular weights in the range of 50 kDa, and in keeping with
this, aromatase has 503 amino acids. The sequence has regions of marked
homology with other members of the superfamily, notably a putative N-terminal
membrane-spanning region, I-helix, Ozols and heme-binding region. These
enzymes require molecular oxygen for their catalytic activity as well as a source of
reducing equivalents. In the case of the mammalian members, these are derived
from NADPH. The NADPH interacts with and passes electrons to the flavoprotein
NADPH-cytochrome P450 reductase which in turn transfers the electrons to the
aromatase cytochrome P450. These proteins are located at the endoplasmic
reticulum [87]. The aromatase protein, expressed from a full-length cDNA insert,
was shown to catalyse the aromatization of androstenedione and testosterone, and
in the case of the human placenta, 16a-hydroxyandrostenedione. The reaction was
also shown to be inhibited by known aromatase inhibitors. Conversion of
C19-steroids into C18-estrogens occurs in a complex three-step process catalysed
by this single polypeptide chain and requires three moles of cofactor NADPH and
three moles of oxygen for every mole of C19 androgen converted (Fig. 4.2). Light
has recently been shed on the precise molecular symphony that gives rise to the
formation of estrogens as a consequence of the elucidation of the crystal structure
of aromatase by the group of Ghosh and colleagues in Buffalo, NY [88]. The
proposed reaction mechanism highlights the importance of residues such as D309
in the catalytic reaction mechanism as well as that of C437. This cysteine is
present in the heme-binding region and occupies the 5th coordination position of
the heme iron, and is uniquely common to all P450 enzymes. Specific to aroma-
tase, in the third step of the reaction sequence, the A ring aromatization step, D309
is shown to be involved in enolization of the 3-oxo group, and removal of the
2b-hydrogen is facilitated by the carbonyl group of A306. The reaction mechanism
of aromatase is very specific essentially limited to C19 steroids due to a highly
specific binding cleft at the catalytic site.

4.3 Local Aromatase Expression in Breast Cancer

The source of estrogens driving tumor growth in postmenopausal women remains
an area of contention. Two schools of thought exist. On the one hand, it is believed
that estrogens produced locally within the breast serve to stimulate breast cancer
cell growth whereas the second contends that circulating estrogens are taken up by
the breast and drive tumor growth. Both arguments have merit and the strength of
each argument depends on adipose-derived estrogens as a driver of tumor cell
growth.

Evidence to support circulating estrogens as drivers of tumor growth are largely
epidemiological and rely on findings demonstrating that postmenopausal breast
cancer incidence is positively correlated with body fat content and serum estrogen

4.2 The Aromatase Enzyme 19
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levels [89, 90]. This argument is also supported by findings demonstrating that
intratumoral estrogens are positively associated with tumor ERa expression,
suggesting that uptake of estrogens contributes to tumor growth [91]. These two
studies are not inconsistent, however, with circulating estrogens arising as a
consequence of adipose tissue estrogen biosynthesis or originating from the
adjacent breast adipose.

There is substantial evidence to support local breast estrogen production as a
major driver of breast tumor growth. Of note, O’Neill et al. examined mastectomy
tissue from breast cancer surgery and demonstrated that aromatase activity is
highest in the breast quadrant which contains the tumor [92]. These findings were
later supported by studies examining aromatase transcript, protein and activity in
similar tissue [93–97]. This would suggest one of two scenarios, either that tumors
tend to originate in areas which have high estrogen biosynthesis or that factors
produced by tumors stimulate aromatase expression and tumor growth. Reports to
date would suggest that both scenarios exist. As support for the hypothesis that
breast tumors originate in a region of the breast with high estrogen levels, a recent
study has demonstrated that mammographically dense breasts have high aromatase
expression [38]. Using immunohistochemistry performed on breast core biopsies,
the authors demonstrate that areas from dense areas of the breast had the highest
immunoreactivity for aromatase with highest levels being seen in the stroma
compared to other cell types and non-dense areas of the breast. The hypothesis that
this elevated aromatase expression may lead to an increased risk of breast cancer is
not only supported by epidemiological data demonstrating a clear link between
mammographic density and breast cancer incidence, but also in animal models
whereby overexpression of aromatase in the mammary gland of ovariectomized
mice leads to breast hyperplasia, a phenomenon that is reversible in the presence of
the aromatase inhibitor letrozole [98].

The relative contribution of estrogen biosynthesis within various cell types
within the breast has also been explored. Adipose stromal cells express aromatase
and have measurable aromatase activity [99], and much of the work pertaining to
aromatase regulation within the breast has been performed using adipose stromal
cells in monolayer culture. Nevertheless, aromatase immunoreactivity has been
detected in both the adipose stroma and tumorous epithelium of the breast
[100–102] and factors that contribute to the regulation of aromatase expression in
both cell types is discussed below.

4.4 The CYP19A1 Gene and Tissue-Specific Expression

Unlike other steroidogenic enzymes, including 17b-hydroxysteroid dehydrogen-
ases, which undergo tissue-specific regulation due to being encoded by different
genes, aromatase is encoded by a single gene with a number of tissue-specific
promoters. These promoters are under the control of a tissue-specific set of reg-
ulatory factors and direct the expression of a number of untranslated 1st exons

4.3 Local Aromatase Expression in Breast Cancer 21
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which are spliced into the transcript at a common site upstream of the translational
start-site such that the protein product is identical in each tissue site of expression
(Fig. 4.3). Thus in the placenta, a unique promoter, I.1 is employed which is some
90 kb upstream of the translation start site. This promoter is regulated by factors
such as hypoxia factor 1a (HIF1a) and estrogen-related receptor c (ERRc) [103].
In adipose tissue, another distal promoter is utilized, I.4, which is regulated by
class 1 cytokines and TNFa in the presence of glucocorticoids. However, proximal
to a breast tumor, a promoter adjacent to the translation start site is employed,
namely promoter PII. This promoter is regulated by cAMP and in the case of
adipose tissue, its expression is driven by PGE2. In the ovary, promoter PII is also
involved and in this case expression is driven by FSH. The complex nature of the
aromatase gene therefore allows the biosynthesis of estrogens at extra-gonadal
sites to be finely tuned and responsive to changes in a woman’s physiology. Since
the initial discovery of human aromatase transcripts in 1986 [104], much work has
been done to characterize the structure of the gene that encodes it, CYP19A1, and
its regulatory regions. In 1988, the full length cDNA from human placental
libraries was isolated [105, 106] and the CYP19A1 gene was mapped to band
15q21.1 of the human genome [107]. In 1989, some of the first regulatory regions
of the CYP19A1 gene were identified by structural analysis, namely a putative
TATA sequence located 23 bp upstream of the transcription start site and an AP1
site and cAMP and glucocorticoid regulatory elements [108]. In 1990, the
CYP19A1 gene was found to be greater than 52 kb in size and to consist of 10
exons and 9 introns [109] (Fig. 4.3). The entire gene is now known to encompass
some 123 kb, of which, 93 kb is an extended 50 regulatory region.

4.5 Promoter-Specific Regulation of Aromatase in Obesity
and Breast Cancer

It is plausible that the increase in aromatase expression found in obese breast
adipose results in part from the decreased differentiation of stromal cells to adi-
pocytes in response to factors including PGE2 [110], TNFa [111] and IL-11 [112].
This would lead to the increased ratio of adipose stromal cells to fat cells which
express little to no aromatase [113, 114]. However, it is clear that factors produced
in obesity, including those which inhibit differentiation, alter the expression of
aromatase in breast adipose stromal cells (Fig. 4.4) independent of effects on
adipogenesis and this, via molecular mechanisms involving complex signaling
pathways.

Much of the initial work pertaining to aromatase regulation in the adipose was
undertaken before the CYP19A1 gene structure was even elucidated. In the early
1980s, a number of factors, including glucocorticoids and cAMP analogues, were
found to stimulate aromatase activity in isolated human adipose stromal cells
[115, 116]. These studies also examined the effect of serum on the glucocorticoid-
and cAMP-mediated regulation of aromatase and interestingly, demonstrated that
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while serum potentiated the effects of dexamethasone, it inhibited the effects of
cAMP. This was one of the first indications that glucocorticoids and cAMP must
be acting via different pathways to regulate aromatase. Following on from these
studies and once the cDNA for aromatase had been isolated, much information
was gathered using Northern blot analysis. These studies added a new level of
complexity when phorbol esters were found to potentiate the effects of cAMP to
increase aromatase expression, and growth factors and inflammatory cytokines,
including TNFa and IL-1b, inhibited the cAMP-mediated expression of aromatase
[117]. At this stage, interest grew to elucidate the signaling pathways involved.
The characterization of the CYP19A1 gene and the 50-end of aromatase transcripts
suggested that alternative promoters must be used to drive aromatase expression in
different tissues, hence the term tissue-specific promoters. It was demonstrated,
using 50 rapid amplification of cDNA ends from an adipose-derived cDNA library,
that promoter I.3-specific sequences were expressed in adipose tissue as well as in
adipose stromal cells maintained under all tissue culture conditions, whereas the
newly identified promoter I.4-specific transcripts were present only in breast
adipose tissue and adipose stromal cells treated with glucocorticoids [118]. It was
later shown that the majority of transcripts found in normal adipose, be it from the
buttocks, thighs, abdomen and breast were derived from activation of promoter I.4
[119, 120], whereas adipose tissue from tumor-bearing breast had high levels of
aromatase transcripts that were derived from the proximal promoters I.3/II, despite
promoter I.4-specific transcripts also being increased [120]. The identification of
these specific transcripts allowed additional studies into the promoter-specific
regulation of aromatase by tumor-derived and obesity-associated inflammatory
factors. In isolated human adipose stromal cells, stimulation with class 1 cyto-
kines, including IL-6, IL-11, leukemia inhibitory factor (LIF) and oncostatin M
caused an increase in promoter I.4-specific transcripts, whereas PGE2 stimulated
promoter II-specific transcripts [121]. These results are corroborated by findings
demonstrating that TNFa, IL-6 and COX-2 are positively correlated with aroma-
tase transcript levels in breast cancer tissue [122].

Both proximal promoters I.3 and II contain a TATA box, yet are also believed
to share a number of cis-acting elements. This unique gene organization means
that both promoters tend to be coordinately regulated and this accounts for the
simultaneous increase in promoter I.3- and II-specific aromatase transcripts
observed in cancer-bearing breast tissue and isolated cells in in vitro experiments.
Conversely, promoter I.4 does not have a TATA or CAAT box upstream of the
transcription start site [123], but does require a glucocorticoid response element
(GRE) located –133 to –119 to be occupied for activity [123]. The regulation of
these promoters, in response to obesity-associated and tumor-derived factors, are
detailed below.

24 4 Estrogen Biosynthesis



Fig. 4.4 Breast microenvironment in obese women a and women with breast cancer b Adipose
stromal cells (fibroblast-like blue cells) have been shown to be the main site of aromatase
expression in the human breast. Aromatase expression is increased in obese women as a result of
factors produced by adipocytes (yellow) and infiltrating immune cells (round blue cells).
Aromatase expression is also increase as a result of factors produced by the tumor (red cells).
High aromatase stimulates the proliferation of mammary epithelial cells (purple) and breast
cancer cells (red)
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4.5.1 Prostaglandin E2

As mentioned in Sect. 3.2, PGE2 is one of the inflammatory mediators which are
produced within obese adipose, but is also produced from the tumorous epithelium
(Fig. 4.4). Specifically, tumor cells from in situ and invasive breast cancer have
been shown to have increased expression of COX-2, the rate-limiting enzyme for
prostaglandin biosynthesis [124]. PGE2 acts via its cognate G-protein-coupled
receptors, the E-prostanoid (EP) receptors. In breast adipose stromal cells, PGE2

induces aromatase expression through binding of EP1 and EP2 receptor subtypes
[125, 126]. This was demonstrated by using EP receptor-specific agonists and
antagonists. Binding of PGE2 to these prostanoid receptors leads to the subsequent
activation of protein kinase A (PKA) and protein kinase C (PKC) (Fig. 4.5). The
identification of PGE2 as a modulator of aromatase expression is not surprising
considering early findings demonstrating that cAMP, known to stimulate PKA, and
phorbol ester, known to stimulate PKC, act together to increase aromatase
expression and activity. The signaling pathways downstream of PKA and PKC
have been explored extensively to characterize the PGE2-mediated induction of
aromatase, considered to be a major driver of breast cancer growth. However,
emerging research suggests that we have only just scratched the surface in terms of
understanding the nature of regulatory complexes and the signaling pathways
involved in mediating these effects.

One of the first transcription factors proposed to be involved in the regulation of
aromatase promoter I.3/II was the cAMP response element binding protein
(CREB). This followed on from results demonstrating that dibutyryl cAMP had
stimulatory effects on aromatase expression [116] and the identification of a CRE
within the proximal promoter of the aromatase gene [108]. This CRE, located
211–199 bp upstream of the transcription start site, has high sequence homology to
a palindromic CRE. However, it also contains an additional cytosine residue and as
a consequence, has been referred to as a CRE-like sequence (CLS) [127]. Nev-
ertheless, experiments involving the use of EMSAs revealed that this sequence was
capable of binding CREB, albeit with lower affinity than an oligonucleotide
containing a CRE, and that mutation of this site significantly reduced the ability of
forskolin, which increases intracellular cAMP, to stimulate promoter II in reporter
assays [127]. In 1999, a cAMP-response element was also identified and charac-
terized within the promoter I.3 region [128]. This CRE, termed CREaro and
containing the sequence TGAAGTCA, is located 66–59 bp upstream of the
transcription start site of promoter I.3. EMSAs confirmed the ability of this region
to bind to nuclear proteins from both breast tumor-associated stromal cells and the
breast cancer cell line SK-BR-3. In 2003, Sofi et al. identified an additional CRE
within the promoter II region, located 292–285 bp upstream of the transcription
start site which, similar to the CLS site, was shown to also be required for cAMP-
induced promoter II activity in mouse 3T3-L1 preadipocytes [129]. EMSAs were
also used to confirm binding of CREB to this site using nuclear extracts from 3T3-
L1 cells treated with or without forskolin. This same publication also highlighted
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the biological relevance of CREB in the context of breast cancer by demonstrating
that CREB transcript levels were dramatically higher in stromal cells adjacent to
tumor tissue than that found in cancer-free breast adipose. CREB is directly
phosphorylated by PKA at Ser133 which results in increased affinity for the his-
tone acetylases CREB-binding protein (CBP) and p300. This complex can then
bind to CREs and stimulate gene expression. A role for p300 in aromatase regu-
lation was demonstrated using ChIP studies where p300 was shown to interact
with aromatase promoter I.3/II and that this interaction was increased in the
presence of PGE2. Using co-IP, it was also demonstrated that PGE2 treatment
caused a noticeable increase in the interaction of p300 with phosphorylated CREB
[130].

More recently, other CREB interacting proteins were examined for their role in
regulating aromatase. The CREB-regulated transcription coactivators (CRTCs),
formally referred to as transducers of regulated CREB (TORCs) and renamed for
obvious reasons, are a family of transcriptional coactivators initially identified
using high throughput screens aimed at identifying novel modulators of CRE
reporter constructs [131]. There are currently three members of this family,
CRTC1, CRTC2 and CRTC3, and they all share a conserved N-terminal binding
domain which interacts with the bZip domain of CREB. Interestingly, Conkright
et al. demonstrated that CRTCs can coactivate CREB independent of whether or
not CREB is phosphorylated at Ser133, thereby adding another level of complexity
to the regulation of CREB-target genes. The role of the more widely characterized
CRTC2 was examined in the context of the PGE2-dependent regulation of aro-
matase in adipose stromal cells [132]. It was demonstrated using reporter assays
that overexpression of CRTC2 leads to an increase in promoter II activity and this
is further increased in the presence of forskolin and phorbol ester, to mimic PGE2.
Moreover, CRTC2 was found to interact with the promoter I.3/II region using
chromatin immunoprecipitation on isolated human breast adipose stromal cells,
and this interaction is significantly increased in the presence of PGE2 mimetics,
while mutation of the proximal CRE significantly inhibits this effect. The regu-
lation of CRTC2 effects in response to forskolin and phorbol ester was attributed to
changes in protein localization. More specifically, CRTC2 was found to be mainly
cytoplasmic in resting cells and translocate to the nucleus in the presence of
forskolin and phorbol ester. In 2013, Samarajeewa et al. demonstrated that all three
CRTCs were capable of increasing aromatase transcript expression, promoter II
activity and aromatase enzyme activity and that knockdown of CRTC2 and
CRTC3 caused a significant decrease in aromatase activity [133]. The seemingly
more important role of CRTC2 and CRTC3 in regulating aromatase may be due to
the fact that CRTC1 levels are relatively low in adipose stromal cells. The effects
of all three CRTCs also seemed to be additive with CREB and dependent on both
CREs for maximal induction of promoter II activity. The established role of
CRTC2 in stimulating gluconeogenesis in the liver [134] suggested that metabolic
pathways known to regulate CRTC2 activity may also be involved in regulating
the CRTC-mediated expression of aromatase in the breast.
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One such pathway involves the energy-sensing kinase AMP-activated protein
kinase (AMPK), which is considered by many as a master regulator of energy
homeostasis. AMPK is active as a heterotrimer, composed of three subunits,
namely a, b and c [reviewed in 135]. In times of low nutrient availability, AMPK
is activated and as a consequence inhibits pathways of energy utilisation and
stimulates pathways of energy production [136]. AMPK can directly sense energy
states as AMP or ADP bind to the regulatory c subunit of AMPK which leads to
conformational changes allowing AMPK to be phosphorylated at the catalytic a
subunit at Thr172 [137]. Other phosphorylation sites known to contribute to
AMPK regulation include Ser485/491 on the a subunit which leads to the inhi-
bition of AMPK activity [138]. These inhibitory sites have been shown to be
phosphorylated by, amongst other kinases, PKA. Two kinases, Liver kinase B1
(LKB1) and calcium/calmodulin-dependent protein kinase kinase b (CaMKKb),
have been shown to act as upstream kinases to AMPK, directly phosphorylating
AMPK at Thr172 and leading to its activation. LKB1 is a tumor suppressor and
has been shown to be mutated in the majority of cases of the Peutz-Jeghers
Syndrome [139]. Affected individuals tend to develop hyperpigmented macules of
the oral mucosa and intestinal hamartomatous polyps, and are predisposed to
developing a number of cancers including those of the gastrointestinal tract, and
other epithelial malignancies including those of the breast [140]. The hypothesis
that LKB1/AMPK may be involved in regulating aromatase originated from
findings in these patients published in the early 1990s. In addition to the phenotype
described above, affected individuals also tend to have symptoms of estrogen
excess, including prepubertal gynecomastia and advanced bone age, and two
groups independently reported that aromatase expression was increased in the
testis of these individuals [141, 142]. Moreover, it was also demonstrated that the
majority of aromatase transcripts in these testes were derived from activation of
aromatase promoter II [142]. Another clue to this relationship came from findings
demonstrating that AMPK negatively regulated CREB-dependent transcription by
phosphorylating CRTC2 and preventing its nuclear entry [134]. In order to char-
acterise the role of LKB1/AMPK in aromatase regulation a number of investi-
gations were performed in primary human breast adipose stromal cells [132]. It
was demonstrated that LKB1 overexpression was sufficient to inhibit the nuclear
translocation of CRTC2 and activation of aromatase promoter II in the presence of
forskolin and phorbol ester. It was also demonstrated that the AMPK activator
AICAR had a similar inhibitory effect. Interestingly, PGE2 mimetics were found to
decrease LKB1 expression and activity, leading to a decreased phosphorylation of
AMPK at Thr172 and the increased nuclear translocation of CRTC2. This was also
accompanied by an increase in Ser485/491 phosphorylation. Taken together, this
would suggest that under basal conditions, aromatase expression is maintained low
in part due to the actions of LKB1/AMPK to inhibit CRTC/CREB activity,
whereas in the presence of PGE2, LKB1/AMPK are suppressed, via mechanisms
involving transcript downregulation and increased phosphorylation of inhibitory
sites, leading to the translocation of CRTCs, their binding to CREB and activation
of aromatase promoter II.
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Other kinases involved in the signal transduction downstream of PKA and PKC
include the p38 mitogen-activated protein kinase (MAPK) and the c-jun NH2-
terminal kinase (JNK) [143, 144]. These kinases have established roles in the
regulation of gene expression, cell proliferation and apoptosis [145, 146]. In iso-
lated human breast adipose stromal cells, PGE2 was found to stimulate the
phosphorylation of p38 MAPK and JNK within an hour of treatment [147].
Interestingly, inhibition or silencing of p38 MAPK and JNK1 significantly reduced
the PGE2-mediated expression and activity of aromatase. Moreover, the effects
observed were attributed to changes in promoter II and I.3-specific transcripts,
whereas inhibition of p38 MAPK and JNK1 had no effect on promoter I.4-specific
transcripts. Conversely, overexpression of wild-type p38 MAPK or JNK1
enhanced the PGE2-mediated induction of aromatase transcript expression. Again,
this was attributable to changes in promoter II-specific transcripts and in the case
of JNK1 overexpression, also to promoter I.3.

The specific transcriptional complexes hypothesized to be involved in the p38
MAPK/JNK-mediated regulation of aromatase include the Jun family of tran-
scription factors and ATF-2. Jun proteins directly interact with JNK via JNK
docking domains thereby leading to their phosphorylation and activation. Jun
proteins can form homodimers and heterodimers with other proteins, including
ATF-2 [148]. ATF-2 can also be directly phosphorylated and activated by p38
MAPK and JNK. Complexes involving Jun and ATF-2 interact with gene pro-
moters either via binding to activator protein-1 (AP1) or cAMP response elements
(CREs). Chromatin immunoprecipitation assays demonstrated that both ATF-2
and c-jun interact with aromatase promoter I.3/II in breast adipose stromal cells in
the presence of PGE2 [147]. However, it was suggested that silencing of ATF-2
had no effect on promoter I.3/II activity whereas silencing of c-jun actually
enhanced the expression of promoter I.3/II-specific transcripts [149]. Following on
from these studies, Chen et al. demonstrated that other members of the Jun family
of transcription factors may in fact be involved in mediating the stimulatory effects
of PGE2 on aromatase expression. In this case, silencing of JunD or JunB in breast
adipose stromal cells led to a significant decrease in the PGE2-mediated expression
of total aromatase transcripts, as well as promoter I.3/II-specific transcripts [149].
Interestingly, silencing of JunD stimulated promoter I.4-specific transcript
expression. A role for direct interaction of these factors with the proximal CRE
(–211/–199) and the AP-1 (–498/–492) binding motifs was demonstrated using
DNA precipitation assays, yet only the mutation of the CRE site led to a significant
decrease in promoter II activity using reporter assays.

Orphan nuclear receptors SF-1 and LRH-1, encoded by the NR5A1 and NR5A2
genes, respectively, have established roles in the regulation of aromatase in a
variety of tissues, including the ovaries and the breast. The first report to dem-
onstrate a role for LRH-1 in breast adipose stromal cells was published by Clyne
et al. [113]. Using real-time PCR, it was demonstrated that these cells were
deficient in SF-1 and instead expressed LRH-1. Gel shift assays demonstrated that
LRH-1 bound to aromatase promoter II at a nuclear receptor half site (AGGTCA)
located 130 bp upstream of the transcription start site. Although co-transfection of

30 4 Estrogen Biosynthesis



LRH-1 with a promoter II reporter construct caused a modest increase in promoter
activity in 3T3-L1 cells, used as a model for adipose stromal cells, effects became
synergistic in the presence of forskolin and phorbol ester with LRH-1 now
increasing promoter II activity by more than 30-fold. A study then followed
confirming the clinical relevance of these findings where LRH-1 was shown to be
expressed in breast carcinoma tissue as well as the adjacent adipose tissue [150]. A
strong correlation between LRH-1 and aromatase mRNA expression was observed
in adipose tissue adjacent to breast tumors and this was at least partly attributed to
the ability of PGE2 to stimulate LRH-1 expression in isolated human breast
adipose stromal cells. Chromatin immunoprecipitation assays performed using
nuclear extracts from adipose stromal cells also confirmed the interaction of
LRH-1 with aromatase promoter II and silencing of LRH-1 significantly decreased
the ability of forskolin and phorbol ester to increase aromatase expression [151].
The interaction of LRH-1 with promoter II was also shown to involve multiple
complexes which modulate its capacity to induce promoter activity. On the one
hand, it was shown that the corepressor short heterodimer partner (SHP), expressed
under basal conditions in human breast adipose stromal cells, abolished the ability
of LRH-1 to increase aromatase promoter II activity in 3T3-L1 cells [152]. Both
LRH-1 and SHP are expressed in human stromal cells and cotransfection of 3T3-
L1 cells with SHP abolished the basal and forskolin/phorbol ester-stimulated
actions of LRH-1 to increase promoter II activity. On the other hand, GATA3/4
[153] and PGC1a [154] have been demonstrated to interact with LRH-1 and
synergistically increase aromatase promoter II activity.

Recently, the role of prostaglandins has been expanded to include effects on
hypoxia inducible factor 1a (HIF1a) that was until recently, believed to be solely
controlled by tissue hypoxia. Indeed, PGE2 and hypoxia act both independently
and synergistically to increase HIF1a in PC-3ML human prostate cancer cells
[155] and in HCT116 human colon carcinoma cells [156]. Consistent with these
findings, experiments in isolated human breast adipose stromal cells revealed that
PGE2 not only increases HIF1a transcript expression, but also leads to the sta-
bilization of the protein under normoxic conditions [157]. A putative hypoxia
response element with sequence 50-AATGCACGT-30 was identified in a region of
promoter II that overlaps with the proximal CRE. It was found that HIF1a can bind
directly to this region. The effect of HIF1a and CREB also appeared to be
cooperative and hence implies that the complex which forms in this region of the
aromatase promoter may include CREB, CRTC and HIF1a. The absolute
requirement for HIF1a for the PGE2-mediated induction of aromatase was also
highlighted by findings demonstrating that silencing of HIF1a was sufficient to
abolish the effect of PGE2. These data were also supported by studies performed
on clinical samples. By performing double immunohistochemistry on breast tissue
samples from cancer-free and breast cancer patients, a positive association
between HIF1a and aromatase was also demonstrated in vivo.

The breast cancer susceptibility gene BRCA1 has also been implicated in
promoter II/1.3 regulation. In human adipose stromal cells, it was found that
knockdown of BRCA1 leads to a significant increase in aromatase transcript
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expression [158]. A number of additional studies were then undertaken to char-
acterize the role and regulation of BRCA1-dependent inhibition of aromatase in
the context of breast cancer. PGE2 was found to decrease BRCA1 transcript
expression in stromal cells, and silencing of BRCA1 in stromal and breast cancer
cells led to a significant increase in promoter I.3/II-specific aromatase transcripts
[159, 160]. Interestingly, these effects were found to be mediated by EP receptors
2 and 4 [130]. Findings that BRCA1 is a negative regulator of aromatase
expression were also confirmed in BRCA1 mutation carriers, where the lack of
functional BRCA1 protein correlated with higher promoter II/I.3 and I.4-specific
transcripts in breast adipose [161].

In breast epithelial cells, the regulation of aromatase has been found to differ
from what is observed in adipose stromal cells. One important difference is the
lack of induction of promoter I.3/II in response to activation of CREB, and this
may be due to the actions of transcriptional repressors described below. A tran-
scription factor which has been shown to increase epithelial cell aromatase but not
stromal cell aromatase, is estrogen-related receptor a (ERRa) [162]. This protein
interacts with promoter I.3 in a region called silencer element 1 (S1) located
133–104 bp upstream of the transcription start site and overlaps with the SF-1
element located –136/–124. In SK-BR-3 breast cancer cells, ERRa causes an
increase in promoter I.3 activity, however, this transcription factor has no effect on
promoter I.3/II activity in 3T3-L1 preadipocytes. In epithelial cells, aromatase
expression is suppressed by a number of transcriptional repressors, including
COUP-TF1 and EAR-2, which interact with the S1 region [163]. The mechanism
of inhibition is likely to involve competition with ERRa for the S1 region. Other
transcriptional repressors, which may account for the inability of forskolin to
increase aromatase expression in epithelial cells, include SnaH and Slug [164].
These factors bind to a region which overlaps with the distal CRE of aromatase
promoter I.3/II and inhibit promoter activity in breast cancer cell lines. Of interest,
the expression of these transcriptional repressors was also found to be decreased in
breast tumor epithelial cells compared to healthy breast epithelial cells.

4.5.2 Leptin

Leptin has been shown to stimulate aromatase expression in both breast cancer cells
and in adipose stromal cells. Catalano et al. demonstrated that in MCF-7 cells, leptin
treatment was associated with an increase in aromatase transcript and protein
expression as well as activity [165]. The authors demonstrate that leptin acts via
MAPK and STAT3 to increase aromatase promoter I.3/II activity, dependent on the
AP-1 motif present in the aromatase promoter. In human breast adipose stromal
cells, leptin was shown to stimulate aromatase expression with effects being med-
iated via LKB1/AMPK [132]. More precisely, leptin was shown to decrease LKB1
expression and phosphorylation of AMPK at Thr172, and lead to the increased
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nuclear localization of CRTC2. This was also associated with an increased binding
of CRTC2 to promoter II. In this case, the effects of leptin were similar to those
demonstrated for PGE2 and it is plausible that both factors, increased in obesity, act
together to increase aromatase expression and hence estrogen production. Studies
using intra-abdominal preadipocytes demonstrated that those from men and women
responded differently to leptin treatment [166]. In men, leptin stimulated aromatase
transcript expression while no significant effect could be detected in cells isolated
from women. Findings in women may be dependent on menopausal status and site of
origin. More specifically, cells obtained in the study of Brown et al. were from breast
adipose from postmenopausal women whereas cells in the study of Dieudonné et al.
were from abdominal adipose depots from premenopausal women.

4.5.3 Adiponectin

Contrary to leptin, adiponectin’s effect on aromatase in breast adipose was shown
to be inhibitory [132]. This involves the stimulation of AMPK and hence inhibi-
tion of CRTC2 nuclear entry and binding to promoter II, thereby leading to the
inhibition of aromatase expression. Of interest, adiponectin also stimulated the
expression of LKB1 thereby providing a mechanism for the increased activation of
AMPK by adiponectin in primary human breast adipose stromal cells. This was
also one of the first indications that activation of AMPK was associated with
inhibition of aromatase, suggesting that AMPK could be targeted therapeutically
to treat hormone receptor positive breast cancer.

4.5.4 IL-6

IL-6 alone and in combination with its soluble receptor (IL-6sR), has been shown
to stimulate aromatase activity in isolated adipose stromal cells [167]. In this
study, the authors found that IL-6sR caused a 21-fold stimulation in aromatase
activity in the presence of IL-6, which was markedly higher than that observed for
IL-6 alone. Additional experiments demonstrated that IL-6sR was secreted from
MCF7 breast cancer cells, as well as lymphocytes and macrophages, thereby
providing evidence for cross-talk between these cell types.

4.5.5 TNFa

TNFa was first shown to stimulate aromatase activity in the presence of dexa-
methasone in human breast adipose stromal cells in 1994 [168], and later shown to
stimulate transcription of aromatase by specifically activating promoter I.4 [169].
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In this later study, it was also demonstrated that TNFa caused an increase in c-fos
and c-jun protein expression, and that these proteins bound to an imperfect AP-1
binding site found 500–494 bp upstream of the transcription start site within
promoter I.4. As mentioned above, binding of the glucocorticoid receptor is
absolutely required for activation of promoter I.4 and explains the need to add
glucocorticoids such as dexamethasone when stimulating with TNFa. An addi-
tional mechanism for the TNFa-mediated regulation of promoter I.4 was recently
revealed when it was demonstrated that induction of promoter I.4-specific tran-
scripts by TNFa requires early growth response (Egr) factors in stromal cells
[170]. TNFa was shown to induce Egr expression, and this was abrogated in the
presence of the MAPK inhibitor U0126, suggesting that NFjB and MAPK are
involved in the regulation of Egr proteins by TNFa [171]. The mechanism of
aromatase regulation by Egr factors is still unknown. However, these were shown
to require a short region of promoter I.4 proximal to the transcription start site,
without directly binding to the promoter [170]. A positive feedback loop between
estrogens and TNFa signaling has also demonstrated in adipose stromal cells
whereby estradiol stimulates the expression of TNF receptors TNFR1 and TNFR2
and in addition to contributing to increased aromatase expression also inhibits
adipocyte differentiation [172].

In addition to PGE2, p38 MAPK and JNK are also activated by TNFa, but
unlike PGE2, activation by TNFa does not lead to an increase in aromatase pro-
moter II activity.

4.5.6 Insulin and IGF-1

In 1989, it was demonstrated that insulin had no effect on aromatase activity in
human adipose stromal cells in culture either alone or in combination with
(Bu)2cAMP [173]. Lueprasitsakul et al. later demonstrated that although insulin
and IGF-1 has no effect on aromatase activity on their own, that they markedly
attenuated the stimulatory effect of (Bu)2cAMP and significantly increased the
dexamethasone-induced activity of aromatase [174]. The much higher concen-
trations of insulin tested compared to the initial study suggested that insulin and
IGF-1 act via the IGF-1 receptor in these cells and account for the discrepancy in
results between both studies. Consistent with these findings, a study by Schmidt
et al. also demonstrated that insulin increased the cortisol/serum-mediated
induction in aromatase activity in breast adipose stromal cells [175]. Of interest,
IGF-1 has also been shown to stimulate aromatase activity in MCF-7 and T47D
breast cancer cells stably transfected with aromatase, suggesting that IGF-1 may
impact posttranslational regulation of aromatase [176].
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4.5.7 Other Tumor-Derived Factors

Conditioned medium from the breast cancer cell line T47D has been shown to
stimulate aromatase promoter II activity in human adipose stromal cells [177].
This was shown to be cAMP-independent and further studies were undertaken to
elucidate the key transcription factors involved. Using deletion constructs of the
promoter II reporter, Zhou et al. demonstrated that this induction was dependent on
a region located -517 to -278 bp from the transcription start site. Site directed
mutagenesis allowed the specific region involved to be pinpointed to a CAAT/
enhancer binding protein (C/EBP) binding site located 317–304 bp upstream of
the transcription start site. Using EMSA, it was shown that this region interacts
with C/EBPb and C/EBPd, thereby providing a molecular mechanism for the
T47D-mediated induction of promoter II in adipose stromal cells.
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Chapter 5
Therapy Aimed at Breaking the Linkage
Between Obesity and Breast Cancer

5.1 Effect of Obesity on Endocrine Therapy Efficacy

Current endocrine therapy involving aromatase inhibitors is first line therapy for
estrogen receptor positive breast cancer. Higher adiposity is associated with higher
aromatase expression hence it has been hypothesized that endocrine therapy may
not be as effective in overweight and obese individuals.

When examining the impact of BMI on standard chemohormonal therapy
efficacy and patient survival, women who had hormone receptor-positive tumors
had a poorer response and a shorter disease free survival compared to HER-2/neu
overexpressing or triple negative tumours [178]. Consistent with this, Chen et al.
demonstrated that women with a BMI C 25 were 55 % less likely to achieve
pathological complete response to neoadjuvant chemotherapy in Chinese women
[179]. Interestingly, Sendur et al. demonstrated that BMI had no effect on disease-
free survival following aromatase inhibitor use [180]. However, the Breast
International Group (BIG) 1–98 study, whereby postmenopausal women received
either tamoxifen or letrozole in the adjuvant setting, demonstrated that obese
patients had poorer overall survival (HR = 1.19; 95 % CI = 0.99 – 1.44) com-
pared to healthy weight women [181]. There was no difference between the
treatment groups.

Nevertheless, Suzuki et al. have recently reviewed the literature relating to the
impact of BMI on outcomes of endocrine therapy for women with breast cancer
and found that a number of studies suggested that the efficacy of aromatase
inhibitors, but not tamoxifen, was affected by BMI [182]. Consistent with this
observation, analysis of the ABCSG-06 trial demonstrated that overweight and
obese women with breast cancer treated with tamoxifen and the aromatase
inhibitor aminoglutethimide had an increased risk of distant recurrences (hazard
ratio: 1.67; Cox P = 0.03) and a worse overall survival (hazard ratio: 1.47; Cox
P = 0.11) compared with normal weight patients, whereas there was no difference
in the different BMI groups for tamoxifen alone [183]. In the ATAC study
examining the effect of the non steroidal aromatase inhibitor arimidex versus
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tamoxifen, alone or in combination, women with a high BMI had a significantly
worse response to the aromatase inhibitor, whereas efficacy of tamoxifen was not
impacted by BMI [184]. Similarly, the BRENDA-cohort study demonstrated obese
women tended to benefit more from tamoxifen compared to aromatase inhibitors
[185]. Conversely, data obtained from studies using the steroidal aromatase
inhibitor exemestane demonstrate that it is more beneficial than tamoxifen in obese
patients [182], suggesting that the mechanism by which BMI impacts on aroma-
tase inhibitor efficacy depends on the type of aromatase inhibitor.

When comparing aromatase inhibitors directly, it was demonstrated that the
suppression of estradiol and estrone was greater with letrozole than with anas-
trozole, across all BMI groups [186] and Dorio et al. demonstrated that the impact
of aromatase inhibitors on plasma estradiol was not affected by BMI [187].

5.2 Targeting Obesity-Related Estrogen Biosynthesis

5.2.1 Weight Loss, Exercise and Bariatric Surgery: Effect
on Breast Cancer Risk and Estrogen Levels

Observational data from recent studies suggests that weight loss reduces the risk
for breast cancer [188]. Dietary energy restriction and the prevention of breast
cancer is still a topic for debate, however, largely because of difficulties with
successfully implementing these types of diets in humans. Nevertheless, con-
vincing data has emerged with short term or intermittent dietary energy restriction
in humans and in animal studies. Of note, intermittent dietary restrictions in mice
is associated with a reduction in mammary carcinogenesis compared to weight-
matched animals which were chronically energy restricted [189], suggesting that
the more easily achieved intermittent dietary restriction may be beneficial in
humans. Dietary energy restriction has been shown to be associated with beneficial
changes in a number of cancer-promoting factors, including insulin sensitivity,
glucose availability, IGF-1, sex hormone binding globulin, and estradiol and
progesterone [reviewed in 188].

Physical activity on the other hand is associated with improved breast cancer
survival. Women meeting physical activity requirements are also less likely to
report above-average pain [52] and have a significant reduction in inflammatory
markers, including IL-6 [190]. In a review of nine small randomized control trials
examining the effect of physical activity on biomarkers in breast cancer survivors,
five studies demonstrated a significant beneficial effect on circulating levels of
insulin, IGF-I, IGF-II and IGFBPs [191]. It was also noted that inflammatory
markers were decreased.

Weight loss has recently been shown to be associated with a decrease in plasma
estradiol levels in postmenopausal women (Fig. 5.1). Specifically, in a study by
Jones et al. estradiol decreased by 12.7 % for every BMI unit (kg/m2) lost [192].
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Fig. 5.1 Targeting obesity-related estrogen biosynthesis. Weight loss, anti-diabetics, aromatase
inhibitors and a number of other therapies have been shown to decrease estrogen biosynthesis and
circulating estrogens, and hence, may prove useful in the treatment of obesity-related
postmenopausal breast cancer
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Consistent with physical activity studies, weight loss has also been shown to
decrease the level of pro-inflammatory proteins in obese women [193–196].
However, there are no convincing studies examining the relationship between
weight loss and breast cancer risk. This is largely due to difficulties in ascertaining
the amount of weight loss and the duration of sustained weight loss necessary
when designing clinical studies. This results in difficulties in interpreting con-
flicting studies and more so in designing more comprehensive ones. Moreover,
many individuals struggle to lose weight via traditional methods focused on
healthy eating and exercise, and resorting to alternative methods of weight loss or
disease control becomes a necessity. On the other hand, weight loss as a result of
bariatric surgery has been shown to be associated with improvement of insulin
resistance, decreased inflammation, as well as beneficial modulation of adipokines
and sex hormones [reviewed in 197], and women who have undergone this pro-
cedure have a reduced risk of developing many obesity-related cancers, including
that of the breast [198].

5.2.2 Insulin Sensitizers and Anti-diabetics

The commonly used anti-diabetic drug metformin has received much attention in
the past decade for its potential as a cancer therapeutic. This stems largely from
observational studies demonstrating that metformin use in diabetics is associated
with a significant decrease in the risk of developing a number of cancers, including
that of the breast [199, 200]. Use of metformin in the neo-adjuvant setting is
associated with a significant decrease in breast tumor proliferation as well as an
increase in tumor cell apoptosis. A study by Niraula et al. demonstrated that
500 mg three times/day given to women after their diagnostic biopsy for a medium
of 18 days caused a 3 % reduction in Ki67 staining and an almost twofold increase
in TUNEL staining [201]. In this study, use of metformin was also associated with
a 0.5 kg/m2 reduction in BMI. Metformin action appears to be mediated by
causing changes in ATP levels within cells. This occurs via a number of con-
verging mechanisms including inhibition of complex I in the mitochondrial
electron transport chain [reviewed in 202]. The net effect is a lowering of ATP,
leading to an increased ratio of AMP to ATP, known to stimulate AMPK. As a
consequence of this observation, the use of metformin in settings where AMPK is
important, including metabolism, cell proliferation and estrogen biosynthesis, has
been explored. Indeed, metformin causes the inhibition of proliferation of a
number of endocrine-related cancer cells, including that of the breast [203–206]. In
MCF-7 breast cancer cells, treatment with metformin leads to the regulation of a
number of genes responsible for cell cycle arrest, including p27Kip1 and p21Cip1
[204]. Metformin has also been shown to inhibit mTOR and as a consequence,
decrease translation initiation and protein synthesis [207]. The effect of metformin
on cancer cell growth has also been shown to be dependent on the presence of
LKB1 as LKB1-deficient cell lines do not respond to metformin treatment.
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The effect of metformin on aromatase expression in breast adipose has also
recently been described (Fig. 5.1). It was demonstrated in isolated human breast
stromal cells, that consistent with its role to activate AMPK in other tissues,
metformin stimulated AMPK and caused the cytoplasmic sequestration of CRTC2
in breast stromal cells at micromolar concentrations [208]. This study also pro-
vided a novel mechanism for AMPK activation, namely, via the increased
expression of LKB1. A subsequent study demonstrated that metformin acted
specifically on aromatase promoter I.3/II, with no effect on promoter I.4 [209].
This suggests that metformin may be beneficial in the treatment of hormone
receptor positive breast tumors without the side-effects associated with current
endocrine therapy use.

Other antidiabetics, including troglitazone and rosiglitazone have also been
shown to have an effect on aromatase expression in the breast adipose (Fig. 5.1). In
a study by Rubin et al. it was shown that both PPARc agonists troglitazone and
rosiglitazone, which are known to stimulate adipocyte differentiation, inhibit the
promoter I.4-driven expression of aromatase [210]. Using Southern blotting, it was
demonstrated that these ligands inhibited aromatase transcript expression in
oncostatin M or TNFa/dexamethasone-treated primary human breast adipose
stromal cells. Moreover, luciferase expression was decreased in aromatase pro-
moter I.4 reporter assays in 3T3-L1 cells treated with troglitazone or rosiglitazone.
Of interest, troglitazone also inhibited the forskolin/phorbol ester-mediated
expression of aromatase and reporter assays confirmed that effects were dependent
on inhibition of aromatase promoter II activity [211]. Nevertheless, EMSAs were
unable to demonstrate interactions of PPARc with the aromatase promoter, sug-
gesting that the effects observed were indirect. This is not unexpected as it is well
established that aromatase expression is decreased during the differentiation
process.

5.2.3 Other Targeted Therapies

The identification of LRH-1 as a modulator of aromatase, as well as its multiple
direct effects on tumor cell growth [212–214] and its tissue-specificity, has led to
the hypothesis that inhibition of LRH-1 may lead to breast specific inhibition of
estrogen production and cancer cell growth. The search for antagonists or inverse
agonists for the receptor has been an ongoing quest, complicated by the fact that
the receptor appears to act in the absence of ligand. Recently, Busby et al. iden-
tified two inverse agonists for LRH-1, ML179 and ML180, which had IC50 values
in the high nanomolar-low micromolar range against aromatase promoter activity
[215]. These studies are still in relative infancy but show promise with regards to a
new generation of aromatase inhibitors which would act specifically in the breast.

Other factors, including microtubule-stabilizing agents paclitaxel and 2-
methoxyestradiol, have been shown to inhibit TNFa, PGE2 and IL-6-mediated
aromatase activity in breast stromal cells [216]. Whether these agents also affect
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bone aromatase is not known. Sodium butyrate has been shown to be promoter
selective by decreasing ATF-2 phosphorylation and complex formation with C/
EBPdelta and CBP and hence, leads to inhibition of promoters I.3/II but not
promoters I.1 or I.4 [217].

Melatonin has also recently been explored for its potential as a breast cancer
therapeutic. Higher levels of melatonin have been shown to be inversely associated
with breast cancer risk and melatonin levels are known to decrease with aging. The
inhibitory effects of melatonin on breast cancer could be explained, at least in part,
by the noted inhibitory effects of melatonin on the expression of inflammatory
factors TNFa, IL-6 and IL-11, known to stimulate the desmoplastic reaction by
inhibiting adipocyte differentiation [218]. A recent study, however, has demon-
strated that melatonin can also inhibit the transcription of aromatase driven by
promoters I.3/II, as well as promoter I.4, in cancer-associated breast stromal cells
[219]. Furthermore, melatonin inhibited the PGE2-stimulated activity of aromatase
in these cells. These results therefore provide an additional mechanism whereby
aromatase, and hence estrogen production, is increased in adipose tissue with
aging, and suggests that melatonin may be useful as a therapeutic.

Prostaglandins are a major driver of aromatase expression in breast cancer and a
number of studies have examined the effect of inhibiting prostaglandin synthesis
on aromatase expression and activity. An in vitro study by Diaz-Cruz et al.
demonstrated that nonsteroidal anti-inflammatory drugs, as well as COX-1 and
COX-2 selective inhibitors, potently inhibited aromatase expression and activity in
breast cancer cells [220]. A parallel study from the same group demonstrated that
COX-1 and COX-2 specific inhibitors suppressed aromatase promoters I.3/II- and
I.4-specific aromatase transcripts at micromolar concentrations, but had no effect
on promoter I.1-specific transcripts [221].
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Conclusions

These studies highlight the possibility of targeting the promoter-specific
expression of aromatase and hence the tissue-specific biosynthesis of estrogens.
One of our major research focuses remains the identification of therapies which
would target breast estrogen formation without affecting estrogen biosynthesis in
other tissues, in the bone and brain for example, where estrogens are beneficial.
The elucidation of the gene structure and a better understanding of the regulation
of aromatase expression in breast tissue has strengthened the rationale for this
hypothesis and a number of lead compounds are now being examined clinically.
One possibility remains the combination of novel therapies with existing
aromatase inhibitors, but in order to obviate the currently experienced side-
effects, further studies are required to determine whether a dose-dependent
relationship of aromatase inhibitors exists in healthy weight and obese individuals
and whether lower doses, alone or in combination, are as effective. Achieving this
goal would improve compliance and ameliorate patient quality of life during and
after treatment.

K. A. Brown and E. R. Simpson, Obesity and Breast Cancer,
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