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ABSTRACT

Obesity is a growing problem in the Western world and has been strongly linked to post-menopausal breast
cancer. After menopause, adipose tissue assumes a major role in estrogen production, primarily because it
expresses aromatase, which is critical in estrogen synthesis. Obese women have higher levels of circulating
estrogen and lower levels of sex hormone-hinding globulin. Free estrogen can promote fat deposition in the
breast, which further increases local breast estrogen production. Estrogen promotes ductal proliferation by
interacting with intracellular receptors, especially estrogen receptor-au (ER-ot), but also through a host of
membrane receptors like G protein-coupled receptor 30, which terminate on cyclin D1 activation, amongst
other signals. Supplemental estrogen for this process can be provided by local macrophages and stromal
cells. Excessive ductal proliferation is associated with accumulation of mutations in various genes, including
HERZ2/neu, DIRAS3, TP53 and ESR'7, which promote aberrant cell proliferation. This process is aided by
genotoxic estrogen metabolites and by increased enterohepatic circulation of estrogen byproducts. In addition,
hyperestrogenemia inhibits ubiquitin-mediated receptor degradation, hence promoting ER expression in tumor
cell lines. Other adipacytokines, like leptin, interleukin-6, adiponectin and insulin, have also been linked to breast
cancer, with several molecular cross-interactions with ER signaling pathways.
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INTRODUCTION

Obesity is an ever-growing problem owing to a lifestyle poor
in physical activity and rich in carbohydrate and lipid-laden
food. Obesity has been linked to numerous malignancies,
including colon cancer, endometrial cancer, renal cell carcinoma,
esophageal adenocarcinoma and post-menopausal breast cancer,
to such an extent that current data suggests that in non-smokers,
obesity is the most important avoidable cause of cancer [1,2].
In the context of breast malignancy, adipose tissue provides
a wealth of hormones that help in sustaining tumor growth.

ESTROGEN SYNTHESIS AND ACTION

In premenopausal women, the production of estrogen is largely
the function of the ovaries, which are under the control of
pituitary-derived gonadotropin-releasing hormone, follicle-
stimulating hormone and luteinizing hormone. These in turn
stimulate odgenesis in the ovary, with the granulosa cell acting
as the main center for estrogen production, synthesizing this
from cholesterol-derived androstendione produced by the
theca interna [3,4]. This C-19 to C-18 steroid conversion is
mediated by aromatase; a p450 heme-protein derived from
transcription of the CYPI9 gene [4,5]. Aromatase converts

androstendione to estrone (K1), which can be subsequently
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converted to 17 B-estradiol (E2) through the enzyme 17
B-hydroxysteroid dehydrogenase. The third main estrogen,
estriol (E3), is synthesized largely during pregnancy by the
placenta, through a dehydroepiandrosterone sulfate (DHEA-S)
intermediate produced in the fetal adrenal gland. Aromatase is,
once again, involved in the conversion of DHEA-S to E3. In the
non-pregnant female, E1 levels are the lowest of the three main
estrogens, while those of E2, which is the main active hormone,
are the highest [3].

In postmenopausal women, the ovaries cease production
of estrogen and adipose tissue, together with other tissues,
assumes a major role in estrogen secretion. Adipose tissue 1s
well adapted for such roles, as it is rich in aromatase [4,5].
Estrogen levels have been shown to increase proportionally
with increasing adipose body mass [4,6], with high-body mass
index patients having significantly higher levels of free estrone
and free estradiol when compared to non-obese patients [7].
Furthermore, obesity is associated with reduced levels of sex
hormone-binding globulin, which results in higher levels of
free, bioactive, circulating estrogen level [§].

Both estrogens and androgens promote the deposition of
adipose tissue in the hypodermis. However, while androgens
promote selective deposition in the abdominal region
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(L.e. central obesity), estrogens promote selective deposition in
breast tissue and thighs [9]. Hence, one can propose a positive
feedback system, which propagates further local breast estrogen
synthesis in obese patients, as more adipose tissue deposits with
further rising estrogen levels.

Estrogen acts through a host of cellular mechanisms. The
estrogen receptors (ERs) are a functionally diverse class of
proteins, which belong to the nuclear receptor superfamily [10].
The receptors function as ligand-dependent nuclear transcription
factors. Two forms of the receptor have been identified; referred
to as the alpha and beta variants (ER-ot and ER-f respectively).
Both receptors have similar structures, being composed of six
domains, labeled A through I Domains A and B are able to
weakly activate gene transcription in the absence of bound
ligand, allowing ligand-independent basal transcription rates.
The C domain is a deoxyribonucleic acid (DNA)-binding
domain that binds to estrogen-response elements in the genome.
Domains E and F comprise the ligand-binding domain, which
binds to estradiol, together with coactivators and corepressors.
The D domain is a hinge region [3]. Once the receptor is
bound to ligand, the receptor dimerizes to form homodimers or
heterodimers (ER-o/a, ER-B/B or ER-0yB) [11]. The classically
described physiological pathway for estrogen cellular activity is
that the estrogen receptor dimerizes when bound to ligand and
migrates to the nucleus to promote or repress transcription of
specific estrogen-response elements. The transcription process
takes hours to days to completely fulfill [12].

MOLECULAR LINKS BETWEEN ESTROGEN AND
BREAST CANCER

Breast cancer cells often exhibit hormone-dependent growth,
with ERs being expressed in over 50% of tumors [13]. The
ER-o variant seems to be very important in the pathogenesis
of breast cancer, however, the function of the ER-B form is
poorly understood, although many cancers express both receptor
variants [14]. One experiment demonstrated that activating
expression the ER-B variant in an ER-o-producing cell line
actually suppresses of tumor growth [15].

The mechanisms behind the ER and breast cancer proliferation
must lie in an aberration of the normal physiology behind hormone-
mediated duct proliferation. Estrogen acts in concordance with
other hormones to mediate its effect on breast tissue, with
growth hormone and insulin-like growth factor-1 (IGF-1) being
the main concordant hormone axis involved. ER-o stimulates
growth through a host of mechanisms which terminate on the
epidermal growth factor receptor (EGFR). The main postulated
mechanism is that activated ER-o stimulates A disintegrin and
metalloproteinase (ADAM)-17 on the membrane of mammary
epithelial cells, which promotes cleavage of membrane-bound
pro-amphiregulin to amphiregulin. The latter stimulates EGFR
on nearby stromal cells. Poorly characterized downstream EGFR
signals, including fibroblast growth factor (FGF) and matrix
metalloproteinase Type II (MMP2) are thus activated [16-18].
FGE together with other factors, can promote activation of cyclin
D1 promoting G,-to-S-phase transition during cell division [19].
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Moreover, MMP2, which is a gelatinase degrading Type IV collagen,
is important in stromal loosening, allowing tubular epithelium to
branch and invade surrounding stroma [20].

The initiating insult for breast cancer, as for many other
malignancies, remains poorly characterized. However, increased
estrogen concentrations in obesity may work indirectly by
promoting accelerated cellular division, which may, in itself,
compromise the integrity of cellular DNA, resulting in an
accumulation of mutations, hence promoting carcinogenesis.
Other unclear mechanisms have linked a hyperestrogenemic
state with decreased rates of ubiquitin-mediated receptor
degradation [21], hence allowing sustained estrogen receptivity
in tumors without the expected cellular receptor desensitization.
Various somatic mutations have been described in breast cancer,
including mutations in the HER2/neu gene, which in itself
encodes an EGFR and which is overexpressed in up to 30% of
breast cancers [22], DIRAS3, which encodes a G-protein-coupled
receptor (GPR) normally involved in down-regulating cellular
growth signals [23], and TP53, which encodes p53, an important
tumor suppressor gene which controls of cell growth and DNA
integrity [24]. Other mutations have also been described in the
ER itself. Mutations in the ESRI gene (6q25.1), which codes for
ER-o., can greatly increase the affinity of the receptor for estrogen
and can, in rare cases, promote estrogen-independent signaling.
Amongst these mutations are the Pyull and Xbal restriction site
polymorphisms, which involve mutations in the first intron of the
gene. Mutations in the promoter region can also result in gene
amplification [25]. In one study, analysis of the ESR1 gene in 118
receptor-positive cases revealed several nucleotide polymorphisms,
which implies that mutations in the ER seems to play a key role
in the pathogenesis of some forms of breast cancer [26].

The importance of estrogen in the pathogenesis of breast cancer
seems so great that several breast cancer cells have been found to
scerete preproopiomelanocortin (POMC). POMC can be broken
down to adrenocorticotropic hormone, which can subsequently
influence the adrenocortical zona fasciculata and reticularis to
release sex steroids [27]. Moreover, it has been shown that the
macrophages and lymphocytes that infiltrate breast tissue also
express high levels of aromatase [4,28-30]. These macrophages
can produce interleukin-1 (IL-1), which further promotes
expression of the enzyme [31]. This local estrogen is probably
even more important than circulating estrogen in pathogenesis,
as it stimulates cancer cells in a paracrine fashion [29].

The classical ER is not, however, the only receptor involved
in estrogen-mediated breast cancer pathogenesis. Various
other receptors have been implicated, including the protein G
protein-coupled receptor 30 (GPR30), which is a G-protein-
coupled, membrane-bound ER, which stimulates the
phosphatidylinositol (PI3K) cascade when triggered, part of
which involves activation of cyclin D1 [32,33], Increased PI3K
expression 1s a feature of the pathogenesis in many forms of
human breast cancer [34]. The role of this receptor seems to
be particularly high in cases of triple-negative breast cancer,
where GPR30 is often overexpressed, and mediates estrogen-
dependent growth [35]. This receptor has thus provided a novel
target in the treatment of triple-negative breast cancer.
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The effects of estrogen on breast cancer are also present
by virtue of its unique metabolism. Both El and E2 are
metabolized in the liver to 2- and 4-hydroxyestradiol
through a host of cytochrome complexes. These compounds
are subsequently eliminated by virtue of sulfation and
glucuronidation, either directly or indirectly via conversion
to 2- and 4-hydroxyestradiol intermediates. Sulfated and
glucuronidated estrogens are subsequently eliminated in
bile [3]. However, 4-methoxyestradiol in particular, can also
be metabolized to a host of quinone derivatives, particularly
3,4-quinones. These metabolic byproducts can integrate with
DNA, namely adenine and guanine nucleotide residues. These
adducts are cither depurinated or result in inappropriate base
pairing during DNA synthesis [36,37]. Novel mechanisms
have also implicated the importance of gut microflora in the
pathogenesis of breast cancer. Certain gut microorganisms
interact with the aforementioned metabolic pathway by
deconjugating and desulfating estrogen metabolic products,
hence releasing free lipophilic estrogen derivatives that can
be reabsorbed as part of the enterohepatic circulation [38].
Moreover, it has been shown that certain gut microbes can
synthesize estrogens from bile steroids, the bowel concentration
of which is directly proportional to oral intake of lipids [39].

OTHER ADIPOCYTOKINES AND BREAST CANCER

It is highly unlikely that estrogen is the only link between
obesity and breast cancer. Adipose tissue produces a host of
other substances, referred to as adipocytokines, each of which
can play a role in carcinogenesis.

Leptin, which is coded for by the ob gene, is important in the
control of saticty. Studies have shown that both leptin and the
leptin receptor are overexpressed in breast cancer tissue. Binding
of leptin with its receptor activates both mitogen-activated
protein kinase (MAPK) and PI3K signaling pathways, which
are highly mitogenic in breast cancer tumour cell lines [40].
Leptin has been shown to increase the expression of ER-o, hence
potentiating the effects of estrogen on breast cancer [41]. It also
promotes the expression of local aromatase, which increases
estrogen concentration [42]. Morcover, crosstalk has been
demonstrated between the leptin receptor and the HERZ/neu
receptor, with the leptin receptor being able to transactivate
the HER2/neu receptor, promoting epidermal growth factor-
independent signaling [41].

IL-6 is another adipocytokine that is produced in high
concentrations in obese individuals. I1-6 works in a similar
fashion to IL-1, promoting the synthesis of aromatase in
macrophages and other white cells in breast cancer tissue [30].
IL-6 also increases the transcription rate of ER-ovin breast cancer
cells [43], acting similar to leptin in this respect. In addition,
IL-6 reduces the expression of the cell adhesion molecules
E-cadherin, Twist and Snail in ER positive breast cancer cells,
which seems to be important in the pathogenesis of breast
cancer metastasis [44]. This may, in part, explain the poorer
prognosis in obese women [7].
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Interestingly, adipose tissue also produces an anti-neoplastic
hormone, referred to as adiponectin. Breast cancer cells
express both AdipoR1 and AdipoR2 receptors and binding of
adiponectin to these receptors is associated with decreased
levels of cyclin A2 and activation of BAX-induced apoptosis.
However, estradiol has been found to suppress expression of
both receptors, hence increasing the malignant potential of
breast tumour cell lines [45].

The importance of insulin in breast cancer is less clearly
understood. Many studies have associated obesity with increased
insulin resistance and thus, increased basal levels of insulin [46]. It
has been found that insulin has potent effects on the proliferation
of estrogen-dependent breast cancer cells. Crosstalk between
estrogen and insulin signaling pathways has been demonstrated
[47]. Interactions between the insulin-insulin receptor complex
and unliganded ER-ot are known to occur. These interactions
are associated with ligand-independent activation of the ER-o
receptor [48]. Furthermore, insulin has been shown to act as
a mitogen, binding avidly to tumor cells and promoting the
phosphorylation of MAPK and potently activating the Sonic
Hedgehog (She) pathway. The latter pathway stimulates the
enzymes farnesyl transferase and geranylgeranyl transferase.
These enzymes are involved in transferring the appropriate lipid
residues (i.e. a farnesyl or a geranylgeranyl residue) to proteins
like p21. Prenylation of p21 is associated with increased cellular
oncogenic activity [49]. Insulin can also act by increasing the local
production of vascular endothelial growth factor in breast cancer
tissue, which promotes neoangiogenesis and vascularization of the
tumor. This can, in turn, increase the chance of hematogenous
metastasis. Morcover, insulin can promote the production
of hepatic insulin-like growth factor 1 [50], which binds to
overexpressed IGF-1R receptors on breast cancer cells. These are
receptor tyrosine kinases which autophosphorylate upon binding
to IGF-1, subsequently activating downstream signaling events
that are involved in cell division. Moreover, crosstalk has also been
demonstrated between IGF-1R and the ER [51].

CONCLUSION

Opverall, it can thus be seen that estrogen plays important roles
in carcinogenesis. So critical is estrogen in the pathogenesis
that this has manifested itself as a difference in therapy
between obese and normal weight individuals, with one
study demonstrating that 26% of obese individuals receive
endocrine chemotherapy, as opposed to only 13% of normal
weight patients [52]. Clinically, a loss in body weight by
10% has been shown to reduce the serum concentrations of
estrogen, leptin, insulin and pro-inflammatory cytokines and
to increase the concentration of sex hormone-binding globulin
and adiponectin [53,54], which may be of significant benefit in
those with ER positive malignancies.
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