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Membrane-associated Estrogen Receptor Signaling 
Pathways in Human Breast Cancer

The diagnosis of breast cancer falls into two broad categories, 
either estrogen receptor (ER)-positive or ER-negative, based on the 
level of ER in the cancer cells [1]. ER is expressed in about 60% of 
all breast cancers. ER-positive breast cancer generally has a better 
prognosis, and is often responsive to antiestrogen therapy [2]. In 
contrast, ER-independent breast cancers are more aggressive and 
unresponsive to antiestrogens [3]. Although estrogen does not appear 
to directly cause the DNA mutations that trigger the development 
of human cancer, estrogen does stimulate cell proliferation [4]. 
Therefore, if one or more breast cells already possesses a DNA 
mutation that increases the risk of developing cancer, these cells will 
proliferate (along with normal breast cells) in response to estrogen 
stimulation (Figure 1). The result will be an increase in the total 
number of mutant cells, any of which might thereafter acquire the 
additional mutations that lead to uncontrolled proliferation and the 
onset of cancer. In other words, estrogen-induced cell production 
leads to an increase in the total number of mutant cells that exist 
[5]. These cells are at increased risk of becoming cancerous, so the 
chances that cancer may actually develop are increased. Even in 
women who do not have any mutant breast cells, estrogen-induced 
proliferation of normal breast cells may still increase the risk of 
developing cancer. Proliferation of normal cells from exposure to 
estrogen creates a vulnerability to spontaneous mutations, some of 
which might represent a first step on the pathway to cancer (Figure 
2).

Targeted Therapy of Metastatic Breast Cancer
Breast cancer is a heterogeneous disease characterised by a 

dysregulation of multiple pathways related to cell differentiation, 
cell cycle control, apoptosis, angiogenesis and development of 
metastasis. Acting against these pathways provides therapeutic 
targets for new targeted biologic therapies, which, in the future, 
might constitute a key for fighting cancer [6,7]. The development 
of molecular technology in recent years has allowed a further 
comprehension of these mutations and dysregulated pathways 
leading to oncogenesis. New targeted biologic therapies will block 
essential functions of cancer cells and tumour stroma [8]. A growing 
number of therapy options, alone or in combination with background 
treatments (chemotherapy, hormone therapy, radiotherapy), will 
allow oncologists a better adaptation of treatment to patients 
and disease characteristics. Examples of approved targeted agents 
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Abstract
Breast cancer is one of the most frequently diagnosed cancers among women, with an estimated 184,450 new cases 

of invasive disease and 40,930 deaths in 2008. There is strong evidence that estrogen plays a role in its development 
and progression. Breast cancer remains a significant public health problem despite advances in the understanding of 
the molecular and cellular events that underlie the disease. Crucial pathways regulating the cell cycle, proliferation and 
survival of breast cancer cells have been investigated and aberrant components of these pathways have been exploited 
as new drug targets.

in breast cancer include agents targeting the human epidermal 
growth factor receptor 2 (HER2), such as trastuzumab and lapatinib 
[8,9]. Lapatinib is a unique, orally bioavailable, small-molecule dual 
tyrosine kinase inhibitor that targets tumor cells overexpressing both 
human epidermal growth factor receptor (EGFR; ErbB1) and ErbB2 
tyrosine kinases. Lapatinib inhibition of ErbB1 and ErbB2 kinase 
activity prevents the activation of downstream cellular signals that 
promote tumor cell survival and proliferation. Using a rational drug 
design approach, more than 3200 quinazoline and quinazoline-like 
compounds with potential tyrosine kinase activity were screened and 
assayed. Lapatinib was eventually selected from these compounds 
as it was a selective and potent inhibitor of ErbB1 and ErbB2 that 
had predictable oral bioavailability and acceptable in vivo toxicity 
in the targeted patient population. Initial studies in humans with 
lapatinib were started in 2001; in 2007 lapatinib was approved in 
the USA for use in combination with capecitabine for the treatment 
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Figure 1: Estrogen-induced proliferation of existing mutant cells.
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of ErbB2+ advanced or metastatic breast cancer in patients who had 
received previous treatment including an anthracycline, a taxane 
and trastuzumab.In addition, there are other therapy classes under 
evaluation, including novel anti-EGFR or anti-HER2 therapies; agents 
fighting other tyrosine kinases, including the Src and the insulin-like 
growth factor receptor; agents interfering critically relevant pathways, 
such as PI3K/AKT/mTOR inhibitors; and agents promoting apoptosis, 
such as PARP inhibitors (for particular breast cancer subtypes, such as 
basal-like, or breast cancer with BRCA mutations) and others.

Breast Cancer and Bone Osteolysis
Bone is a highly hospitable environment for colonization and 

growth of metastatic tumors, and some of the most common human 
malignancies, notably breast cancer and prostate cancer, have a 
strong propensity to produce skeletal metastases [10]. Tumor cells, 
in turn, can produce a spectrum of skeletal manifestations which 
includes diffuse osteopenia, focal osteolysis, focal osteogenesis, 
and osteomalacia [11]. Since the late nineteenth century, it has been 
thought that the microenvironment of the local host tissue actively 
participates in the propensity of certain cancers to metastasize to 
specific organs, and that bone provides an especially fertile ‘soil’ 
[12,13]. In the case of breast cancers, the local chemokine milieu is 

now emerging as an explanation for why these tumors preferentially 
metastasize to certain organs. In order for tumor cells to grow 
and invade mineralized bone, osteolysis must occur. Osteoclasts 
appear uniquely adapted to produce the microenvironment and 
the biochemical milieu that are needed to resorb bone. Although 
previous reports have indicated that some tumor cells appear capable 
of assuming an osteoclast phenotype and directly resorbing bone the 
bulk of the evidence suggests that most tumor cells act indirectly 
by co-opting the physiologic mechanisms that normally favor bone 
resorption. Thus, they release agents such as hormones, eicosanoids, 
growth factors, and cytokines into the bone microenvironment, 
which act on osteoblastic stromal cells to enhance the production 
of osteoclast activating factors. Most notable of these is the cell 
membrane–associated protein termed receptor activator of NF-κB 
ligand (RANKL), which is a member of the TNF family of cytokines. 
RANKL can then bind to its cognate receptor (RANK) on osteoclast 
precursors and, in the presence of M-CSF, enhance the differentiation 
and fusion of these cells to produce functioning multinucleated 
osteoclasts (Figure 3). Accumulating evidence has shown that RANKL 
is not only important for normal bone development, but is implicate 
in a spectrum of skeletal diseases characterized by excessive 
osteoclastic activity, including osteoporosis, rheumatoid arthritis, 
and bone metastases. The typical tumor-induced bone lesion is focal 
osteolysis, although some tumors such as breast cancer metastases 
exhibit osteogenic bone lesions. The RANKL/RANK pathway may 
direct breast cancer cells to preferentially migrate into bone, the 
crucial requirement and initial step for skeletal metastasis. Epithelial 
cells from normal mammary glands express RANK, and RANKL-RANK 
signalling is required for the development of lactating mammary 
glands during pregnancy. Both RANKL- and RANK-deficient mice lack 
lactating mammary glands and cannot feed their off-spring. Based on 
high constitutive RANK expression in breast cancer specimens and 
cell lines, recent data now indicate that the RANK expression status 
of cancer cells determines whether tumors predominantly migrate 
into bone, where the corresponding ligand RANKL is abundantly 
expressed. The correlation of high RANK expression with osteotropism 
in murine models was demonstrated across diverse tumor cell types, 
including breast cancer and melanoma [13]. The osteolysis induced 
by these tumors affects the quality of life of the patients by causing 
pathological fractures and severe bone pain and often exacerbates 
the prognosis of the patients. Concomitantly, production of a soluble 
decoy receptor for RANKL, termed osteoprotegerin (OPG), may be 
downregulated, thus eliminating one means by which the ensuing 
osteolysis could be repressed. The imbalance in the RANKL: OPG 
ratio that results in a RANKL upregulation and expression leads to 
increased osteoclastogenesis and consequently bone loss [14].

New Therapies for Breast Cancer Induced Osteolysis
Bone metastases significantly limit patients’ quality of life and 

life expectancy. Cancer patients with bone metastases have a high 
risk of skeletal morbidity. They have reduced mobility, pain, and 
bone weakness that predisposes them to pathologic fractures, spinal 
epidural compression, and bone marrow failure. Common primary 
tumors that can cause bone metastases include breast, prostate, 
lung, colon, stomach, bladder, uterine, rectal, thyroid, and kidney 
cancers. Hematologic malignancies such as multiple myeloma 
and non-Hodgkin’s lymphoma frequently involve bones and can 
increase the risk of pathologic fractures and spinal cord compression 
syndromes. Breast cancer can metastasize to bone in about 75% of 
cases of advanced disease and usually causes osteolytic destruction. 
Bony metastases in patients with breast cancer lead to elevated bone 

Figure 2: Estrogen-induced proliferation and spontaneous new mutations.
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Figure 3: Role of RANKL  in lactation, bone remodeling and bone osteolysis 
induced by breast cancer (Narducci, 2009).
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turnover markers such as the urinary N-telopeptide corrected for 
urinary creatinine (uNTx/Cr); patients with elevated levels of uNTx/Cr 
are at increased risk for skeletal complications, disease progression, 
and death. Denosumab is a fully human monoclonal antibody to the 
receptor activator of nuclear factor κB ligand (RANKL) [15]. RANKL 
is an important mediator of osteoclast differentiation, function, 
and survival and plays a central role in bone destruction related to 
metastatic cancer. Tumor cell factors in bone stimulate expression of 
RANKL, which binds to RANK on precursor and mature osteoclasts. 
Osteoclast-mediated bone resorption spurs the production of growth 
factors that further stimulate tumor growth, resulting in a cycle of 
bone destruction and tumor cell proliferation. RANKL also has been 
found to promote the migration of RANK expressing tumor cells to 
bone. By inhibiting RANKL, denosumab inhibits osteoclast function 
and bone resorption [16,17,18]. 

Cancer Chemopreventive Potential of Natural Products

Epidemiologic studies have suggested that antioxidant 
supplements might reduce the risk of breast cancer recurrence 
or breast cancer–related mortality [19]. Many naturally occurring 
agents have shown cancer chemopreventive potential in a variety 
of bioassay systems and animal models with relevance to human 
disease; e.g., genistein, one of the major soy isoflavones, has 
antioxidant properties, is a potent inhibitor of angiogenesis and 
metastasis and is a promising reagent for cancer chemoprevention 
and/or treatment [21]. Danshen (Salvia miltiorrhiza Bunge) is a widely 
used Chinese herbal medicine; its extracts contain diterpene quinone 
and phenolic acid derivatives, including tanshinone (I, IIA and IIB, 
VI), cryptotanshinone, isocryptotanshinone, miltirone, tanshinol (I 
and II) and salviol [21,22,23]. These compounds have antioxidant 
properties and protect against lipid peroxidation in vitro and in vivo, 
making them potential antidotes for free radical-based disorders 
[24,25,26]. Tanshinone IIA is a derivative of phenanthrene-quinone, 
isolated from Danshen; it has antioxidant properties, inhibiting the 
association of lipid peroxidation products with DNA by breaking 
the chain reactions of peroxidation by scavenging lipid free radicals. 
The planar phenanthrene ring of the tanshinones may be essential 
for interaction with DNA molecules, whereas the furano-o-quinone 
moiety could be responsible for the production of reactive free 
radicals in the close vicinity of bases that causes DNA damage, 
giving tanshinone cytotoxic activity against multiple human cancer 
cell lines. Studies in vitro have shown that tanshinone IIA inhibited 
the proliferation of mouse P388 lymphocytic leukemia cells [26] 
and human hepatoma cells [23,27] induced apoptosis of human 
hepatocellular carcinoma cells, human promyelocytic leukemic cells 
and human erythroleukemic cells (K562); and induced differentiation 
of human leukemia cells [28].
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